
HAL Id: tel-00744847
https://theses.hal.science/tel-00744847

Submitted on 24 Oct 2012

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Observation of a BEH-like boson decaying into two
photons with the ATLAS detector at the LHC

Nansi Andari

To cite this version:
Nansi Andari. Observation of a BEH-like boson decaying into two photons with the ATLAS detec-
tor at the LHC. Other [cond-mat.other]. Université Paris Sud - Paris XI, 2012. English. �NNT :
2012PA112191�. �tel-00744847�

https://theses.hal.science/tel-00744847
https://hal.archives-ouvertes.fr


LAL 12-300UNIVERSITE PARIS-SUD XITHESE DE DOCTORATpour obtenir le grade deDoteur ès sienesSpéialité: Physique des Partiules
Observation of a BEH-like bosondeaying into two photons withthe ATLAS detetor at the LHCSoutenue le 26/09/2012parNansi ANDARIDevant la Comission d'examen omposée de MM.:Glen COWAN RapporteurFrançois ENGLERTLouis FAYARD Direteur de ThèseAhille STOCCHI Président du JuryGuillaume UNALPatrie VERDIER RapporteurTejinder VIRDEE





A vous, papa et maman.A toi, ma soeur.



Abstrat:In this thesis, I show my ontribution to the observation of a new bosonat the Large Hadron Collider with the ATLAS detetor in the diphotondeay hannel. This boson is ompatible with the long-searhed salarboson of the Standard Model and has a mass of 126.0 ±0.4 (stat) ±0.4(sys) GeV obtained when ombining the deay hannels γγ and ZZ. Thedata used were olleted in the ATLAS experiment during 2011 with aenter-of-mass energy √
s = 7 TeV and during the �rst three months ofthe 2012 run with a enter-of-mass energy of √

s = 8 TeV. The totalorresponding luminosity is ∼ 10 fb−1. The observed exess has a loalsigni�ane of 4.5σ in the γγ hannel and has a signi�ane of 5.9σ whenombining all the hannels used in the analysis. Moreover, diverse ontri-butions to the H → γγ analyses of the data from 2009 to 2012 are also shown.Keywords:LHC - ATLAS - BEH boson - Standard Model - photon - eletromag-neti alorimeter- signi�ane - limits - energy - luminosity - mass.Résumé:Dans ette thèse, je présente ma ontribution à l'observation d'un nouveauboson au LHC ave le déteteur ATLAS dans le anal de désintégration endeux photons. Ce boson est ompatible ave le boson salaire du ModèleStandard longtemps reherhé et a une masse de 126.0 ±0.4 (stat) ±0.4 (sys)GeV obtenue en ombinant les anaux γγ et ZZ. Les données utilisées sontelles olletées par l'expériene ATLAS durant l'année 2011 ave une énergiede entre de masse √
s = 7 TeV et durant les trois premiers mois du run en2012 ave une énergie de entre de masse √

s = 8 TeV. La luminosité totaleorrespondante est de ∼ 10 fb−1. L'exès observé a une signi�ane loalede 4.5σ dans le anal γγ et de 5.9σ en ombinant tous les anaux analysés.De même, diverses ontributions aux analyses des données, dans le anal
H → γγ, depuis l'année 2009 jusqu'en 2012 sont aussi montrées.Mots-lés:LHC - ATLAS - BEH boson - Modèle Standard - photon - alorimètreéletromagnétique - signi�ane - limites - énergie - luminosité - masse.
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Introdution
One of the enigmas searhed for at the Large Hadron Collider (LHC) is theonly remaining unobserved partile predited by the Standard Model, thesalar boson. The searh for the salar boson is one of the main topis inPartile Physis nowadays. Thanks to the outstanding performane of theLHC, important progress in this searh has been made from the beginningof the data taking in Deember 2009. In July 2012, CERN announed thedisovery of a new boson at the LHC with a mass around 126 GeV, ompatiblewith the long-searhed for salar boson. In this thesis, I will show my ownontribution to the searh and the observation of this new boson within theATLAS detetor in the hannel when it deays into a pair of photons.A brief review of the history of the spontaneous symmetry breakingmehanism is presented in Chapter 1. The derivation of the eletroweaktheory is realled. The theoretial and experimental onstraints on the massof the predited salar boson are disussed. The Standard Model salar bosonprodution and deay at the LHC are summarized. Finally, a brief summaryof what is beyond the Standard Model is given.Chapter 2 presents the statistial methods used at the LHC. A desriptionof the test statisti used for establishing a disovery or setting an exlusionlimit is given. I disuss my personal ontribution in the validation of theasymptoti approximation down to low luminosities by a rede�nition of thetest statisti. The asymptoti formulae used are realled. The look-elsewheree�et is brie�y presented together with the impat of the energy salesystemati on the validity of the asymptoti approximations.Chapter 3 brie�y desribes the LHC mahine. It gives a review of itsrunning in the past and some possible thoughts for the future. The luminos-ity and the pile-up are de�ned and given for the 2011 and 2012 runs. TheATLAS detetor is then detailed with its di�erent parts fousing mainly onthe desription of the inner detetor and the eletromagneti alorimeter.Finally, the CMS detetor is brie�y desribed.Chapter 4 explains the alibration of the eletrons and photons in ATLASin three di�erent steps: the eletroni alibration, the Monte Carlo-basedalibration and the in-situ alibration. My personal ontribution in a om-parison of the noise autoorrelation matrix for di�erent pile-up on�gurations



vi Introdutionand di�erent regions of the detetor is disussed. Moreover, the study onunderstanding the disrepany between data (olleted in 2010) and MonteCarlo in the presampler at high energies is desribed together with thede�nition of Birks' law.Chapter 5 desribes the reonstrution and the identi�ation of thephotons. The disriminating variables and the uts used to identify thephotons are brie�y realled and ompared between di�erent analyses. Thephoton isolation is then desribed, realling the di�erene between the trakand alorimetri isolation together with the evolution of the methods used inthe analyses. The �rst measurement of the purity of single prompt photons isrealled. My personal ontribution to the purity of single onverted photonsusing the 2010 dataset is shown. The diphoton purity in the H → γγ analysisestimated for the full 2011 dataset orresponding to a luminosity of 4.8 fb−1and a 2012 dataset with a luminosity of 5.9 fb−1 is summarized. Finally,the photon e�ieny measurement is disussed. The method to orret fordisrepanies in shower shape variables between data and Monte Carlo isexplained. The photon e�ieny and its unertainty are ompared between2011 and 2012.Chapter 6 presents the evolution of the analyses in the H → γγ hannelfrom 2010 to 2012, starting with Aspen 2010. The systemati unertaintieson the signal yield and on the mass resolution are detailed. The signal andbakground modeling are de�ned. The number of expeted signal yields andthe mass resolution are given for the various analyses. The improved 2011analysis and the 2012 analysis are detailed.Chapter 7 realls the results for the H → γγ searh from 2010 to 2012. Theresults presented at ICHEP 2012 are disussed. The statistial proedureused for this analysis is given with a detailed likelihood. An exess over thebakground is observed in this hannel with a loal signi�ane of 4.5σ ata mass of 126.5 GeV while the expeted signi�ane is about 2.5σ. Finally,the results for the ombined hannels are brie�y summarized. The maximumobserved loal signi�ane is 5.9σ for a mass of 126.5 GeV while the expetedsigni�ane is 4.9σ.Chapter 8 summarizes brie�y the H → γγ searh within the CMS ex-periment. Main di�erenes between ATLAS and CMS analyses and resultsare derived. The di�erenes in results for the ombined hannels are alsogiven.



Chapter 1Spontaneous Symmetry Breaking
Contents1.1 Historial Survey . . . . . . . . . . . . . . . . . . . . . . . . . . 11.2 Eletroweak theory . . . . . . . . . . . . . . . . . . . . . . . . 51.3 Limits on the salar boson mass . . . . . . . . . . . . . . . . 121.3.1 Theoretial limits . . . . . . . . . . . . . . . . . . . . . . . . . 121.3.2 Experimental limits . . . . . . . . . . . . . . . . . . . . . . . 151.4 SM Salar Boson Searhes at LHC . . . . . . . . . . . . . . . 201.4.1 SM Salar Boson Prodution . . . . . . . . . . . . . . . . . . 201.4.2 SM Salar Boson Deays . . . . . . . . . . . . . . . . . . . . . 241.5 Beyond the SM . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
1.1 Historial SurveyThe human mind has persistently been fasinated by the observation of sym-metries whih manifest themselves through various natural phenomena. Inpartiular, physial phenomena o�er several famous examples, to suh an ex-tent that it has beome ommon among physiists to try and haraterize newphenomena in terms of some symmetry. Correspondingly, the onept of sym-metry has generated several branhes of mathematis, in partiular for whatonerns us here, group theory. In the twentieth entury, the Galilean sym-metry disovered in mehanis has undergone a spetaular evolution througha areful reinvestigation of the onept of simultaneity of events, whih hasled to Einstein's theory of speial relativity. There, the invariane of physiallaws under their observation in di�erent regions of spae, at di�erent timesis haraterized by the Lorentz symmetry group. Following the evolution inthe formulation of the laws of mehanis, through a variational priniple (La-grangian and Hamiltonian mehanis), it was observed by Emmy Noetherthat to eah ontinuous symmetry there orresponds a onserved quantity:e.g the invariane under spae and time translations entails the onservationof momentum and energy. The Lagrangian framework of lassial mehan-is, together with its Hamiltonian ompanion, have proved essential in the



2 Chapter 1. Spontaneous Symmetry Breakingdisovery and formulation of quantum mehanis whih desribes atomi, nu-lear and subnulear physis. In these realms, many other symmetries weredisovered, besides those assoiated with the homogeneity of spae and time.These symmetries were alled �internal� symmetries (e.g U(1) eletromagnetisymmetry leading to harge onservation, isotopi spin symmetry). In La-grangian �eld theories, e.g eletrodynamis of harged salar or Dira spinor�elds, Noether's theorem produes onserved or partially onserved urrentsdepending whether the symmetries are exat or approximate.It is worthwile pointing out a distintion between two lasses of symme-tries that have been known in partile physis: physial symmetries whihgenerate observable e�ets and formal symmetries whih at on �elds not allof whih are observable. Gauge symmetries, i.e symmetries whih depend onthe position in spae and time (loal symmetries), are of the latter type. Theprototype is eletrodynamis: at the lassial level the system of Maxwell andMaxwell-Lorentz equations an be written in terms of the observable Maxwell�elds {Fµν} = { ~E, ~H}, the partile positions and veloities. Whereas it istehnially helpful to parametrize the �eld strength {Fµν} in terms of the un-observable potential vetor Aµ, (Fµν = ∂µAν − ∂νAµ), it is not in prinipleneessary. The quantum analog, as it is known nowadays, assoiates �eldsto partiles in suh a way that the introdution of the potential vetor be-omes neessary. The dynamis of the harged �elds and the potential vetor,desribed in terms of a loal �eld interation gives sensible physial resultsprovided it is invariant under the U(1) gauge group. Whereas the prinipleof gauge invariane attahed to the hoie of unphysial �eld variables wasreognized by Weyl, it was later extended to ompat Lie non-Abelian groupsby Yang and Mills [1℄ in 1954. Gauge invariane is therefore not a real phys-ial symmetry by itself but its introdution into the theory does lead to ameaningful �renormalizable� quantum �eld theory (i.e omputable in terms ofa �nite number of parameters- masses, oupling onstants).Furthermore, physiists have shown that symmetries of physial laws ouldbe broken expliitly or spontaneously. This thesis will be foused namely onthe lass of spontaneous symmetry breaking (SSB). There, it happens thatthe Lagrangian is invariant under a given symmetry while the physial fun-damental state, the so-alled �vauum� state, is not. The notion of SSB orig-inates from ondensed matter and statistial physis although the name ofSSB was introdued later by Baker and Glashow [2℄. A anonial examplewas already provided by Heisenberg in 1928 [3℄ for a ferromagnet where belowthe Curie temperature (TC) the ground state is a ompletely ordered on�g-uration in whih all dipoles are aligned in some arbitrary diretion, breakingspontaneously the symmetry of rotation O(3) down to O(2). Later Ginzburg-Landau (GL) [4℄ introdued the notion of order parameter to desribe phasetransitions in superonduting materials, and the �mexian hat� form of the



1.1. Historial Surveyfree energy for temperatures below TC .The onept of SSB was transferred from ondensed matter physis toquantum �eld theory for elementary partiles in 1960's by Y. Nambu (in [5, 6℄and with G. Jona-Lasinio in [7, 8℄). Nambu was inspired by the mirosopitheory of superondutivity by J. Bardeen, L. Cooper and R. Shrie�er [9℄, theso-alled BCS theory where the eletromagneti (EM) gauge invariane wasfound to be spontaneously broken. Nambu put forward a sheme for the theoryof the strong interations. The sheme was motivated by the observation ofan interesting analogy between the properties of Dira partiles and quasi-partile exitations of the BCS theory. In addition to being spontaneouslybroken, Nambu suggested that the global hiral symmetry is not exat andthus that the axial urrent is an approximately onserved quantity in the limit
q2 >> m2

π, wheremπ is the mass of the pion. The nuleon mass is generated bya SSB of the hiral symmetry, and the pion is the orresponding pseudosalarboson whih should beome massless in the limit of exat onservation.In 1960, J. Goldstone showed in [10℄ that the appearane of massless bosonsas a onsequene of spontaneously broken ontinuous global symmetry is ageneral theorem. He gave the example of a simple model using a omplexsalar �eld, φ = (φ1 + iφ2)/
√

2, with U(1) symmetry. The Lagrangian
L = ∂µφ∗∂µφ− V (φ∗φ) (1.1)with

V (φ∗φ) = µ2φ∗φ+
λ

6
(φ∗φ)2, λ > 0 and µ2 < 0, (1.2)is invariant under φ→ eiαφ.The potential V (φ∗φ) has the �mexian hat� form and it has an in�nitenumber of minima. Thus, the theory has several vauum states, but there is a�superseletion rule� whih allows the hoie of one of them. The in�nitesemalosillations (χ) around one of these minima are quantized using the anonialtransformation:

φ = φ′ + χ, |χ|2 = −3µ2

λ
. (1.3)Fixing the undetermined phase of χ breaks the symmetry. With χ real, thenew Lagrangian beomes:

L =
1

2
(∂µφ′

1∂µφ
′
1+2µ2φ′2

1 )+
1

2
∂µφ′

2∂µφ
′
2−

λχ

6
φ′

1(φ
′2
1 +φ′2

2 )− λ

24
(φ′2

1 +φ′2
2 )2. (1.4)The partile orresponding to the φ′

2 �eld has zero mass. This orrespondsto the so-alled Nambu-Goldstone (or Goldstone) boson. In addition, it isinteresting to note the appearane of a new massive partile φ′
1 orrespondingto osillations in the diretion of χ whih has a mass of √−2µ2. In thehadroni world, desribed for instane by QCD (quantum hromodynamis)



4 Chapter 1. Spontaneous Symmetry Breakingwhere the pion is essentially the Goldstone boson of a hiral symmetry, themassive partile turns out to be the so-alled sigma meson or f0(600), thusorresponding to a physial state. The general Goldstone theorem was provedby Goldstone, Salam and Weinberg the following year in [11℄.The predition of new massless partiles, whih were ruled out experimen-tally, seemed to lose o� the opportunities provided by SSB. Motivated by thisdisappointment, R. Brout and F. Englert [12℄, P. Higgs [13, 14℄, and G. Gu-ralnik, D. Hagen and T. Kibble [15℄ were all led to look for an exeption toGoldstone's theorem. The exeption was found to be in theories where bothSSB and loal gauge invariane are inluded. This was atually argued ear-lier by P. Anderson [16℄, on the basis of the non-relativisti BCS theory, thesalar zero-mass exitations of a superonduting neutral Fermi gas beomelongitudinal plasmon modes of �nite mass when the gas is harged. Note thatthe idea that gauge �elds ould aquire a mass through interations seems tooriginate from Shwinger [17, 18℄.Englert and Brout, in 1964, �rst disovered the phenomenon when tryingto understand whether the strong interations might be mediated by mas-sive gauge vetor meson i.e Yang-Mills �eld. They found that breaking thesymmetry in a non Abelian Yang-Mills theory don't lead to massless Nambu-Goldstone bosons, but rather to massive vetor gauge bosons. Almost atthe same time in 1964, Higgs argued that the presene of gauge �elds allowsavoiding massless bosons. He gave the example of Abelian QED-like ase ina linear approximation and a spei� non-ovariant gauge and extended it tothe non-Abelian ase based on SU(3). In the same year, Guralnik, Hagenand Kibble showed that after SSB, the vetor �eld beomes massive and theGoldstone boson deouples. A more omplete understanding was presented byHiggs in 1965 [19℄ where he found a gauge transformation in the abelian asewhih transforms the initial Lagrangian into a Lagrangian with only physialdegrees of freedom, a massive salar boson and massive vetor �elds, expli-itly showing the presene of a new massive salar (with a mass of √−2µ2).It was generalized to the non-Abelian ase in 1967 by Kibble [20℄. The abovedesribed phenomenon was baptized Brout-Englert-Higgs (BEH) mehanismand the salar boson is alled BEH boson or more ommonly �Higgs boson�.It is only in 1967 that the BEH mehanism was applied to the weak lep-toni interations by S. Weinberg [21℄ and in 1968 by A. Salam [22℄ inde-pendently. The gauge symmetry group SU(2) × U(1) was hosen to desribeweak and eletromagneti interations, based on earlier work by S. Glashow[23℄ and by Salam and Ward [24℄. Remarkably, this model uni�es the weakinterations with eletromagnetism in a single larger gauge theory alled theeletroweak (EW) theory. Three of the gauge symmetries of SU(2)×U(1) arespontaneously broken, reating three Goldstone bosons. A massless vetorboson has two physial polarization states whereas a massive vetor boson



1.2. Eletroweak theoryhas three physial polarization states. The gauge bosons aquire three extradegrees of freedom by �eating� the Goldstone bosons. By analogy with theGoldstone theorem, the BEH boson is formed by the transverse exitationsaround the minima of the potential V (φ∗φ). A detailed alulation for theeletroweak theory will be presented in setion 1.2. The spontaneous break-down of SU(2) × U(1) to the U(1) of ordinary EM gauge invariane givemasses to three of the four vetor gauge bosons: the harged bosons W±,and a neutral boson Z. The fourth boson would automatially remain mass-less, and is identi�ed as the photon. The quantization of non-abelian gaugetheories was �nally ahieved in 1967 by Faddeev and Popov [25℄ and in 1971't Hooft showed [26, 27℄ that the eletroweak theory is renormalizable. Theproof was subsequently ompleted by Lee and Zinn-Justin [28, 29, 30℄ andby 't Hooft and Veltman [31℄, and later in an elegant formalism by Behi,Rouet and Stora [32, 33, 34℄ and by Tyutin [35℄. Following the introdution ofquarks (espeially the fourth quark by Glashow, Iliopoulos and Maiani [36℄)and the anellation of the triangle anomalies (Bouhiat, Iliopoulos and Meyer[37℄), the Standard Model was de�ned. Afterwards, many experiments wereaiming to understand and to on�rm the Standard Model. I only quote herethe disovery at CERN of the neutral urrents by the Gargamelle experiment[38, 39, 40℄, the measurement at SLAC of parity non-onservation in inelastieletron sattering in 1978 [41℄ and the disovery at CERN by UA1 and UA2of the W [42, 43℄ and Z [44, 45℄ bosons. More details on the history of theStandard Model making an be found in [46, 47, 48, 49℄.1.2 Eletroweak theoryLet us begin with a simple Lagrangian invariant under an SO(4) symmetrygroup, whih is equivalent to SU(2) × SU(2)/Z2.
L = ∂µφ†∂µφ− V (φ†φ) (1.5)with

V (φ†φ) = µ2φ†φ+ λ(φ†φ)2; λ > 0 and µ2 < 0, (1.6)where the salar �eld is represented by a doublet of omplex �elds with fourreal omponents.
φ =

1√
2

(
φ1 + iφ2

φ3 + iφ4

) (1.7)The partiularity of this potential V (φ†φ) is that the mass term µ2φ†φ has anegative sign, thus there is a nonzero �eld on�guration with lowest potential.The vauum on�gurations of the system are determined as solutions of theequations of motion, i.e when the potential is at its minimum, equivalently



6 Chapter 1. Spontaneous Symmetry Breakingwhen:
∂V

∂φ
= 2µ2|φ| + 4λ|φ|3 = 0. (1.8)The non-trivial solutions are the only stable ones:
|φ|2 = φ†φ = −µ

2

2λ
. (1.9)These solutions represent a sphere in a 4-dim spae invariant under SO(4).The lassial minimum of the potential is degenerate, we an go from oneminimum to another one by ating with the symmetry group. If we hoose apartiular minimum suh as:

φ0 =
1√
2

(
0

υ

)
; υ =

√
−µ2

λ
(1.10)the global symmetry is spontaneously broken leaving the ground state invari-ant only under a subgroup of SO(4) (SU(2)×SU(2)) whih is SO(3) (SU(2)).Note that the Lagrangian is still invariant under the total symmetry SO(4)(SU(2) × SU(2)).Perturbation theory is onstruted around the minimum, i.e in terms of aset of �elds whih vanish when equation 1.9 is satis�ed:

φ(x) =
1√
2
eiπ

a(x)θa/υ

(
0

ρ(x) + υ

) (1.11)where ρ(x) and π(x) are zero when the system is in the lowest energy state and
θa denote the three generators of the Lie algebra of SU(2), a = 1, 2, 3. In thefollowing, we onsider one general �eld π(x) for simpliity and the onlusionis extended to the three �elds πa(x). We an rewrite the Lagrangian as:

L =
1

2
∂µρ∂µρ+

1

2
(1 +

ρ

υ
)2∂µπ∂µπ − µ2

2
(ρ+ υ)2 − λ

4
(ρ+ υ)4 (1.12)Substituting υ by its value given in equation 1.10, we obtain:

L =
1

2
∂µρ∂µρ+

1

2
∂µπ∂µπ+

µ4

4λ
+µ2ρ2−

√
−λµ2ρ3−λ

4
ρ4+

1

υ
ρ∂µπ∂µπ+

1

2υ2
ρ2∂µπ∂µπ.(1.13)The interpretation of this langrangian shows that the �rst two terms arekineti terms for the �elds ρ and π. In addition, the ρ �eld aquires a massthrough the term µ2ρ2 with a positive sign, indiating a physial partile.The absene of mass terms for π (realling πa) indiates the presene of threemassless partiles. The physial onsequene is that the SSB of the ontinuoussymmetry implies the appearane of three massless bosons and one massivesalar boson. The three massless bosons are the Nambu-Goldstone bosons.



1.2. Eletroweak theoryIn partiular, if the general SU(2) × SU(2) group symmetry was that of thehiral symmetry in hadrodynamis, we get bak the results of Nambu: thethree massless bosons will represent the three pions π0, π+, π− (in fat thepions have a mass but this is due to the approximate and not exat hiralsymmetry) and the massive salar boson the σ meson (now alled f0(600)).This, the so-alled �linear σ model� [50℄, was �rst used by Weinbergand Salam to desribe the weak and EM interations. The general group
SU(2) × SU(2) is redued to SU(2) × U(1) to take into aount for thedi�erenes between left (L) and right (R) fermions (there is no R hiralityneutrinos). It models the L fermions using SU(2)L and R fermions using asubgroup of SU(2)L × SU(2)R: the U(1)Y group where the index Y refers tothe weak hyperharge. The SSB of the global symmetry SU(2)×U(1) due tothe partiular hoie of vauum on�guration redues the group under whihthe ground state is invariant to a U(1)EM . Note that the assoiated globalsymmetry is broken and not the loal gauge symmetry. The gauge symme-try is broken ad-ho afterwards in order to show the renormalizability of thetheory and has nothing to do with the BEH mehanism. The impossibilityof breaking down naturally the loal symmetry was proven in [51℄ on lattiegauge �elds.We an rewrite the Lagrangian 1.5 requiring the symmetry to be loal in orderto simulate the BEH mehanism as:

L = Dµφ†Dµφ− V (φ†φ) (1.14)where the ovariant derivative is obtained similarly to the one of QED Dµ =
∂µ + iqAµ with the only di�erene whih is the distintion between the L and
R parts when ating on fermions. It is given by:

DLµ = ∂µ − ig
τa

2
Aaµ − ig′(q − τ3

2
Bµ),

DRµ = DLµ|τ=0.
(1.15)where τa are the Pauli matries and the hyperharge Y given by the Gell-Mann-Nishijima relation Y = 2(Q− τ3). The �elds Aµ and Bµ are the gauge�elds of SU(2) and U(1) respetively. Sine the SU(2) and U(1) fators ofthe gauge group ommute with one another, the oupling onstants g and

g′ an be di�erent. The Lagrangian is invariant under the following gaugetransformations:
φ(x) → UL(x)eiβ(x)Y/2φ(x) (1.16)where UL(x) = eiα

a(x)τa

τa

2
Aaµ → UL

τa

2
AaµU

†
L − i

g
∂µUL.U

†
L (1.17)

Bµ(x) → Bµ(x) +
1

g′
∂µβ(x) (1.18)



8 Chapter 1. Spontaneous Symmetry BreakingThe gauge-invariant kineti terms orresponding to these gauge �elds are
F i
µνF

i
µν and GµνGµν with:

F i
µν = ∂µAiν − ∂νA

i
µ + gεijkAjµA

k
ν , i = 1, 2, 3 (1.19)

Gµν = ∂µBν − ∂νBµ, (1.20)whih transform like:
τa

2
F a
µν → UL

τa

2
F a
µνU

†
L (1.21)and

Gµν → Gµν . (1.22)The kineti part to be inluded in the Lagrangian is:
Lkin = −1

4
F i
µνF

iµν − 1

4
GµνG

µν . (1.23)The salar omplex doublet �eld φ is hoosen to have one neutral member inorder to have a possibility to have a U(1)EM -invariant φ0 where the latter isgiven by equation 1.10:
φ =

(
φ+

φ0

) (1.24)As previously, we an perform a hange of variable replaing φ(x) by φ0+χ(x):
φ(x) = eiθ(x).τ/υ

(
0

υ+χ(x)√
2

) (1.25)The original two omplex �elds φ+(x) and φ0(x) are parametrized in termsof four real �elds θi(x) and χ(x). We an make a spei� hoie of gauge, forexample the unitary gauge and obtain:
φ′(x) =

(
0

υ+χ(x)√
2

) (1.26)We replae φ by φ′ in the salar Lagrangian:
L = |(∂µ − igτaA

′a
µ − i

g′

2
B′
µ)φ

′|2 + µ2|φ′|2 − λφ
′4

=
(υ + χ)2

8
{g2|A′1

µ − iA
′2
µ |2 + |gA′3

µ − g′B′
µ|2} +

1

2
(∂µχ)2 + µ2χ2 − λυχ3 − λ

4
χ4(1.27)where

τa

2
A

′a
µ = U(θ)

τa

2
AaµU

−1(θ) − i

g
(∂µU(θ))U−1(θ),

B′
µ = Bµ.

(1.28)



1.2. Eletroweak theoryNote the appearane of the physial mass term µ2χ2 whih identi�es the BEHboson mass as√−2µ2. At the �rst order in g, the �rst term in the Lagrangiantends to: (υ)2

8
{g2[(A

′1
µ )2 + (A

′2
µ )2] + (gA

′3
µ − g′B′

µ)
2}. Furthermore, we an dothe following identi�ations:

M2
WW

+
µ W

−µ =
g2υ2

8
[(A

′1
µ )2 + (A

′2
µ )2],

1

2
M2

ZZµZ
µ =

υ2

8
(gA

′3
µ − g′B′

µ)
2

(1.29)For the harged vetor mesons, we thus have:
W±
µ =

A
′1
µ ∓ A

′2
µ√

2
(1.30)and

M2
W =

g2υ2

4
. (1.31)The linear ombination gA′3

µ − g′B′
µ is also massive while the orthogonal om-bination remains massless and orresponds to a gauge boson assoiated tothe unbroken U(1)EM group, i.e the photon. We will diagonalize this term inanother basis:

1

2
M2

ZZµZ
µ =

υ2

8
(A

′3
µ , B

′
µ)

(
g2 −gg′

−gg′ g
′2

)(
A

′3
µ

B′
µ

)

=
1

2
(Zµ, Aµ)

(
M2

Z 0
0 0

)(
Zµ

Aµ

) (1.32)where (
Zµ
Aµ

)
=

(
cos θW − sin θW
sin θW cos θW

)(
A

′3
µ

B′
µ

)
. (1.33)

θW is alled the weak mixing angle and is related to the oupling onstantsby:
cos θW =

g√
g2 + g′2

, sin θW =
g′√

g2 + g′2
(1.34)We an dedue the mass of the neutral gauge bosons:

M2
Z = υ2(g2 + g

′2)/4, M2
A = 0. (1.35)One an easily see that the masses of the weak gauge bosons are not indepen-dent:

MW = MZ cos θW =
1

2
υg, (1.36)whih an also be written as:

ρ =
M2

W

M2
Z cos2 θW

= 1. (1.37)



10 Chapter 1. Spontaneous Symmetry BreakingFrom equation 1.36, we onlude υ = 2MW

g
= (GF

√
2)−1/2 where GF is theFermi onstant determined from muon deay and one gets υ = 246 GeV. Thevauum expetation value of the salar �eld is then υ√
2
∼ 174 GeV.In order to introdue the leptons into the model, we introdue the left-handed �weak-isospin� doublet:

L =

(
ψνl

ψl

)

L

, l = e, µ, τ (1.38)where
L =

1

2
(1 − γ5)

(
ψνl

ψl

) (1.39)and the only right-handed �weak-isospin� singlet (assuming the non-existeneof neutrinos right-handed states, whih is not ompletely true if we onsiderthe very small neutrino mass dedued from the measurement of neutrino os-illations):
R = (ψl)R =

1

2
(1 + γ5)ψl (1.40)The orresponding gauge-invariant Lagrangian an be written as:

Lleptons = iψ̄γµDµψ (1.41)where the ovariant derivative is given by equation 1.15. In addition, in orderto make the leptons massive, we an introdue an interation term betweenthe �eld ψ and the salar φ:
LY ukawa = −gl(L̄φR + R̄φ†L) (1.42)where gl are the Yukawa ouplings of the salar to the fermions. Replaing φfrom equation 1.26, we rewrite LY ukawa as:

LY ukawa = −gl
υ + χ√

2
(ψ̄RψL + ψ̄LψR) (1.43)or ψ̄RψL + ψ̄LψR = ψ̄ψ, so:

LY ukawa = −glυ√
2
ψ̄ψ − glχ√

2
ψ̄ψ (1.44)The �rst term of the Yukawa Lagrangian shows that the lepton has aquireda mass:

ml =
glυ√

2
. (1.45)The seond term represents the interation between the lepton and the BEHboson.



1.2. Eletroweak theoryAfter the GIM mehanism, the quarks were introdued in the theory. Left-handed doublets are de�ned similarly as for the ase of leptons:
(
ψu
ψd′

)

L

(
ψc
ψs′

)

L

(
ψt
ψb′

)

L

(1.46)where 


ψd′

ψs′

ψb′



 = VCKM




ψd
ψs
ψb



 . (1.47)The matrix VCKM is the Cabibbo - Kobayashi - Maskawa matrix:
VCKM =




Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb



 . (1.48)The left-handed matries of quarks an also be written as:
(
ψu
ψd′

)

L

=
1 − γ5

2

(
ψu
ψd′

) (1.49)and similarly for (ψc

ψs′

)
L
and (ψt

ψb′

)
L
. The right-handed parts are given by:

ψuR
=

1 + γ5

2
ψu, ψdR

=
1 + γ5

2
ψd (1.50)and similarly for ψc, ψs and ψt, ψb. The most general Yukawa oupling betweensalars and quarks an be written as:

LY ukawa_quarks = −gd(ψ̄uψ̄d′)L
(
φ+

φ0

)
ψdR

−gu(ψ̄uψ̄d′)L
(−φ̄0

φ−

)
ψuR

+h.c (1.51)For φ given by equation 1.26, this is rewritten to:
LY ukawa_quarks = −mdψ̄dψd(1 +

χ

υ
) −muψ̄uψu(1 +

χ

υ
) (1.52)with the quark masses given by:

mu =
guυ√

2
md =

gdυ√
2

(1.53)and similarly for ψc, ψs and ψt, ψb. Note that the masses of fermions aredependent of their Yukawa ouplings to the salar boson and therefore themasses are not predited by the EW theory.



12 Chapter 1. Spontaneous Symmetry BreakingThe total gauge-invariant Lagrangian of the Eletroweak Model (EWM)an be written as:
LEWM = −1

4
F i
µνF

iµν − 1

4
GµνG

µν

+ iψ̄γµDµψ

+ (Dµφ)†(Dµφ) − V (φ†φ)

− glL̄φR− gu(ψ̄uψ̄d′)L

(
φ+

φ0

)
ψdR

+ h.c

(1.54)
and the total Lagrangian for the Standard Model (SM):

LSM = LEWM + LQCD. (1.55)The �rst term of equation 1.54 represents the W,Z, γ kineti energies and selfinterations. The seond term ontains the lepton and quark kineti energiesand their interations with W,Z, γ. In the third term, one has the W,Z, γmasses and ouplings with the salar boson. The lepton and quark massesand ouplings to the salar boson are in the last term.1.3 Limits on the salar boson mass1.3.1 Theoretial limitsSine in the SM the mass of the salar boson is a free parameter, onstraintson its mass were derived from theoretial assumptions: unitarity of satteringamplitudes, triviality of the salar boson self oupling and stability of theEW vauum. For more details, see [52, 53℄.Unitarity of sattering amplitudesIn the limit of high energies, the longitudinal omponents of the mas-sive gauge bosons, W±
L and ZL, an be approximated as salar Goldstonebosons w0, w±. The ross setions of proesses involving suh longitudinalomponents inrease with the energy and ould lead to a violation of pertur-bativity at some stage [54, 55, 56℄, a known example is the sattering proess

W+W− → W+W− (an historial aount with the original referenes an befound in [57℄). The amplitude for this proess in the limit of high energies inthe Goldstone boson approximation is given by:
A (w+w− → w+w−) = −

[
2
M2

H

υ2
+ (

M2
H

υ
)2 1

s−M2
H

+ (
M2

H

υ
)2 1

t−M2
H

] (1.56)where s, t are the Mandelstam variables.



1.3. Limits on the salar boson massIn order to study the unitarity of this amplitude, it is deomposed intopartial waves ak of orbital angular momentum k on the Legendre polynomialsbasis:
A = 16π

∞∑

k=0

(2k + 1)Pk(cos θ)ak (1.57)where Pk are the Legendre polynomials and θ is the sattering angle in theenter-of-mass frame. Sine the ross setion of a 2 → 2 proess is given by
dσ/dΩ = |A|2/(64π2s) with dΩ = 2πd cos θ, we an write:
σ =

8π

s

∞∑

k=0

∞∑

l=0

(2k+1)(2l+1)aka
∗
l

∫ 1

−1

d cos θPk(cos θ)Pl(cos θ) =
16π

s

∞∑

k=0

(2k+1)|ak|2(1.58)On the other hand, the total ross setion is proportional to the imaginarypart of the amplitude in the forward diretion, this is the optial theoremwhih an be written as:
σ =

1

s
Im(A(θ = 0)) =

16π

s

∞∑

k=0

(2k + 1)|ak|2 (1.59)This leads to the unitarity onditions:
|ak|2 < Im(ak) ⇒ (Re(ak))

2+(Im(ak))
2 < Im(ak) ⇒ (Re(ak))

2+

(
Im(ak) −

1

2

)2

<
1

4(1.60)This is the equation of a irle of radius 1
2
and enter (0, 1

2
) in the plane [Re(ak,Im(ak)℄, so we have:

|Re(ak)| <
1

2
(1.61)The amplitude for k = 0 is thus given by:

a0 =
1

16πs

∫ 0

−s
dt|A| = − 1

16πs

∫ 0

−s
dt
M2

H

υ2

[
2 +

M2
H

s−M2
H

+
M2

H

t−M2
H

]

= − M2
H

16πυ2

(
2 +

M2
H

s−M2
H

− M2
H

s
log

(
1 +

s

M2
H

))

∼ − M2
H

16πυ2

(
2 + O(

M2
H

s
)

)
(1.62)

and if the mass of the BEH boson is muh smaller than √
s:

a0

s≫M2
H−−−−→ − M2

H

8πυ2
(1.63)



14 Chapter 1. Spontaneous Symmetry BreakingSo, one obtains the following upper bound from the unitarity ondition inequation 1.61:
M2

H

8πυ2
<

1

2
→M2

H < 4πυ2 = (870 GeV)2 (1.64)If the sattering hannel W+
LW

−
L is oupled with other hannels: ZLZL, HH,

ZLH, W+
L H and W+

L ZL, the upper bound redues to:
M2

H <
8π

3
υ2 = (710 GeV)2 (1.65)Thus, if the BEH boson mass exeeds values of O(700) GeV, unitarityis violated unless new physis appear to restore it. Note that the abovealulations are performed assuming that the SM remains perturbative athigh energies and that higher-order orretions are not very large.Triviality of the salar boson self ouplingThe mass of the BEH boson is given by its self oupling:

M2
H =

8λ(υ)M2
W

g2
. (1.66)The variation of the quarti BEH oupling with the energy sale Q is desribedby the Renormalization Group Equation (RGE):

dλ(Q2)

dlog (Q2)
=

3

4π2
λ2(Q2) + higher orders (1.67)The solution of this equation is given by:

1

λ(Q2)
= − 3

4π2
log (Q2) + C (1.68)If we de�ne a boundary ondition λ(Q2 = υ2) = λ0 we �nd:

λ(Q2) =
λ0

1 − 3
4π2λ(υ2) log Q2

υ2

(1.69)If Q2 ≪ υ2, the quarti oupling beomes very small and eventually vanishes,while for high energies Q2 ≫ υ2 it grows until it atually hits a pole at:
1 − 3

4π2
λ(υ2) log

Q2
C

υ2
= 0 ⇔ log

Q2
C

υ2
=

4π2

3λ0

⇔ QC = υ exp

(
2π2

3λ0

)
= υ exp

(
4π2υ2

3M2
H

) (1.70)This is the Landau pole whih gives the maximum sale beyond whih weannot rely on our perturbative theory anymore. This limit is the triviality



1.3. Limits on the salar boson massbound beause it states that for these theories to remain perturbative atall sales one needs to have a zero oupling everywhere. If the energy salereahes for instane the Plank sale, i.e QC ∼ 1019 GeV, the BEH boson isrequired to be light MH . 145 GeV (keeping in mind that these perturbativealulations are non-onsistent at high energy sale), if instead the energysale is hoosen to be small ∼ 103 GeV, the BEH boson an be heavier
MH . 750 GeV.Stability of the vauumThe vauum stability gives a lower bound on the BEH boson mass asa funtion of the �ut-o�� sale, alled the stability bound. It is estimatedby inluding in addition to the self-BEH oupling (whih was the only oneonsidered for estimating the triviality bound) the ontributions of top quarksand massive gauge bosons. The solution of the new RGE is then:

λ(Q2) = λ0 +
1

16π2

[
−12

m4
t

υ4
+

3

16
(2g4 + (g2 + g′2)2)

]
log

Q2

υ2
(1.71)The negative sign term assigned to the top ontribution ould lead to a neg-ative oupling λ(Q2) < 0 whih ould make the vauum unstable. Therefore,in order to keep the oupling positive, the BEH boson has to satisfy:

M2
H > − υ2

8π2

[
−12

m4
t

υ4
+

3

16
(2g4 + (g2 + g′2)2)

]
log

Q2
C

υ2
(1.72)In other words the BEH potential has a minimum below for energy salesbelow QC(MH) and the vauum is stable. For instane, for relatively low andvery high values of the �ut-o��, we have:

MH >70 GeV for Qc = 103 GeV
MH >130 GeV for Qc = 1016 GeV (1.73)A summary of the limits from the triviality and stability bounds [52, 58℄ isshown in Fig. 1.1.1.3.2 Experimental limitsDiret searhesThe searh for a low mass BEH boson started more than 35 years ago[59℄ and was performed in partiular in the deays of various partiles, see forinstane [60℄ for a searh inKL deay. The �rst diret searhes for a high massBEH boson were performed at the Large Eletron Positron (LEP) ollider:an eletron-positron ollider at enter-of-mass energies up to √

s = 209 GeV.
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Figure 1.1: The triviality bound (upper) and the vauum stability bound (lower) on theBEH boson mass as a funtion of the �ut-o�� sale Λ for a top quark mass mt = 175 ± 6GeV and αs(MZ) = 0.118 ± 0.002. [52℄.The main prodution mehanism at LEP was the BEH-strahlung mode
e+e− → Z∗1→ ZH, and the main explored BEH deay mode in the low massrange was the H → bb̄ hannel. Fig. 1.2 shows the ombined results from thefour experiments at LEP (ALEPH, DELPHI, L3 and OPAL) [61℄. While themedian expeted upper limit was MH < 115.3 GeV at 95% C.L. (CLs = 5%),the observed exlusion was set to MH < 114.4 GeV at 95% C.L.. Amongthese experiments an exess of ∼ 3σ for a BEH mass (MH) around 115 GeVwas observed by ALEPH [62℄.These searhes were ontinued at Tevatron in Fermilab with CDF and DØexperiments. Proton-antiproton ollisions were performed for an integratedluminosity up to 10 fb−1. The main prodution mehanisms at Tevatron arethe gluon-gluon fusion and the assoiated prodution of the BEH boson with
W/Z bosons. For low masses, i.e MH < 135 GeV, qq̄ → W±H/ZH wherethe BEH boson deays mainly into a pair of b quarks dominates, while formasses MH > 135 GeV gg → H where the BEH boson deays mainly into apair of W bosons beomes the dominant proess. The most reent ombinedresults [63℄ exlude the SM BEH boson mass range between 100 and 103 GeVand between 147 and 180 GeV at 95% C.L., as an be seen in Fig. 1.3. Onean note an exess in data with respet to the estimated bakground in therange 115 < MH < 140 GeV whih explains why the observed limit is not as1 Z∗ is an o�-shell Z boson.
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Figure 1.2: The CLs ratio as a funtion of the BEH boson mass. The observed exlusionlimit is shown in solid line while the expetation is shoen in dashed line. The bands showthe 68% and 95% probability bands. The line CLs = 0.05 de�nes the 95% C.L. [61℄.stringent as the expeted one. At MH = 120 GeV, a loal signi�ane (thedi�erene between loal and global signi�ane will be detailed in 2.5) of 3standard deviations is quoted.At the Large Hadron Collider (LHC) where proton-proton ollisionsoured in 2011 at √
s = 7 TeV, the ATLAS and CMS experiments haveperformed detailed searhes (with more deay hannels). For an integratedluminosity of ∼ 5fb−1, the ATLAS ollaboration [64℄ has exluded a SMBEH ross setion for masses going from 111.4 to 116.6 GeV, 119.4 to 122.1GeV and from 129.2 to 541 GeV at 95% C.L. and from 130.7 to 506 GeVat 99% C.L. as an be seen in Fig. 1.4. While the CMS experiment [65℄exluded a SM BEH boson mass from 127.5 to 600 GeV at 95% C.L. andfrom 129 to 525 GeV at 99% C.L., see Fig. 1.5. An exess of events over thebakground with a 3.5σ signi�ane at 126 GeV was observed in ATLAS.Similarly, an exess of 3.1σ at 124 GeV was observed in CMS. The resultswith the 2012 dataset at √s = 8 TeV will be shown in Chapter 7 of this thesis.
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Figure 1.3: Observed and expeted 95% C.L. upper limits on the ratios to the SM rosssetion as a funtion of the BEH boson mass for the ombined CDF and DØ analysesestimated using a Bayesian alulation. The bands indiate the 68% and 95% probabilityregions where the limits an �utuate in the absene of the signal [63℄.
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Figure 1.5: Observed and expeted 95% C.L. upper limits on the ratios to the SM rosssetion as a funtion of the BEH boson mass for the CMS experiment in the range 110−600GeV [65℄.
Indiret searhesThe BEH boson ontributes to the radiative orretions to the high-preision EW observables; an example of its ontribution to the gauge bosonself-energy is shown in Fig. 1.6. Thus onstraints on its mass ould be derivedfrom high-preision measurements of these EW observables (the onstraintsare weak sine the dependene on the BEH mass is only logarithmi). Thiswas done at LEP, Stanford Linear Collider (SLC), Tevatron and in lowenergies experiments suh as νµ− and ν̄µ−-nuleon deep-inelasti sattering.The measured parameters are for instane the mass of the W,Z bosons,the e�etive weak mixing angle as measured in forward-bakward andpolarization asymmetries using the strong and the EM oupling onstants,the mass of the top and the Fermi oupling onstant. The ∆χ2 = χ2 − χ2

minof the �t on the ombined data performed by the LEP Eletroweak WorkingGroup [66℄ is shown in Fig. 1.7 depending on the BEH boson mass. Theleft and right yellow bands are the exluded limits by the LEP2 and LHC



20 Chapter 1. Spontaneous Symmetry Breakingexperiments respetively. The �tted SM BEH boson mass is then:
MH = 94+29

−24 GeV (1.74)and the 95% C.L. upper bound (derived from ∆χ2 = 2.7 for the blue band,thus inluding both experimental and theoretial unertainties) is:
MH ≤ 152 GeV. (1.75)Similar results however inluding both diret and indiret data into the �twere obtained by the GFitter ollaboration in [67℄.

W/Z

H

W/Z

Figure 1.6: BEH boson ontribution to the EW gauge boson self energy (orretionlogarithmially dependent on the BEH mass).1.4 SM Salar Boson Searhes at LHC1.4.1 SM Salar Boson ProdutionIn the SM, the main prodution mehanisms for BEH bosons at hadron ol-liders make use of the fat that the BEH boson ouples preferentially to theheavy partiles, that is the massive W and Z vetor bosons, the top quarkand to, a lesser extent, the bottom quark. The four dominant prodution pro-esses are: the gluon-gluon fusion mehanism, the weak vetor boson fusion,the assoiated prodution with W/Z bosons and the assoiated produtionwith heavy top or bottom quark pair. The orresponding Feynman diagramsare shown in Fig. 1.8.Gluon-gluon fusion is the main prodution mehanism of the SM BEHbosons at hadron olliders. As an be seen in Fig. 1.9, at high energy i.e atsmall fration of momenta x, the gluoni density dominates [68℄. This meh-anism ours through a triangular loop of heavy quarks, mainly top quarksand to a lesser extent, bottom quarks due to their large Yukawa ouplingsto the BEH boson. Sine this proess is ontrolled by strong interations,the alulation of QCD radiative orretions up to higher orders is neessary.The ross setion is omputed up to next-to-leading (NLO) order with the
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MH = 125 GeV at √
s = 7 TeV. There is a disussion in [75℄ of a possibleunderestimation of these unertainties.Vetor boson fusion (VBF) is a three-body prodution proess, with twohard jets in the forward and bakward regions of the detetor and the BEHboson. It is mediated by gauge boson exhange and it plays a very importantrole in the BEH searhes at LHC sine it has a power to disriminate thesignal from many large QCD bakgrounds. In addition, the VBF hannelis important for the determination of the BEH-boson ouplings, espeiallythe HWW and HZZ ouplings. This proess has been omputed fully atNLO (with EW and QCD orretions). Approximate NNLO QCD orretionshave been omputed using the struture-funtion approah. This leaves anunertainty of ±1−2% due to the sale dependene and another one estimatedat the same level due to the parton distributions.
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s = 14 TeV, is shown in Fig. 1.11 (bottom). More details an be found in[73℄.1.4.2 SM Salar Boson DeaysThe total width and the deay branhing ratios of the SM BEH boson areshown in Figs. 1.12 and 1.13 (for more details, see [77℄). They were alulatedusing the programs HDECAY [78℄ and PROPHECY4F [79℄. HDECAY alu-lates the deay widths and branhing ratios of the SM BEH boson inluding allkinematially allowed hannels and all relevant higher-order QCD orretionsto deays into quark pairs and gluons. EW NLO orretions to the deays
H → γγ and H → gg are implemented in HDECAY in form of grids based onthe alulation of [80, 81℄. PROPHECY4F is a Monte Carlo (MC) generatorfor H → WW/ZZ → 4f �nal states. It inludes the omplete NLO QCD andEW orretions and all interferenes at LO and NLO whih are not omputedby HDECAY. For instane, the interferene between H → Z∗Z∗ → e+e−νν̄and H → W ∗W ∗ → e+νe−ν̄ is important for MH < 2MW,Z (sine above thisthreshold, the small widths of on shell W ′s and Z ′s give a small interferenee�et) and is taken into aount in PROPHECY4F. The resulting BEH totalwidth is therefore:

ΓH = ΓHD − ΓHDZZ − ΓHDWW + ΓProph4f , (1.76)where ΓH is the total BEH width, ΓHD the BEH width obtained with HDE-CAY, ΓHDZZ and ΓHDWW are the partial widths to ZZ and WW omputed withHDECAY, while ΓProph4f represents the partial width for H → 4f alulatedwith PROPHECY4F and is given by equation 1.77.
ΓProph4f = ΓH→W ∗W ∗→4f + ΓH→Z∗Z∗→4f + ΓWW/ZZ−int. (1.77)
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Figure 1.11: (Top) SM BEH boson prodution ross setion for individual hannels atthe LHC at √
s = 7 TeV and (bottom) the total prodution ross setion at √
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4l) dominates. As the mass inreases, the width beomes onsiderably wider:for example, for MH ∼ 130 GeV, ΓH is equal to few MeV and for MH ∽ 1TeV, it reahes ΓH ∽ 700 GeV.In the low mass range, 110 . MH . 130 GeV, the BEH boson deays into a
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1.4. SM Salar Boson Searhes at LHCsensitivity. The signal would appear as a narrow peak over a ontinuumof bakground. This hannel has been a key hannel sine the beginningof prospetive studies at the LHC. The �rst analysis was done on MonteCarlo by C. Seez and J. Virdee in 1990 [82℄ in CMS, followed by severalstudies in ATLAS [83℄. There were also some other studies (without properdetetor simulation) at that time (and before) at SSC [84, 85, 86, 87℄. Allthese studies follow the �rst papers on H → γγ deay [88, 59, 89℄. Thedeay of the SM salar boson into two photons is mediated by a W boson andheavy harged fermion (mainly top) loops. The two orresponding Feynmandiagrams interfer (with di�erent signs), the amplitude orresponding to the
W loop being larger.In the intermediate mass range, 130 GeV . MH . 180 GeV, the WWdeay mode of the BEH boson starts to dominate at MH ∽ 130 GeV andbeomes gradually overwhelming, in partiular for 2MW . MH . 2MZ wherethe W boson is real while the Z boson is still virtual, strongly suppressingthe H → ZZ∗ mode and leading to a WW branhing ratio of almost 100% asan be seen in Fig. 1.13.In the high mass range, 180 GeV . MH . 1 TeV, H → WW → lνqqbeomes important, and has an advantage over theH → WW (∗) → lνlν whihis the ability to fully reonstrut the BEH boson mass. However the large
W+jets bakground makes this hannel less sensitive than H → WW (∗) →
lνlν. Also a signi�ant fration of BEH bosons deay into two Z bosons. The
H → ZZ(∗) → l+l−l

′+l
′− deay mode, where l, l′ = e, µ, has the leanestsignature for the searh for the BEH boson. In this �golden� hannel, anexellent energy and transverse momentum resolution of the reonstrutedeletrons and muons, respetively, leads to a narrow four-lepton invariant masspeak on top of a smooth bakground. For MH > 200 GeV, H → ZZ → llqqand H → ZZ → llνν beome also important. Above 2mt, the H → tt̄branhing ratio is at the level of ∽ 20% but it starts to derease again to fallbelow 10% for MH ∽ 800 GeV, beause the partial deay width into gaugebosons inreases as M3

H while it inreases as MH when it deays into a toppair. Note that the oupling of the BEH boson to a fermion pair is ∼ g
Mf

2MWwhile the oupling to a W or Z pair is ∼ gMW or ∼ g MZ

2cosθW
.The unertainties on the branhing ratios and the total width of the SMBEH boson originate from unertainties on the parameters αs,mc,mb and mtand from approximations in the theoretial alulations, mainly from miss-ing high orders. The total parametri unertainties are obtained adding theparametri errors from the four parameters variations in quadrature. The in-dividual theoretial unertainties for the branhing ratios are added linearly.Finally, the total unertainties are obtained by adding linearly the total para-metri unertainties and the total theoretial unertainties. The theoretialunertainties are more relevant for the H → gg, H → Zγ and H → tt̄ branh-



28 Chapter 1. Spontaneous Symmetry Breakinging ratios reahing 10%. Parametri unertainties are relevant mostly for the
H → cc̄ and H → gg branhing ratios reahing 10% and 5% respetively. Forthe H → γγ hannel [77℄, the total unertainty an reah up to about 5%in the relevant mass range, while the total unertainty on the H → ZZ and
H → WW branhing ratios remains at the level of a few % over the wholemass range. The bands around the lines in Fig. 1.13 show the orrespondingtotal unertainties.1.5 Beyond the SMIn spite of the impressive suesses of the SM, some problems remain unex-plained like the neutrino masses, baryogenesis, and dark matter. Theoriststhink that the SM has to be embedded within a broader theory that inludesthe gravitational interations as well. The quantization of gravitation has sofar led to non renormalizable loal �eld theories. In addition, the radiativeorretions to the mass of the BEH boson predited by the SM are quadrat-ially divergent as a funtion of the �ut-o�� sale, Λ, and they beome verylarge when Λ reahes the Plank sale ∼ 1019 GeV. In this latter ase, theounter-term used for the renormalization needs a ��ne-tuning� of about 16orders of magnitude to obtain a BEH boson with MH < 1 TeV.Many solutions were proposed to go beyond the SM. One of the most im-pressive extensions of the SM is the introdution of Supersymmetry (SUSY).SUSY predits for every type of boson a orresponding type of fermion withthe same mass and internal quantum numbers and vie-versa. However, thismass spetrum is not experimentally observed, whih requires to expliitlybreak SUSY in order to remove mass degeneray among supersymmetripartners. Indeed, the hierarhy problem is solved in SUSY, the quadratidivergenes are anelled beause of the opposite sign terms indued by thefermioni and the assoiated bosoni (partners of the fermions) loops, leavingonly a logarithmi dependene as a funtion of Λ. Note that in the simplestmodels of SUSY, �ve fundamental salar bosons are predited, 2 harged BEHbosons (H±) and 3 neutral ones (H, h,A). In addition, SUSY often preditsthe dark matter whose existene is on�rmed by astrophysial observations,and is not desribed in the SM. Indeed most of the supersymmetri modelsinlude a onserved number alled R-parity [90, 91℄, whih is 1 for ordinarymatter and −1 for superpartners. There is therefore a lightest supersymmet-ri partner (LSP), whih is often a mixture of the superpartners of weak andBEH bosons and is alled the lightest neutralino. This is a stable and neutralmassive partile whih is a good andidate for the dark matter omponent ofthe Universe. Furthermore, in SUSY, the three ouplings of SU(3)c, SU(2)Land U(1)Y are better uni�ed at high energy than in the SM, see for instaneFig. 1.14 from [92℄. Finally, if SUSY is loal, it inorporates gravity naturally;



1.5. Beyond the SMthis gives rise to the gauge theory of supergravity, whose ultraviolet behaviourseems to exhibit remarkable anellations.

Figure 1.14: The two-loop renormalization group evolution of the inverse gauge ouplingsin the SM (dashed lines) and MSSM (solid lines) [92℄.In addition, there are various models of omposite BEH, based on an anal-ogy with QCD and the hiral symmetry, evolving from the work of Weinberg[93℄ and Susskind [94℄. These models will not be disussed in this thesis.For ompleteness, I will say few words about two other extensions of theSM that have been studied at LHC:- The SM4 salar boson: an extension of the SM inluding a fourth gener-ation of fermions (see for instane [95℄). The additional heavy quarks in thequark loop assoiated with the gg → H proess greatly enhane the produ-tion ross setion, while other prodution mehanisms are not a�eted. Basedon SM4 benhmark parameters [77℄, exlusion limits have been published. Atthe time of Moriond 2012, the most stringent limit is found by CMS [65℄ asshown in Fig. 1.15: the SM4 salar boson is exluded at 95% C.L. in the range
120 − 600 GeV.- The fermiophobi salar boson: in some models (see for instane [96℄),the salar boson responsible for the EW symmetry breaking does not oupleto fermions therefore the prodution modes gg → H and gg → tt̄H disappear.Diret deays H → ττ and H → bb̄ beome impossible while the branhingfrations of H → γγ, H → WW and H → ZZ enhane signi�antly atlow mass of the BEH boson. Using ross setions of [97℄, at the time ofsummer 2012, the best limit is found by CMS [98℄ as shown in Fig. 1.16: thefermiophobi salar boson is exluded in the mass range 110 − 194 GeV at
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Figure 1.15: The observed and expeted 95% C.L. upper limits on the ratios to the SM4ross setions for a SM4 BEH boson hypothesis as a funtion of MH [65℄.
95% C.L..
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Figure 1.16: The observed and expeted 95% C.L. upper limits on the ratios to thefermiophobi ross setions for a fermiophobi BEH boson hypothesis as a funtion of MH[98℄.





Chapter 2Statistial Methods for LHC
Contents2.1 Test Statisti . . . . . . . . . . . . . . . . . . . . . . . . . . . . 332.2 χ2 approximation . . . . . . . . . . . . . . . . . . . . . . . . . . 392.3 Asymptoti formulae . . . . . . . . . . . . . . . . . . . . . . . 422.4 Pro�ling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 462.5 Look-elsewhere e�et . . . . . . . . . . . . . . . . . . . . . . . 472.6 Energy sale unertainties . . . . . . . . . . . . . . . . . . . . 49The statistial proedure for data analyses in high energy physis (HEP)is ruial for exluding or disovering a new phenomena. It onsists to de-termine whether the observed data are ompatible or not with a given hy-pothesis and to de�ne the degree of inompatibility. The exlusion of a givenhypothesis requires a minimum on�dene level of 95% i.e mostly 5% of theexperiments with signal and bakground would be wrongly exluded (i.e beingas �bakground-like� as the atually observed data). The disovery has evenmore stringent requirements. The minimal signi�ane required to laim adisovery of a signal is set by onvention to 5σ i.e among 3× 106 bakgroundexperiments, only one ould �utuate to give a similar exess. In the follow-ing, I desribe brie�y the statistial methods used at the LHC for disoveryand setting upper limits on the salar boson prodution proess. For moredetails, see for instane [99℄.2.1 Test StatistiOne of the ontinuous dilemmas in statistis is the Bayesian-frequentist inter-pretation of the probability. The Bayesian approah introdues a subjetivedegree of belief in a given hypothesis. It is therefore possible to onsider theprobability of �nding the true value of an unknown parameter in a given�xed interval. However this statement does not make sense in the frequentistapproah sine the parameter is believed to have one and only one assignedvalue and annot be represented by a probability density funtion (pdf).The frequentist probability is interpreted as the frequeny of an outome ofa repeatable experiment. Hene, if we repeat an experiment depending on



34 Chapter 2. Statistial Methods for LHCa physial parameter whose exat value is not known, then the probabilityto �nd it in a given �xed interval would be either zero or one. For manyinferene problems, the frequentist and Bayesian approahes give similarnumerial answers, even though they are based on fundamentally di�erentinterpretations of probability. In the HEP �eld, it was agreed that it is moreonvenient to avoid a prior knowledge assumption in the interpretation ofphysial results and therefore a frequentist approah is adopted. HoweverBayesian approah is used as a ross-hek for setting exlusion limits.The lassial frequentist approah begins from de�ning a test statisti,
tµ, aiming to make a statement about how well the observed data stand inagreement with given predited probabilities. It is used to test a hypothesizedvalue of the strength parameter µ whih ats as a saling to the total rate ofsignal events. We often write µ = σ/σSM, where σSM is the SM produtionross setion. µ sales in general the branhing ratio, the e�ieny, the lu-minosity and the aeptane. The signal strength is de�ned so that µ = 0orresponds to the bakground-only model and µ = 1 is the SM signal. In ourase, the test statisti is used to disriminate signal-like from bakground-likeevents. From the Neyman-Pearson lemma, the ratio of likelihoods is the mostpowerful disriminator. Consider a histogram with ni entries in the ith bin,where ni follows a Poisson distribution with mean µsi+ bi with s representingthe signal modeling and b the bakground. The binned likelihood funtion iswritten as the produt of these Poisson probabilities to observe ni (si signaland bi bakground) events in a given bin i (N is the total number of bins):

L(data|µs+ b) =
N∏

i=1

(µsi + bi)
ni

ni!
e−(µsi+bi) (2.1)or for an unbinned likelihood over Nevt events in the data sample:

L(data|µs+ b) =
1

Nevt!
e−(µstot+btot)

Nevt∏

i=1

(µstotfs(xi) + btotfb(xi)) (2.2)where stot and btot are the total number of signal and bakground events,
fs(x) and fb(x) are pdfs of signal and bakground of some observable x,and data is either the atual observed experimental data or the generatedpseudo-experiments i.e Monte Carlo simulations. The best one-dimensionaltest statisti in the sense of maximum power is given by the likelihood ratio:

λbest(µ) =
L(µ)

L(µ = 0)
(2.3)From the de�nition of λbest(µ), one an see that 0 ≤ λbest ≤ ∞, with λbest > 1implying a better agreement between the data and the hypothesized value of



2.1. Test Statisti
µ. Equivalently, it is more onvenient to use the statisti:

tµ,best = −2lnλbest(µ) (2.4)as the basis of a statistial test. Lower values of tµ,best orrespond to aninreasing ompatibility between the data and the hypothesized µ.In general, s and b are a�eted by systemati unertainties (experimen-tal and theoretial). These systemati unertainties are treated as nuisaneparameters θ so that signal and bakground expetations beome funtionsof those nuisane parameters i.e s(θ) and b(θ). There are di�erent possibleways to treat these nuisane parameters in the statistial analysis. A hybridBayesian-frequentist approah was used at LEP and Tevatron. Pseudo-experiments are generated randomizing the nuisane parameters (equivalentto Bayesian marginalization) around their expeted values (taken from MonteCarlo at LEP and from the best �t to the observed data at Tevatron). Thesenuisane parameters are then �tted at Tevatron or not at LEP. At LHC, afully frequentist approah is used [101℄. The di�erenes between the teststatistis used at LEP, Tevatron and LHC are explained in [100℄. At theLHC, pseudo-experiments are generated using best �t of nuisane parametersto the observed data i.e the nuisane parameters are �xed in the generation totheir onditional maximum likelihood estimate (CMLE) ˆ̂
θ(µ, obs) for a given

µ. The proedure for hoosing spei� values of the nuisane parameters for agiven value of µ is often referred to as �pro�ling�, ˆ̂θ is often alled the �pro�ledvalue� of θ. The nuisane parameters are onstrained with onstraint termsoriginating from auxiliary measurements whih are usually modelized by agaussian distribution G(θ0|θ, δ) where θ0 is the auxiliary measurement, δthe value of the unertainty. In the generation of the pseudo-experiments,
θ0 is randomized aording to G(θ0|ˆ̂θ(µ, obs), δ). This is the so-alled�unonditional ensemble�. When �tting the generated pseudo-experiments,like when �tting the observed data, the nuisane parameters are allowed to�oat onstrained to their nominal values by the onstraint terms.Taking into aount the nuisane parameters, a pro�le likelihood ratiois de�ned as:

λ0(µ) =
L(µ,

ˆ̂
θ(µ))

L(µ = 0,
ˆ̂
θ(µ = 0))

(2.5)equivalently:
t0µ = −2lnλ0(µ) (2.6)This pro�le likelihood ratio is used at Tevatron analyses. However, at theLHC, another pro�le likelihood ratio is used [102℄ due to its known asymptoti



36 Chapter 2. Statistial Methods for LHCproperties disussed later in setion 2.2 and 2.3.
λ(µ) =

L(µ,
ˆ̂
θ)

L(µ̂, θ̂)
(2.7)where µ̂ and θ̂ denote the values of the parameters that maximize thelikelihood funtion L(µ,θ) so-alled the maximum likelihood estimator(MLE) of µ and θ. While ˆ̂

θ is the CMLE of θ for a �xed µ. In the following,we will onsider the pro�le likelihood ratio used at the LHC.For purposes of disovering a new signal proess, one tests the bakground-only hypothesis µ = 0 against an alternative hypothesis inluding both signaland bakground. The test statisti tµ with µ = 0 is onstruted as:
t0 =





−2lnL(0,

ˆ̂
θ(µ=0))

L(µ̂,θ̂)
for µ̂ ≥ 0,

0 if µ̂ < 0
(2.8)The ondition t0 = 0 if µ̂ < 0 is imposed beause one is not interested to testthe downward �utuations of the bakground when willing to disover a signalproess. Removing this ondition leads to a hange of the test statistis frombeing one-sided to double-sided. The level of ompatibility between data and

µ = 0 hypothesis is quanti�ed by the following p-value:
p0 =

∫ ∞

t0,obs

f
(
t0|0, ˆ̂θ(µ = 0)

)
dt0 (2.9)where f(t0|0) is the sampling distribution of the test statisti t0 under theassumption of µ = 0 obtained from bakground-only generated pseudo-experiments and t0,obs is the value of t0 observed from the data. It is alsoneeded to know the expetation from the SM hypothesis. This is representedby the median p0, the so-alled expeted p0, whih maps one-to-one onto theexpeted signi�ane. For an expeted p0, t0,exp, that replaes t0,obs in equa-tion 2.9, would be the median of f(t0|µ) from signal+bakground pseudo-experiments. ˆ̂

θ(µ = 0) are the pro�led values of the nuisane parametersdetermined by �tting the observed data with µ = 0. p0 is the probability un-der the assumption of µ = 0 to observe data with equal or lesser ompatibilitywith the hypothesis µ = 0 relative to the data atually obtained. A small valueof p0 is interpreted as an evidene against µ = 0 i.e more signal-like data. It ismore onvenient to onvert the p-value into an equivalent signi�ane de�nedusing the quantile of a unit Gaussian. It is given by:
Z = Φ−1(1 − p) (2.10)



2.1. Test Statistiwhere Φ−1 is the inverse of the umulative distribution for a unit Gaussian.The rejetion of the µ = 0 hypothesis with a signi�ane of at least Z = 5ensures a laim of disovery, this is a onvention. Fig. 2.1 shows the relationbetween the p-value and the test statisti tµ with µ ≥ 0 (left) as well as itsrelation with the signi�ane Z (right). Table 2.1 gives some often used valuesof p-values to quantify disovery along with the orresponding signi�anes
Z.
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Figure 2.1: Illustration of the relation between the p-value obtained from an ob-served value of the test statisti tµ (left) and its relation with the signi�ane (right).
p-value Z

1.587 × 10−1 1σ

2.275 × 10−2 2σ

1.350 × 10−3 3σ

3.167 × 10−5 4σ

2.867 × 10−7 5σ

9.866 × 10−10 6σ

1.280 × 10−12 7σTable 2.1: Some often used p-values and their orresponding signi�anes for thedisovery.For purposes of establishing an upper limit on the strength parameter µ,we onsider the test statisti tµ (equivalent to q̃µ of [103℄) de�ned as:
tµ =





−2lnL(µ,

ˆ̂
θ(µ))

L(µ̂,θ̂)
if 0 ≤ µ̂ ≤ µ,

0 if µ̂ > µ
(2.11)The reason for setting tµ = 0 for µ̂ > µ is that when setting an upper limit,the relevant alternative to the µ being tested is µ = 0. So the ritial region of



38 Chapter 2. Statistial Methods for LHCthe test is taken as values of the data that are harateristi for µ = 0, i.e lowvalues of µ̂. As for disovery, one quanti�es the level of agreement betweenthe data and the hypothesized µ with the p-value omputed as:
pµ =

∫ ∞

tµ,obs

f
(
tµ|µ, ˆ̂θ(µ, obs)) dtµ (2.12)where f(tµ|µ) is the sampling distribution of the test statisti tµ under the as-sumption of the signal strength µ obtained from signal+bakground generatedpseudo-experiments and tµ,obs is the value of tµ observed from the data. Forestablishing the expeted upper limit, tµ,obs ≡ tµ,exp would be the median of

f(tµ|0) from bakground-only pseudo-experiments. One also an ompute theerror bands integrating f(tµ|µ) from the median±1(2)σ (∼ 68% and ∼ 95%bands) of f(tµ|0). The on�dene level (C.L.) is de�ned as 1 − p-value. Typ-ially for setting an upper limit a on�dene level of at least 95% is requiredorresponding to an exlusion of a signal + bakground �utuation with asigni�ane of 1.64σ. Table 2.2 shows some often used values of C.L. andtheir orresponding signi�anes in ase of setting an exlusion limit.
C.L. Z

0.90 1.282σ

0.95 1.645σ

0.975 1.960σ

0.99 2.326σTable 2.2: Some often used C.L. values and their orresponding signi�anes forsetting upper limits.The method using pµ to set exlusion limits is alled CLs+b method. Whilethis method represents the right overage and the best frequentist approah,it su�ers from a problem in the limit of very small number of signal events,espeially when is it is equal to zero. When µ = 0, one expets, by onstru-tion, 5% of experiments will end up exluding a signal of zero strength. Thisis interpreted as an exlusion of a downward �utuation of the bakground.Therefore, for the 2σ band, we an exlude a µ = 0 hypothesis at a C.L.greater than 95% C.L.. Another tehnique was introdued at the time of LEPand used also later at Tevatron to prevent the exlusion of a parameter valuefor whih one has no sensitivity is the CLs [104, 105℄. The CLs method is amodi�ed frequentist approah estimated from a ratio of probabilities: pµ and
1−pb, where pb is the p-value of the tµ distribution under the bakground-onlyhypothesis:

pb = 1 −
∫ ∞

tµ,obs

f
(
tµ|0, ˆ̂θ(µ = 0, obs)) dtµ (2.13)



2.2. χ2 approximationThe CLs upper limit is de�ned using the p-value p′µ:
p′µ =

pµ
1 − pb

(2.14)The proedure results in a overage probability that is in general greater than
1− p′µ. The amount of over overage is not immediately obvious; however, forsmall values of µ the overage is near 97.5% (due to 〈pb〉 ∼ 1/2) and for largevalues of µ the overage is near the nominal 95% (due to 〈pb〉 ∼ 0). Anothertehnique whih was used at some point is the modi�ed CLs+b where the +2σband of the CLs+b is trunated. It is alled the power onstrained limit (PCL)[106℄. In addition the observed limit is not allowed to go below the expetedmedian limit for a 50% power reommendation.2.2 χ2 approximationThe presription desribed above using the pseudo-experiments is not pra-tial from the omputational point of view due to the high CPU demand:one would have to generate more than 107 pseudo-experiments to test a 5σ�utuation orresponding to a p-value of 2.85 × 10−7. Therefore it was veryimportant to �nd an asymptoti approximation of the sampling distributions
f(t0|0) and f(tµ|µ). For a su�iently large data sample and in ase µ̂ is Gaus-sian distributed, Wilks' theorem [107℄ states that the pdf of a test statisti
f(tµ|µ) with µ ≥ 0 follows a χ2 distribution for one degree of freedom givenby:

fχ2
1
(tµ) =

1√
2π

1√
tµ
e−tµ/2 (2.15)This theorem generalizes to more than one parameter of interest. For n pa-rameters of interest, the test statisti follows a χ2 distribution for n degrees offreedom. The ondition t0 = 0 (tµ = 0) if µ̂ < 0 (µ̂ > µ) for disovery (settingupper limits) leads to a delta funtion δ(t0) (δ(tµ)) at 0 in half of the ases.Therefore the test statisti is desribed by a sum of a delta funtion and a χ2weighted by 0.5:

f(tµ|µ) =
1

2
δ(tµ) +

1

2
fχ2

1
(tµ) (2.16)(similarly for f(t0|0)).This approximation is valid for su�iently large data samples i.e for highluminosities experiments. In the ase of low statistis, important deviationsof the test statisti distribution f(tµ|µ) with µ > 0 from the one half-hi-square funtion (1/2 fχ2

1
(tµ)) are observed, breaking down the validity of theapproximation. In this thesis, a study was made to show that this ould beavoided, following the original idea by M. Kado, by rede�ning the test statisti



40 Chapter 2. Statistial Methods for LHCallowing the estimator µ̂ to take on negative values [108℄. The rede�ned teststatisti qµ an therefore be written as:
qµ =





−2lnL(µ,

ˆ̂
θ(µ))

L(µ̂,θ̂)
if −∞ < µ̂ ≤ µ,

0 if µ̂ > µ
(2.17)The study was based on the spirit of setting exlusion limits. The signaland bakground probability density funtions were hosen aording to the

H → γγ analysis. A signal model of Crystal-Ball + gaussian and a simpleexponential for the bakground are used. The normalization of bakgroundand the slope of the exponential are onsidered as nuisane parameters. In or-der to validate the approximation down to low luminosities, the rede�ned teststatisti distribution from signal+bakground Monte Carlo generated samplesare ompared to the 1/2 fχ2
1
(qµ) funtion. Monte Carlo samples with Nbkgbakground events and Nsig = µ′SSM signal events (where µ′ is the strengthparameter in the generation), are simulated in both ases of µ′ = µ (sigToys)and µ′ = 0 (bkgToys). The �t of these generated samples is made one by�xing µ and one by leaving µ �oating. Fig. 2.2 shows the qµ distributions forsigToys and bkgToys for luminosities of 0.2 fb−1 (top) and 0.05 fb−1 (bottom).A 1/2 fχ2

1
(qµ) funtion is superimposed to the sigToys distribution. One ansee the good �tting of the sigToys qµ distribution with the 1/2 fχ2

1
(qµ) funtioneven at low luminosities.In order to quantify the validity of this approximation, p-values are om-pared between two methods. The �rst method relies on Monte Carlo simu-lated events, it onsists on ounting the number of sigToys events from themedian of bkgToys distribution up to in�nity. Normalizing this number tothe total number of sigToys, one obtains the orresponding pµ. The seondmethod integrates the 1/2 fχ2

1
(qµ) funtion from the median of the bkgToysto in�nity. This integral is divided by the total integral to obtain the p-value.Moreover, the same proedure is done from the median+1σ and median+2σof the bkgToys to see the impat on the error bands.Table 2.3 shows the 1 − p-values or C.L.(%) for both methods for a lu-minosity of 0.2 fb−1. A omparison between the test statistis tµ and qµ foreah method is also shown. The median expeted limit is in a good agreementbetween all the ases. However if one onsiders the C.L.(1σ) and C.L.(2σ) for

tµ, one sees the breaking of the approximation validity while it is reoveredwith the new test statisti qµ.Another study was made to ompare the test statistis qµ and t0µ de�ned inequation 2.6. The orrelation between these two statistis is shown in Fig. 2.3for µ = 1 for qµ (t0µ) values of sigToys above the median of qµ (t0µ) of bkgToys.The omputed p-values were found to be almost equal for both test statistis.They give similar median values for exlusion limits as well as for the band
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Figure 2.2: Rede�ned test statisti distribution qµ for signal+bakground (sigToys)and bakground-only Monte Carlo simulations (bkgToys) for a luminosity of 0.2fb−1 (top) and 0.05 fb−1 (bottom). A 1/2 fχ2
1
(qµ) distribution is superimposed tothe distribution orresponding to signal+bakground simulated events.

tµ qµCounting 1/2 fχ2
1
(tµ) Counting 1/2 fχ2

1
(qµ)Median 60.04 60.07 60.03 60.10Median+1σ 89.22 76.63 89.12 89.37Median+2σ 98.86 84.16 98.87 98.86Table 2.3: Comparison of C.L. values (%) for tµ and qµ test statistis omputedusing two methods: ounting the Monte Carlo signal+bakground simulated eventsand integrating 1

2 fχ2
1
(tµ) (1

2 fχ2
1
(qµ))approximation from the median (+1σ, +2σ)of the bakground-only samples.



42 Chapter 2. Statistial Methods for LHCerrors. For high values of µ, i.e around 16, a small di�erene is seen but hasa negligible impat on the �nal results. However t0µ is not used in the LHCstatistial analyses, it is used at Tevatron.
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Figure 2.3: The orrelation between t0µ (Q) and qµ (Q') for µ = 1.2.3 Asymptoti formulaeAs desribed above, it is onvenient to approximate the distributions f(q0|0)and f(qµ|µ) with a 1/2 fχ2
1
(qµ) distribution. In order to estimate the observed

p0 or to set an observed upper limit, it would be su�ient to integratethe χ2 distribution from the value q0,obs or qµ,obs up to in�nity normalizedto the total integral. However to estimate the expeted p0 or to set anexpeted upper limit, it would be neessary to generate signal+bakgroundpseudo-experiments (for disovery) and bakground-only pseudo-experiments(for setting upper limits) in order to determine the orresponding medianfrom whih one would integrate the χ2 distribution. The generation ofpseudo-experiments remains time and CPU onsuming. Therefore, anotherimportant approximation was the so-alled �Asimov dataset�.The �Asimov dataset� is a single arti�ially reonstruted representa-tive dataset in whih all the statistial �utuations are suppressed. Thevalues of n in equation 2.1 are replaed by their expetation values for a givenintegrated luminosity and a hypothesized strength parameter µA. Usually,for disovery µA = 1 and for setting upper limits µA = 0. Note also thatan unbinned likelihood an be interpreted as a limiting ase of a binnedlikelihood when the bin size goes to zero, as it is the ase for the H → γγanalysis at the LHC. The Asimov dataset is generated with a number of



2.3. Asymptoti formulaeevents proportional to the �tted nuisane parameters on data for a givenvalue of µ (this will be disussed in the next setion).The expeted test statisti is therefore obtained from the pro�le likelihoodratio for an Asimov de�ned as:
λA(µ) =

LA(µ,
ˆ̂
θ)

LA(µ̂, θ̂)
=
LA(µ,

ˆ̂
θ)

LA(µ′,θ)
(2.18)where µ̂ is supposed to follow a Gaussian distribution with a mean µ′ and astandard deviation σ. The �nal equality says expliitly that the estimatorsfor the parameters are equal to their hypothesized values.In the following, I will introdue the asymptoti formulae for disovery andsetting upper limits using an Asimov dataset and the observed data, takenfrom [103℄.Consider a test of the strength parameter µ, whih an either be zero (fordisovery) or nonzero (for an upper limit), and suppose the data distributedaording to a strength parameter µ′ (whih is in general µ′ = µ), the distri-bution f(qµ|µ′) an be found using a result due to Wald [109℄, who showedthat for the ase of a single parameter of interest:

qµ = −2lnλ(µ) =
µ− µ̂

σ2
+ O(1/

√
N) (2.19)where µ̂ follows a Gaussian distribution with a mean µ′ and a standarddeviation σ and N represents the data sample size. In the limit of large

N , the test statisti follows a nonentral χ2 distribution for one degree offreedom with the nonentrality parameter Λ = (µ − µ′)2/σ2. For the speialase µ′ = µ, the test statisti follows a χ2 distribution (Λ = 0) for one degreeof freedom, one gets bak the Wilks' theorem.To determine the variane of the µ̂ distribution, one may use the method ofFisher matrix onstruted from the seond derivatives of the log-likelihoodfuntion or use the formula of Wald:
σ2 =

(µ− µ′)2

qµ
(2.20)This is usually used to �nd the exlusion sensitivity for the hypothesis µassuming that there is no signal i.e µ′ = 0.From equation 2.19, one an rewrite the test statisti q0 for disoveryas:

q0 =

{
µ̂2/σ2 if µ̂ ≥ 0,

0 if µ̂ ≤ 0
(2.21)



44 Chapter 2. Statistial Methods for LHCThe pdf of q0 has the form:
f(q0|µ′) =

(
1 − Φ

(
µ′

σ

))
δ(q0)

+
1

2

1√
2π

1√
q0

exp

[
−1

2

(√
q0 −

µ′

σ

)2
]The orresponding umulative distribution is written as:

F (q0|µ′) = Φ

(√
q0 −

µ′

σ

) (2.22)For the important ase µ′ = 0, one an write the distribution as in equation2.16:
f(q0|0) =

1

2
δ(q0) +

1

2

1√
2π

1√
q0
e−q0/2 (2.23)The orresponding umulative distribution is therefore written as:

F (q0|0) = Φ(
√
q0) (2.24)The p-value of the µ = 0 hypothesis is:

p0 = 1 − F (q0|0) (2.25)and therefore the orresponding signi�ane an be written as:
Z0 = Φ−1(1 − p0) =

√
q0 (2.26)To summarize, for the observed test statisti q0,obs one obtains the observedvalue of p0,obs using the following equation:

p0,obs = 1 − Φ(
√
q0,obs) (2.27)and the orresponding observed signi�ane is given by:

Z0,obs =
√
q0,obs (2.28)The median signi�ane is dedued from the test statisti q0,A obtained fromthe Asimov dataset (generated with µA = 1):

Z0,exp =
√
q0,A (2.29)Similarly for establishing upper limits, one an write:

qµ =

{
(µ− µ̂)2/σ2 if µ̂ < µ,

0 if µ̂ > µ
(2.30)



2.3. Asymptoti formulaeThe distribution of qµ is given by:
f(qµ|µ′) = Φ

(
µ′ − µ

σ

)
δ(qµ)

+
1

2

1√
2π

1
√
qµ

exp

[
−1

2

(
√
qµ −

µ− µ′

σ

)2
]

The orresponding umulative distribution is written as:
F (qµ|µ′) = Φ

(
√
qµ −

µ− µ′

σ

) (2.31)For the important ase µ′ = µ, one an write the distribution as in equation2.16:
f(qµ|µ) =

1

2
δ(qµ) +

1

2

1√
2π

1
√
qµ
e−qµ/2 (2.32)The orresponding umulative distribution is written as:

F (qµ|µ) = Φ(
√
qµ) (2.33)The p-value of the µ hypothesis is:

pµ = 1 − F (qµ|µ) (2.34)and therefore the orresponding signi�ane an be written as:
Zµ = Φ−1(1 − pµ) =

√
qµ (2.35)For setting an observed CLs+b upper limit we solve the following equation:

pµ,obs = 1 − Φ(
√
qµ,obs) = α (2.36)equivalently, √

qµ,obs = Φ−1(1 − α) (2.37)and sine √
qµ,obs = (µ− µ̂)/σ,

µup,obs = µ̂+ σΦ−1(1 − α) (2.38)The CLs upper limit is obtained by solving the equation:
p′µ,obs =

pµ,obs

1 − pb
= α (2.39)
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1 − pb = CLb is equal to F (q0|0) (see equation 2.34). Replaing µ′ = 0 inequation 2.31, one gets:

CLb = Φ
(µ
σ
−√

qµ,obs

) (2.40)
σ is obtained from equation 2.20 using the Asimov dataset generated with
µA = µ′ = 0. Finally we have:

CLb = Φ
(√

qµ,A −√
qµ,obs

) (2.41)and:
p′µ,obs =

1 − Φ(
√
qµ,obs)

Φ
(√

qµ,A −√
qµ,obs

) = α (2.42)For setting an expeted CLs+b median upper limit we solve the followingequation:
pµ,exp = 1 − Φ(

√
qµ,A) = α (2.43)Realling that √qµ,A = µup,exp/σ, one gets:

µup,exp = σΦ−1(1 − α) (2.44)The median CLs upper limit is obtained by solving:
p′µ,exp =

pµ,exp

1 − pb
= α (2.45)where 1 − pb = 1/2. One obtains therefore:

µup,exp = σΦ−1(1 − 0.5α) (2.46)Moreover, one an dedue the Nσ (with N a negative or positive integer)error CLs+b bands for whih µ̂ = N and therefore √
qµ = (µupNσ −N)/σ:

µupNσ = σ(Φ−1(1 − α) +N) (2.47)and the CLs error bands:
µupNσ = σ(Φ−1(1 − αΦ(N)) +N) (2.48)sine CLb = Φ(N).Usually one sets α to 0.05 to get the threshold of 95% C.L. upper limits.2.4 Pro�lingAs already desribed above, the nuisane parameters are pro�led for a givenvalue of the strength parameter µ in the generation of the Asimov dataset.There ould be several ways to pro�le the nuisane parameters i.e for di�erent



2.5. Look-elsewhere e�ethypotheses µ. Fig. 2.4 shows the omparison of di�erent pro�ling methodswhen testing µ = 0. This plot is based on the ATLAS H → γγ analysisdesribed in details in setion 6.2.3. A spurious signal term (SS) is added tothe signal part of the onsidered likelihood to take into aount for the biasof �tting the data with an exponential to model the bakground. This SS is�xed to zero in the generation of the Asimov unless otherwise spei�ed.Pro�ling at µ = 0 all the nuisane parameters and �xing the spurioussignal term to zero in the generation of the Asimov is the baseline proedurein the ATLAS H → γγ analysis.Another way of pro�ling is to hoose µ = µ̂, this gives similar results as thepro�ling at µ = 0 if the signal-related nuisane parameters were �xed to zeroin the generation of the Asimov. If not, the urve shows small �utuationsaround the one where the pro�ling is done at µ = 0.Larger �utuations are observed when pro�ling at µ = 1 (�xing or not thespurious signal term). This an be explained by looking at the �tted valuesof µ. For instane, for masses around 126 GeV where an exess of eventswas observed in this hannel, the value of µ̂ is about twie larger than theSM hypothesis µ = 1. In order to ompensate for this di�erene (µ = 1and µ̂ = 2), the �t tends to inrease the values of the parameters whih aresaled by µ, for example the e�ieny. The e�ieny will take therefore avalue larger than the one nominally omputed for a SM BEH boson. Thisleads to an inrease of the number of signal events in the generated Asimovand onsequently an inrease of the sensitivity, i.e a derease of the p0. Thehoie of the pro�ling method of the nuisane parameters at µ = 0 in thegeneration of the Asimov was justi�ed by the smoothness of the expetedsensitivity urve i.e by minimizing its dependene on the data �utuations.In the ATLAS ombination of di�erent SM BEH deay hannels, the pro�lingof these nuisane parameters is still done at µ = 1. It is also the ase forCMS analyses.2.5 Look-elsewhere e�etWhen searhing for a new resonane within some possible mass range, as itis the ase for the salar boson, the signi�ane of observing a loal exessof events has to take into aount the probability that an exess of eventsanywhere in the range ould equally be onsidered as a signal. This is theso-alled �look-elsewhere e�et� (LEE). The model in this ase onsists ofa bakground distribution B and a signal distribution S(m) where m is theunkown mass loation parameter of the resonane and it is given by µS(m)+B.The massm is a nuisane parameter whih does not exist under the hypothesis
µ = 0 sine B does not depend on m. The test statistis in this ase does not
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Figure 2.4: Comparison of expeted p0 with di�erent pro�ling of the nuisane parametersas a funtion of the BEH mass.follow the Wilks' theorem beause there is a nuisane parameter present onlyunder the alternative. We de�ne q(mfix) as a test statisti for a �xed mass
mfix, it follows a χ2 distribution with s degrees of freedom (in our ase s = 1).The global test statisti to be assoiated with the searh of the largest exessof events above the bakground in the entire range is de�ned by:

q(m̂) = maxm[q(mfix)] (2.49)The p-value of the global test statisti an be written as follows:
P (q(m̂) > c) ≤ P (χ2

s > c) + 〈N(c)〉 (2.50)where N(c) is the number of uprossings of the level c by the test statisti
q(mfix). It is proposed in [110℄ to express 〈N(c)〉 as a funtion of 〈N(c0)〉 >de�ned as the number of uprossings at some low referene level c0:

P (q(m̂) > c) ≤ P (χ2
s > c) + 〈N(c0)〉

(
c

c0

)(s−1)/2

e−(c−c0)/2 (2.51)
〈N(c0)〉 is determined by ounting the number of uprossings in a small setof bakground-only Monte Carlo simulations or by ounting the number ofuprossings observed in the data. c0 is hosen to be as low as possible but stillsigni�antly larger than the numerial resolution of q(mfix) and the typialdistane between the uprossings should be kept signi�antly larger than the



2.6. Energy sale unertaintiesmass resolution. For very large values of c, the bound is expeted to beomean equality, so the global p-value for the partiular ase s = 1 is given by:
P (q(m̂) > c) ∼ P (χ2 > c) + 〈N(c0)〉e−(c−c0)/2 (2.52)On the other hand, it was notied in [110℄ that 〈N(c)〉 is asymptotially(for very large values of c) propotional to the probability P (χ2

s+1 > c). Theglobal p-value ould be written as:
P (q(m̂) > c) ∼ P (χ2

s > c) + NP (χ2
s+1 > c) (2.53)where N = 〈N(c)〉/P (χ2

s+1 > c) is interpreted as an �e�etive number� ofindependent searh regions in the onsidered mass range.It is also useful to desribe the LEE in terms of a trial fator (TF ) whih isthe ratio between the global p-value and the loal one. TF is therefore givenby:
TF =

P (q(m̂) > c)

P (q(mfix) > c)

∼ 1 + N P (χ2
s+1 > c)

P (χ2
s > c)For s = 1, c = Z2

fix where Zfix is the signi�ane at a given mass. For c ≫ sone an write:
TF ∼ 1 +

√
π

2
NZfix (2.54)Asymptotially, the TF is proportional to both the �xed-mass signi�ane andthe e�etive number of independent regions N . This formula was validatedusing pseudo-experiments in [110℄ and with more statistis by A. Read in[111, 112℄. The agreement is found to be very good at large values of c, asshown in Fig. 2.5, where the signal model used is a Gaussian with a �xedwidth and the total mass range size is 14 times larger than the width of thesignal. The distribution of q(mfix) follows a χ2 with one degree of freedomwhile q(m̂) is di�erent from q(mfix) and it follows a χ2 with two degrees offreedom for Z2 & 4.2.6 Energy sale unertaintiesThe photon and eletron energy sale systemati (ESS) unertainties, deribedin setion 4.3, are applied on the invariant mass peak position. In the limitof very large energy sale unertainties, an invariant mass peak ould our
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3.1 LHC3.1.1 LHC mahineThe Large Hadron Collider (LHC) is the largest instrument ever designed [118,119℄ and built for sienti� researh. It is mainly a proton-proton olliderwith a nominal enter-of-mass energy √

s = 14 TeV and a design luminos-ity of 1034cm−2s−1. A detailed historial review of the LHC an be foundin [120, 121℄. The LHC is loated in the LEP tunnel lose to Geneva whihhas a irumferene of 27 km and is lying between 50 and 170 m below thesurfae. The LHC relies on superonduting magnets ooled down to temper-atures below 2 K, using super�uid Helium, and operating at �elds of 8.4 Tat the nominal enter-of-mass energy. The magnet system onsists of a total
9593 magnets of whih 1232 are main superonduting dipoles (the superon-dutor material is NbTi) eah having a length of 14.4 m and a mass of 35tonnes. The LHC injetor omplex is shown in Fig. 3.1. The protons pro-dued by a duoplasmatron soure at 100 keV are injeted in the hain: Lina2(80 m long linear aelerator) and get aelerated up to 50 MeV - ProtonSynhrotron Booster (PSB) (157 m irular aelerator) up to 1.4 GeV - Pro-ton Synhrotron (PS) (628 m ring aelerator) up to 26 GeV - Super ProtonSynhrotron (SPS) (6.9 km long irular aelerator lying 50 m underground)up to 450 GeV before reahing the LHC.
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Figure 3.1: The LHC injetion omplex.There are six experiments at the LHC:
• Two high luminosity experiments ATLAS [122℄ (A Toroidal LHC Ap-paratuS) and CMS [123℄ (Compat Muon Solenoid) are general purposeexperiments: searh for new physis, searh for the fundamental salarboson, preision measurements, et. The desription of these detetorswill be presented below;
• A lower luminosity experiment LHCb [124℄ (Large Hadron Colliderbeauty) aiming for studies about B-physis;
• One heavy ion experiment ALICE [125℄ (A Large Ion Collider Experi-ment) optimized for the physis from heavy ions (208Pb) ollisions. Itsmain aim is the study of the quark-gluon plasma;
• LHCf [126℄ (Large Hadron Collider forward) measuring partiles at smallangles (very lose to the beam line) in order to simulate osmi rays inlaboratory onditions and TOTEM [127℄ (TOTal ross setion, Elastisattering and di�ration Measurement at the LHC) measuring the totalproton-proton ross setion and di�rative proesses respetively.



3.1. LHC3.1.2 LHC runningThe �rst beams in the LHC oured on September 10th 2008. Few dayslater, on September 19th 2008, a major inident happened due to a failureof superonduting onnetion between two magnets. This was followed byone year of major repairs and onsolidation, with a new quenh protetion.On 20th of November 2009, �rst ollisions were reorded at a enter of massenergy of 900 GeV and in Deember 2009 the enter of mass energy inreasedto 2.36 TeV. First ollisions at 7 TeV oured on Marh 30th 2010. Thetotal integrated luminosity during 2010 run reahed ∼ 40pb−1. On May 2011,the instantaneous luminosity exeeded 1033 cm−2s−1, and the total deliveredintegrated luminosity in 2011 was ∼ 5.61 fb−1. During 2012, proton-protonollisions oured at a enter-of-mass energy √
s = 8 TeV and a maximuminstantaneous luminosity ∼ 7 × 1033 cm−2s−1. The proton-proton ollisionsare sheduled until Deember 2012 in order to ollet an integrated luminosityof ∼ 25 fb−1 per experiment. A tehnial stop will follow for the years 2013-2014, in partiular for splie onsolidation. It will resume in the end of 2014 at(almost) the nominal enter-of-mass energy (13 or 14 TeV) and at the nominalluminosity for three years. After a seond tehnial stop during the 2018year, for injetor upgrade, the LHC will resume again for three other years(between 2019 and 2021) at a luminosity about twie the nominal one. Thena two years stop is sheduled (2022-2023) for major upgrades of the CERNaelerator system (and of the experiments) in order to get about 3000 fb−1per experiment for 2030. For further details, see [128℄. In addition, thereare also long term researh and development aiming at having more powerfulmagnets with Nb3Sn instead of NbTi and therefore a higher energy [129℄.3.1.3 LHC performanesIn general, in a partile ollider the most important performane parametersare the enter-of-mass energy, whih is ontrolled by the olliding beams, andthe rate of useful interations, so-alled number of �events� per seond. Therate (Rinel) is related to the inelasti ross setion (σinel) of the proton-protonollision by a fator of proportionality, the instantaneous luminosity (L):

Rinel = L.σinel (3.1)The measurement of the instantaneous luminosity is therefore a very im-portant task at the LHC. For the ATLAS detetor, the luminosity per bunhrossing ID (BCID) is measured with di�erent ATLAS devies like LUCID(LUminosity using Cerenkov Integrating Detetor) and BCM (Beam Condi-tion Monitor):
LBCID ∼ µvis.frev

σvis
(3.2)
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• µvis is the average number of visible interations measured per BCID;
• frev is the revolution frequeny (11.245 kHz orresponding to the ir-umferene of 26.7 km);
• σvis is the visible inelasti ross setion alibrated by Van der Meersans [130℄.For more details, see [131℄ and [132℄.The absolute luminosity (L) of the equation 3.1 is given by (assuming thatall the BCIDs have the same luminosity):

L = LBCID.κb (3.3)where κb is the number of bunhes per beam (nominally 2808 for a 25 ns bunhspaing, at the end of 2011 we had roughly the half of this number sine wehad 50 ns of bunh spaing).The relative systemati unertainty on the luminosity measurement [133℄was about 3.7% in the end of 2011 [134℄ dominated by the unertainty on thenumber of protons per bunh. In the spring of 2012, a reanalysis of the 2011absolute luminosity alibration and its systemati unertainty was done [135℄.The systemati unertainty has dereased to 1.8% and it is dominated by theVan der Meer alibration proedure. For the 2012 data, the unertainty istaken as 3.6% and is dominated by preliminary systematis of the Van derMeer alibrations.In order to alibrate the visible inelasti ross setion (σvis) using Van derMeer sans (done few times per year), the absolute luminosity L is expressedin an alternative way as a funtion of measured aelerator parameters:
L =

N2
pκbfrevγ

4πβ∗εn
F

=
N2
pκbfrev

4πσxσy
F

(3.4)where:
• Np is the number of protons per bunh (nominally 1011, but in the endof 2011, this number exeeded the nominal value at the beginning of the�lls to reah 1.4 × 1011 and even ∼ 1.5 × 1011 in 2012);
• γ is the relativisti fator E/mp;
• β∗ is the beta funtion at the ollision point, it represents the beamfoalization (nominally 1.1 m for 7 TeV (0.55 m for 14 TeV), the valueat the end of 2011 was 1 m and for 2012 0.6 m);



3.1. LHC
• εn is the normalized transverse beam emittane whih measures thespread of partile oordinates in position and momentum phase spae;
• F is the geometri luminosity redution fator due to the rossing angleat the interation point (nominally 285 µrad);
• 4πσxσy is the e�etive area of the beams with σx and σy representingthe transverse sizes of the beam (around 16 mirons at the end of 2011and 12 mirons in 2012). σx and σy are measured in the Van der Meersans.The equivalene β∗εn/γ = σxσy shows that the β∗εn is proportional to thee�etive area of the beams while the latter is inversely proportional to theenergy of the beam.Fig. 3.2 (top) shows the peak instantaneous luminosity versus the day for2011 reorded in the ATLAS detetor reahing a maximum value of 3.65 ×

1033 cm−2s−1. The total integrated luminosity is shown as well in Fig. 3.2(bottom) reahing a total reorded value of 5.25 fb−1 at the end of 2011.Fig. 3.3 shows the same for 2012 up to the tehnial stop in June 2012, themaximum instantaneous luminosity reahed 6.8× 1033 cm−2s−1 and the totalintegrated luminosity 6.25 fb−1.A disadvantage of the high luminosity is the inreasing number of the so-alled �pile-up� events. Most of the triggered bunh rossings ontain onehard sattering event while the other additional proton-proton interationsper bunh rossing are referred to as in-time pile-up events. An event displayshowing the high pile-up in 2012 running of a Z → µ+µ− andidate with 25reonstruted verties is shown in Fig. 3.4.The average number of the in-time interations per bunh rossing, µBCID,an be omputed using the equation:
µBCID =

µvis
εmeas

(3.5)where εmeas is the e�ieny for one proton-proton inelasti ollision to bedeteted in the luminosity monitor. It an be rewritten using equation 3.2 as:
µBCID =

LBCID.σinel
frev

(3.6)where σinel = σvis/εmeas is the total inelasti proton-proton ross setion,taken as 71.5 mb for 7 TeV and 73 mb for 8 TeV.Fig. 3.5 shows the luminosity weighted distribution of µBCID for 2011 and2012. The mean value of µBCID inreases is about 9.1 for 2011 and 19.5 for2012.We an also measure a mean value of µBCID over all the BCIDs in one lumi-blok (LB), 〈µ〉, weighted by the luminosity in eah BCID. The distribution
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Figure 3.2: (top) The maximum instantaneous luminosity and (bottom) the integratedluminosity per day reorded by ATLAS during stable beams and for pp ollisions at √s = 7TeV in 2011 [136℄.of 〈µ〉 would give an estimation of the in-time and out-of-time mean pile-upof the onsidered events. The out-of-time pile-up is the onsequene of theshort bunh spaing (nominally 25 ns): in a given bunh rossing, the detetorresponse an be in�uened by the residual e�ets of previous bunh rossings.Note that in the simulation, for one LB, the BCIDs are onsidered to have thesame luminosity, whih is only approximate due to the variation of number ofprotons between bunhes (di�erent LBCID between the BCIDs) and due, to alesser extent, to the variation of the emittane. However the loss of protons
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Figure 3.3: (top) The maximum instantaneous luminosity and (bottom) the integratedluminosity per day reorded by ATLAS during stable beams and for pp ollisions at √s = 8TeV up to the tehnial stop in June 2012 [136℄.between di�erent LB is taken into aount in the simulation by varying 〈µ〉.3.2 ATLAS DetetorThe ATLAS detetor is shown in Fig. 3.6. It has a length of 44 m, a heightof 25 m and a weight of 7000 tonnes. It onsists of:
• an Inner Detetor whih permits the trak reonstrution, momentumand vertex measurements, ontributes to eletron identi�ation and is
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Figure 3.4: Event display of a Z → µ+µ− andidate with 25 reonstruted vertiesreorded on April 15th 2012. For this display the trak pT threshold is 0.4 GeV and alltraks are required to have at least 3 Pixel and 6 SCT hits [137℄.an essential element for studying photon onversions;
• a liquid-Argon eletromagneti alorimeter ensuring an exellent perfor-mane for eletrons and photons in terms of energy and position resolu-tion;
• a hadroni alorimeter (steel sintillator in the barrel, liquid-Argon else-where) providing a measurement of the jets and the missing transverseenergy together with the LAr alorimeter;
• a muon spetrometer providing an exellent muon momentum resolution.These elements will be disussed in the following, fousing mainly on therelevant ones for photon studies: the traker and the alorimeters.3.2.1 The ATLAS Coordinate SystemThe origin of the oordinate system is de�ned by the nominal proton-protoninteration point. The beam diretion de�nes the z axis with z positive values
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Figure 3.5: The luminosity-weighted distribution of the mean number of interations perrossing for 2011 and 2012 data [136℄.

Figure 3.6: View of the ATLAS detetor.pointing ounter-lokwise around the ring. The side A of the detetor isde�ned as that with positive z values and the side C is that with negative z.



60 Chapter 3. ATLAS DetetorThe x − y plane is transverse to the beam diretion, with positive x valuespointing towards the enter of the ring and positive y values pointing upwards.The azimuthal angle φ is de�ned around the z axis and the polar angle θ isthe angle from the z axis. It is more ommon to use the rapidity:
y =

1

2
ln

[
E + pz
E − pz

] (3.7)(where E and pz are the energy and the z omponent of the momentum) orin the limit of massless objets the pseudorapidity:
η = −ln(tan(θ/2)) (3.8)where η = 0 denotes the upward diretion (θ = 90◦) and η → ∞ for diretionslose to the beam line (θ → 0◦). Note that the di�erene of rapidities ∆y isLorentz invariant (along the z axis). The η − φ is the ommonly used plane.The ells of the detetor are usually de�ned in a one of radius:

∆R =
√

(∆η)2 + (∆φ)2 (3.9)with ∆η (∆φ) is the size in the η(φ) diretion.3.2.2 The Inner DetetorThe Inner Detetor (ID), shown in Fig 3.7 (a), surrounds the LHC beam pipeand is immersed in a 2 T magneti �eld generated by the entral solenoid,whih has a length of 5.3 m and a diameter of 2.5 m. The ID onsists of threesub-detetors, shown in Fig. 3.7 (b)and (): pixel, silion mirostrip (SCT)trakers and transition radiation traker (TRT). Eah sub-detetor onsists ofa barrel and two end-aps (EC).The ID was designed to provide a good reonstrution of harged traksup to |η| < 2.5 (a reonstruted trak in the barrel would typially have 3pixel hits, 8 SCT strip layers and 36 TRT straw hits) based on the exellentmomentum and vertex resolution measurements. The expeted resolution onthe measurement of the transverse momentum for harged partiles is givenby (with pT in GeV):
σpT

pT
= 0.05%pT ⊕ 1% (3.10)where 0.05% is due to the ID resolution and 1% desribes the e�et ofmultiple sattering in the ID. The trak reonstrution e�ieny [138℄ isshown in Fig. 3.8. This e�ieny is ompared for simulated samples withno pile-up events (µ = 1 and samples with signi�ant pile-up (µ = 21and µ = 41). Default and robust requirements on reonstruted traks arealso ompared. The robust requirements (inreased hit requirement whihinreases the hane that a trak that undergoes a hadroni interation is not
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Figure 3.7: (a) View of the ATLAS inner detetor, (b) The di�erent sub-detetors of theinner detetor, () shematial view of the Inner detetor.found) redue the e�ieny by 5%. The e�ieny hanges with the pile-upby less than 1% for both default and robust requirements. The seondarye�ieny is de�ned as the reonstrution e�ieny of partiles originatingfrom seondary verties, usually produed by the desintegration of long-livedpartiles (life-time > 3 × 10−11 s). The seondary e�ieny is stable withinreasing pile-up in the entral region, and dereases by at most 1% in theforward regions. The robust requirements derease the seondary e�ienyby 1−2%. The primary trak reonstrution e�ieny (default requirements)for hadrons is about 90% in the barrel and 70% in the EC. This low e�ienyis due to hadroni interation. A partile interating (even elasti sattering)up to the seond layer of SCT will not have enough silion hits to satisfy the



62 Chapter 3. ATLAS Detetorreonstrution quality riteria. Indeed for muons, whih have no hadroniinterations, the traking e�ieny is lose to 100% [139℄. The di�erent parts

η
-2 -1 0 1 2

P
rim

ar
y 

E
ffi

ci
en

cy

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

=1; Defaultµ
=1; Robustµ
=21; Defaultµ
=21; Robustµ
=41; Defaultµ
=41; Robustµ

ATLAS Preliminary
Simulation

=7 TeVs

η
-2 -1 0 1 2

S
ec

on
da

ry
 E

ffi
ci

en
cy

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14 =1; Defaultµ
=1; Robustµ
=21; Defaultµ
=21; Robustµ
=41; Defaultµ
=41; Robustµ

ATLAS Preliminary
Simulation

=7 TeVs

Figure 3.8: The primary (top) and seondary (bottom) trak reonstrution e�ienyin minimum bias Monte Carlo samples ontaining exatly one and on average 21 or 41interations as a funtion of η. The distributions are shown for traks passing the default(dashed) and robust (solid) requirements [138℄.of the ID are desribed below.Pixel DetetorThe highest granularity is ahieved with the pixel detetor. In the barrel, thereare three onentri ylinders around the beam axis (R = 50.5, 88.5, 122.5mm). The innermost layer is the so-alled �B-layer�, it provides tagging for



3.2. ATLAS Detetorlong lived hadrons ontaining b quarks and allows a disrimination betweeneletrons (generally reonstruted with at least one hit in the B-layer) andonverted photons (generally not leaving a hit in the B-layer apart for rareonversions ouring before or in the B-layer). In eah EC, there are threedisks perpendiular to the beam axis (z = ±495, ± 580, ± 650 mm),extending the total overage up to |η| < 2.5. There are 1744 sensors in thepixel detetor, eah sensor is made up of 47232 pixels inluding 46080 readouthannels. The nominal pixel size is 50× 400 µm2 in the (Rφ)× z plane. Theintrinsi (Rφ) auray is 10 µm and the instrinsi z (R) auray is 115 µmin the barrel (EC).Semi-Condutor trakerThe SCT is also a preision traking detetor. In the barrel, there are
4 onentri ylindrial layers (R = 299, 371, 443, 514 mm) overing theentral region up to |η| < 1.1. In eah EC, 9 disks of varying sizes (from
z = ±854 to ±2720 mm) extend the overage to |η| < 2.5. There are 4088modules (2112 in the barrel and 1976 in the EC) designed as olletions ofthin strips separated by 80 µm. There are a total of 2 × 768 ative strips of
∼ 126 mm length per module. The total number of readout hannels in theSCT is therefore ∼ 6.3 million. The intrinsi (Rφ) auray is 17 µm and theinstrinsi z (R) auray is 580 µm in the barrel (EC).Transition Radiation TrakerThe TRT is the outermost traking detetor. Its basi elements arethe polyimide drift (straw) tubes of 4 mm diameter, enabling a overage upto |η| = 2.0. In the barrel, 144 m long straw tubes are parallel to the beamaxis while in the EC, the 37 m long straw tubes are arranged radially inwheels. The straws are �lled with a gas mixture: 70% of Xe, 27% of CO2 and
3% of O2. On the axis of eah straw tube runs a gold-plated tungsten wire of
30 µm diameter. This wire plays the role of the anode for eletrons omingfrom the gas ionized by the harged partile passing through the straw tubeand it is onneted to the analog readout eletronis. The total number ofTRT readout hannels is ∼ 351000. In addition, the tubes are surroundedby a radiator material: polypropylene/polyethylene �bers. The partilesrossing an interfae between two materials of di�erent dieletri onstantsemit a transition radiation (photons of several keV ) whih is absorbed bythe Xenon gas (for details see [140℄). The energy of the transition radiationis proportional to the relativisti fator γ = E/m. Therefore, the probabilityof emitting a transition radiation by eletrons is signi�antly larger than



64 Chapter 3. ATLAS Detetorthat produed by pions with the same energy (sine the mass of the eletronis ∼ 250 times smaller), whih enhanes the eletron identi�ation and thedisriminative power between eletrons and pions. A high threshold (HT)has been de�ned as a measure of the large energy deposit in the TRT dueto absorption of a transition radiation. Fig. 3.9 shows the HT fration foreletrons originating from photon onversions and pion andidates in themomentum range 4 < p < 20 GeV, in the barrel region for 2010 data.The material distribution at the exit of the ID envelope is obtained
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Figure 3.9: High Threshold fration for eletrons and pions in the barrel and for momen-tum 4 < p < 20 GeV measured with 2010 data [141℄.from simulation as a funtion of η and averaged over φ and it is shownin Fig. 3.10. The radiation length, X0, is the mean distane over whiha high-energy eletron loses (1 − 1
e

) of its energy by bremsstrahlung, anda high-energy photon has a probability of onversion of (1 − 1
e

) before adistane of 9
7
X0. The knowledge of the material is thus important to simulatethe loss of energy by eletrons, onverted photons (as well to estimate thefration of onversions), and of low-energy pions through an inelasti hadroniinteration inside the ID. The largest amount of material is found in theso-alled �rak� region whih is the interfae of the barrel and EC regionsdue to ooling onnetions and the end of SCT, TRT barrels, TRT eletrialonnetions and SCT and TRT barrel servies. Another important amountof material is seen for |η| > 2.7 due to pixel servies.
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Figure 3.10: The radiation length as a funtion of η at the exit of the ID envelope.3.2.3 CalorimetersAn overview of the ATLAS alorimetry system is shown in Fig. 3.11, it onsistsof:
• a liquid Argon (LAr) eletromagneti alorimeter (ECAL) measuring theenergy of the eletromagnetially interating partiles (eletrons, pho-tons) with an optimized resolution and e�ieny measurements;
• a hadroni alorimeter, together with the eletromagneti alorimeter infront, ensuring a reonstrution of hadroni jets and a measurement ofmissing transverse energy.The eletromagneti barrel (EMB) alorimeter (two half-barrels separated bya small gap (4 mm) at z = 0 and overing 0 < |η| < 1.475) as well as theentral solenoid providing the 2 T �eld for the ID are ontained in a barrelryostat (0 < |η| < 1.7). Whereas eah of the two EC ryostats ontainsan eletromagneti EC (EMEC) alorimeter (eah EC divided into oaxialwheels (outer and inner wheel) overing 1.375 < |η| < 3.2), a hadroni EC(HEC) alorimeter (1.5 < |η| < 3.2) and a forward alorimeter (FCAL)(3.1 < |η| < 4.9). One of the EC ryostat is skethed in Fig 3.12. Thedi�erent parts of the alorimeters, their overage in |η| and the harateristisof their ells (∆η × ∆φ) are shown in Fig. 3.20.Eletromagneti CalorimeterThe ECAL is a sampling alorimeter with a passive medium made of
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Figure 3.11: Overview of the ATLAS alorimetry system.
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Figure 3.12: Cut-away view of an EC ryostat showing the three EC alorimeters: EMEC,HEC and FCAL.lead absorber plates and an ative medium of LAr. The lead plates in thebarrel have a thikness of 1.53 (1.13) mm for |η| < 0.8 (|η| > 0.8) while inthe EC, the plates have a thikness of 1.7 (2.2) mm for |η| < 2.5 (|η| > 2.5).The readout kapton eletrodes are loated in the LAr gaps (the size of thedrift gap on eah side of the eletrode is 2.1 mm in the barrel) betweenthe grounded absorbers and reeive high voltage potential (nominally 2 kVin the barrel). When a high energy eletron or photon passes through the



3.2. ATLAS DetetorECAL, the asade of Bremsstrahlung emissions and pair onversions in thelead-absorbers generates low energy eletrons whih ionize the LAr atoms.The eletrons oming from ionization drift under the eletri �eld reated bythe di�erene of voltage between the eletrodes and the absorbers. Typially,the drift time in the barrel is ∼ 400 ns (2.1 mm of distane and 2 kV ofhigh voltage di�erene) whih is relatively very long omparing to the bunhspaing at the LHC (nominally 25 ns). The solution is to integrate only afration of the total harge over a time of 40 − 50 ns whih will degrade thesignal-to-noise ratio. Thus minimum number of ables and dead spaes inthe alorimeter is needed to optimize the olleted signal and to minimizethe eletroni noise. This problem is solved in ATLAS, following the originalidea of D. Fournier [142℄, with the design of the lead-LAr detetor with anaordion geometry. This geometry ensures a omplete φ symmetry withoutazimuthal raks as well as a fast extration of the signal at the end of theeletrodes.
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68 Chapter 3. ATLAS Detetorstrips and has the �nest segmentation along η, its granularity is ∆η ×
∆φ = 0.025/8 × 0.1 in the entral region |η| < 1.4. In the EC, thegranularity varies as a funtion of the η range, it is 0.025/8×0.1 for 1.5 <
|η| < 1.8, 0.025/6 × 0.1 for 1.8 < |η| < 2.0 and 0.025/4 × 0.1 for 2.0 <
|η| < 2.4. The depth of this layer is ∼ 4.4X0. The �rst layer providesan exellent position resolution in η. For photon studies, this layer isof a partiular importane sine it has the ability to separate two lose(in η) photons mainly oming from π0 (the most important bakgroundfor photon analysis) and thus ensuring an e�ient γ/π0 separation. Anillustration of this separation is shown in the two event displays of Fig.3.14, where at the left is shown a π0 andidate and at the right a diretphoton isolated andidate (after tight identi�ation seletion). One anlearly see the narrow shape in the layer 1 for the photon andidate anda struture with two peaks from two lose photons originating from the
π0 deay;

• the seond layer (middle layer): it is where the bulk of the energy of theEM shower is deposited. It has a granularity of ∆η×∆φ = 0.025×0.025.The depth of this layer is ∼ 18X0. It ensures, together with the �rstlayer, the measurement of the pseudorapidity η of the inident partileand the diretion of the photons in the (r, z) plane;
• the third layer (bak layer): it ollets only the tail of the EM showerand therefore is less segmented in η, it has a granularity of ∆η × ∆φ =

0.05 × 0.025. It is extended up to |η| = 2.5. The depth of this layer is
∼ 2X0.The EM alorimeter is preeded by a presampler (PS) overing thepseudorapity region up to |η| < 1.8. The PS onsists of an ative LAr layerof a thikness of 1.1 m (0.5 m) in the barrel (EC) and has a granularity of

∆η × ∆φ = 0.025 × 0.1. It provides shower sampling in front of the ativeECAL and inside the ryostat. Its main purpose is to orret for the energylost by eletrons and photons upstream of the alorimeter (i.e ID, ryostatand oil). The inident partiles will ionize the LAr of the PS, the olletedsignal from ionization is proportional to the energy lost upstream of thealorimeter [143, 144℄.The energy resolution of the EM alorimeter is given by:
σE
E

=
a√
E

⊕ b

E
⊕ c (3.11)where:
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Figure 3.14: Two event displays showing (left) a π0 andidate and (right) an isolatedphoton andidate passing tight identi�ation riteria [145℄.
• a is the sampling term (also alled the stohasti term) whih desribesthe statistial �utuations related to the EM shower development in theLAr medium. The design value is 10% in the barrel of the ECAL;
• b is the noise term whih desribes the �utuations oming mainly frompile-up and eletronial noises. The assoiated fator of 1/E shows thatthis term beomes important at low energies. This term is around 300MeV;
•  is the onstant term re�eting non-uniformities in the response of thealorimeter: material non-uniformity, temperature gradient, imperfe-tions in mehanial strutures, radiation damages, energy reonstru-tion sheme and stability in time, et. The onstant term depends onthe sampling of the alorimeter. The nominal expeted value is around

0.7% in the barrel. This term is very important for high energy studies.An other important harateristi of the ECAL is the orrespondingamount of material in front of it shown in Fig. 3.15. For |η| < 1.5 (|η| > 1.5),the material shown is in front of the barrel (EC) presampler and aordion,the radiation length varies between 2 and 4X0 up to |η| = 1.4. The �rstpeak around |η| ∼ 1.5 is due to the material (the PS barrel, end of the oldryostat wall of the barrel, ID servies and ables, ryostat EC) before theEC, see Fig. 3.16. The seond peak at |η| ∼ 1.7 is essentially due to the IDservies, to the warm wall of the barrel ryostat and to the ables.Hadroni CalorimeterThe hadroni alorimeter [122℄ is omposed of three independent piees:
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• Tile Calorimeter: it is loated just behind the EM alorimeter in theregion |η| < 1.7. It has one barrel, |η| < 1.0, and two extended barrels

0.8 < |η| < 1.7: eah barrel onsists of 64 modules in φ and of three



3.2. ATLAS Detetorlayers in depth (the total radial depth is ∼ 7.4λ). The Tile Calorimeteris a sampling alorimeter using steel as the absorber and sintillator tilesas the ative medium. The light produed in the sintillating materialis olleted at the edges of eah tile using two wavelength-shifting �breswhih are onneted to readout photomultiplier tubes onverting thelight into eletrial signal;
• LAr Hadroni EC alorimeter (HEC): it is a opper/LAr samplingalorimeter. It onsists of two independent EC wheels loated behindthe EMEC and sharing the same LAr ryostats: eah HEC wheel has 32modules in φ and two layers in depth. It overs the region 1.5 < |η| < 3.2(overlapping with the Tile Calorimeter and the forward alorimeter);
• Forward Calorimeter (FCAL): it is a LAr sampling alorimeter onsistingof three wheels (total depth of 10λ): one EM module having an absorbermade of opper and two hadroni modules with a tungsten absorber.These wheels are loated in the same ryostats as the EMEC and providea overage in pseudorapidity of 3.1 < |η| < 4.9. The FCAL modules areexposed to high partile �uxes, sine they are loated at high η andat a distane of ∼ 4.7 m from the interation point. This has resultedin a design with LAr gaps muh smaller that the 2 mm gap of theEMB alorimeter to avoid ion build-up problems and to provide at thesame time the highest possible detetor density. The energy resolutionof the hadroni and forward alorimeters an be also parametrized byequation 3.11. a is ∼ 50% (∼ 100%) in the hadroni end-ap (forward)alorimeter. The nominal values of the onstant term c are below 3 and

10% in the hadroni and forward alorimeters respetively.Muon spetrometerThe muon spetrometer [122℄, shown in Fig. 3.17, is the outermost partof the detetor and was designed to provide a high-resolution momentummeasurement over a wide range of muon momenta in the pseudorapidityrange |η| < 2.7 (exept for the innermost wheel where it overs up to
|η| < 2.0) and in addition a apability of triggering on these partiles inthe region |η| < 2.4. A transverse momentum resolution of ∼ 10% for 1TeV traks is the performane goal. The spetrometer is a ombination oflarge superonduting air-ore toroid magnets, instrumented with separatetrigger and high-preision traking hambers. The muons are de�eted undera toroidal �eld delivered by the large barrel toroid over the range |η| < 1.4and by two smaller EC magnets for 1.6 < |η| < 2.7. In the transition region,
1.4 < |η| < 1.6, muon traks are bent by a ombination of barrel and EC�elds. The magnet system provides a �eld of 0.5 (1) T in the entral (EC)part orthogonal to the muon trajetories. Preise momentum measurement
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Figure 3.17: Shematial view of the muon system in a plane ontaining the beam axis.is performed by determining the trak oordinates in the bending plane.Monitored Drift Tubes (MDT), overing the range |η| < 2.7, are used due totheir high measurement auray, preditability of mehanial deformationsand simpliity of onstrution. The MDTs onsist of three to eight layersof drift tubes of ∼ 30 mm operating with Ar (93%) and CO2 (7%) at anabsolute pressure of 3 bar. A resolution of 35 µm per hamber is ahieved.In the forward region (2.0 < |η| < 2.7), Cathode-Strip Chambers (CSC)are used in the innermost EC wheels due to their high rate apability andtime resolution. The CSC system onsists of two disks with eight hamberseah ontaining four CSC planes. The resolution of a hamber is 40 µmin the bending plane (R diretion) and ∼ 5 mm in the transverse plane (φdiretion).The preision-traking hambers have been omplemented by a systemof fast trigger hambers. Resistive Plate Chambers (RPC) in the barrel(|η| < 1.05) and Thin Gap Chambers (TGC) in the EC (1.05 < |η| < 2.4)have been seleted due to good spatial and time resolution as well asadequate rate apability. Both hamber types deliver signals with a spreadmuh smaller than 25 ns, thus providing the ability to tag the beam-rossing.The trigger hambers provide therefore a bunh-rossing identi�ation, fasttraking information, disrimination on muon transverse momentum, seondoordinate measurement in the non-bending φ projetion and robustnesstowards random hits due to n/γ bakground in the experimental hall.Furthermore, the loations of MDT wires and CSC strips must be knownwith a preision better than 30 mirons. To reah this preision goal, ahigh-preision optial alignment system [146℄ was built. It relates the position



3.2. ATLAS Detetorof eah hamber to that of it neighbours and it monitors the position andinternal deformations. The optial alignment tehniques used are insu�ientto reonstrut the absolute positions of the hambers: only variations inrelative positions an be determined with the required preision. Thereforetrak-based alignment algorithms must be used together with the optialsystem to ahieve this desired preision.Trigger SystemIn the LHC environment, a very powerful and e�ient trigger systemis needed to selet from the high ollision rates (nominal frequeny of beamrossings of 40 MHz or in terms of frequeny of ollisions of 1 GHz) onlyinteresting events with a �nal maximum output rate of about 200 Hz. Theoverview of the trigger system is shown in Fig. 3.18. It is a three-tieredsystem: it onsists of a hardware-based trigger in the �rst tier (Level-1 orL1), followed by a software-based High Level Trigger (HLT) that inludes apartial event reonstrution trigger (Level-2 or L2) and an Event Filter (EFor L3) performing the full event reonstrution.
• The L1 trigger proesses information from the detetor at the full beam-rossing rate of 40 MHz (assuming a bunh rossing eah 25 ns). It re-dues the ouput rate to 100 kHz based on information from the alorime-ters (using a granularity of ∆η × ∆φ = 0.1 × 0.1) and the muon spe-trometer (from RPC and TGC). It has a lateny of 2.5 µs whih is theapaity time of the analogial pipeline to stok the data until the L1deision is made by the Central Trigger Proessor (CTP). After eah L1deision, there is a minimum dead time of �ve bunh rossings (nomi-nally 125 ns). The minimum dead time orresponding to an output rateof 100 kHz (i.e 10 µs) is 0.125/10 = 1.25%. The information is sent tothe L2 trigger as a Region-of-Interest (RoI), region in η and φ whereinteresting features were identi�ed;
• The L2 trigger is a RoI-based trigger seeded by the L1 trigger. It isdesigned to provide a rejetion of about a fator of 50 thus with an outputrate of ∼ 2 kHz. It uses the informations from all the sub-detetorsontained in the RoIs regions representing almost 2% of the detetorvolume. The trak information from ID is used and the proessing time(limited by the number of proessors to be used in the omputation) isaround 40 ms;
• The EF orresponds to the �nal event seletion leading to a �nal fre-queny of ∼ 200 Hz, it has an average event proessing time of about 4s. It uses fast versions of o�ine reonstrution tools (almost the sametools as the ones used for the o�ine analysis) to look for diphoton and



74 Chapter 3. ATLAS Detetordilepton events, and for events with high missing transverse energy aswell as single-objet and multi-objet events. The �nal events seletedin this stage are reorded to be used for o�ine analysis.
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Data recordingFigure 3.18: The three levels of the ATLAS trigger system.3.3 CMS DetetorThe Compat Muon Solenoid (CMS) [123℄ is the other multi-purpose appa-ratus operating at the LHC, its overall layout is shown in Fig. 3.19. It is adetetor of 21.6 m long, it has a diameter of 14.6 m and a total weight of 12500tonnes. The main driving aspet of the design was the hoie of the magneti�eld on�guration for the muon momentum measurement. For this purpose,a superonduting solenoid of 13 m long and of an inner-diameter of 6 m isused to provide a magneti �eld of 3.8 T. Four muon stations, eah onsistingof aluminium drift tubes in the barrel and CSC in the EC omplemeted byRPC, are installed to ensure robustness and full overage. The entral oilis large enough to aomodate the inner traker and the alorimetry insideit. The inner traker of CMS uses only Si detetors, 10 layers of silion mi-rostrip detetor and 3 layers of silion pixel detetors. The eletromagnetialorimeter uses lead tungstate (PbWO4) rystals with overage in pseudora-pidity up to |η| < 3.0. There are 61200 rystals in the entral barrel and 7324rystals in eah of the two end-aps. A preshower system is installed in frontof the EC ECAL for π0 rejetion (the equivalent in ATLAS is the layer 1 ofthe ECAL overing the barrel and the EC). Changes in transpareny of the



3.3. CMS Detetorrystals during LHC �lls and subsequent reovery are monitored ontinuouslyand orreted by using injeting light from a laser and LED system [147℄.The ECAL is surrounded by a brass/sintillator sampling hadron alorimeterwith overage up to |η| < 3.0. Coverage in pseudorapidity up to |η| = 5.0 isprovided by an iron/quartz �bre alorimeter. A detailed omparison betweenATLAS and CMS an be found in [148℄.
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Figure 3.20: Main parameters of the alorimeter system.
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Contents4.1 LAr Calorimeter eletroni alibration . . . . . . . . . . . . 774.1.1 Eletroni readout of the ATLAS LAr Calorimeter . . . . . . 774.1.2 Optimal Filtering . . . . . . . . . . . . . . . . . . . . . . . . . 804.1.3 Autoorrelation matrix . . . . . . . . . . . . . . . . . . . . . 824.1.4 Energy reonstrution . . . . . . . . . . . . . . . . . . . . . . 864.2 MC-based alibration . . . . . . . . . . . . . . . . . . . . . . . 864.2.1 Birks' Law . . . . . . . . . . . . . . . . . . . . . . . . . . . . 894.3 In-situ alibration . . . . . . . . . . . . . . . . . . . . . . . . . 92The alibration of eletrons and photons an be divided into three steps:

• The LAr alorimeter eletroni alibration [149℄: onverts the raw signalextrated from eah ell (in ADC ounts) into a deposited energy;
• MC-based alibration [150℄, [102℄: applies orretions at the luster levelfor energy losses (dead material, leakage, et.);
• The in-situ alibration using physis events reorded by the ATLAS de-tetor [143℄, [144℄: determines the absolute energy sale and interali-brates the di�erent regions of the alorimeter.4.1 LAr Calorimeter eletroni alibration4.1.1 Eletroni readout of the ATLAS LAr CalorimeterThe overview of the ATLAS LAr readout eletronis is shown in Fig. 4.1. Theeletroni readout system is divided into a Front End (FE) system, inlud-ing the Front End Boards (FEBs), and a Bak End (BE) system ontainingthe Read Out Drivers (RODs). A total of 1524 FEBs are required to readout the 182468 hannels of the LAr alorimeter (eah FEB proesses up to

128 alorimeter hannels). The raw signal produed when harged partiles



78 Chapter 4. Calibration of eletrons and photonsionize the LAr in the high-voltage potential in the gap between two absorberplates has a triangular shape. Assuming no reombination, the orrespondingurrent is given by:
i(t) =

Neqe
td

(
1 − t

td

) (4.1)where td is the drift time, Ne is the number of eletrons generated in thegap and qe is the eletri harge. The signal passes afterwards through aneletroni ard in the FEB, where it is ampli�ed by the pre-ampli�ers (or thepre-shapers in ase of the HEC) to enhane the signal to noise ratio. The pre-ampli�er (or pre-shaper) outputs are oupled into three shapers whih applya bipolar CR−(RC)2 analogue �lter with a time onstant of τ = RC = 13 ns.The shaper is designed to provide a null total integral of the signal to minimizethe e�ets oming from noises (mainly pile-up noise). The triangular inputurrent pulse and the shaped output pulse from the FEB are depited for thease of a barrel eletromagneti ell in Fig. 4.2. After shaping, the signal issampled every 25 ns (the nominal bunh spaing at the LHC). Usually the�rst �ve samples are read out. In addition the shapers amplify further andsplit the 16-bit dynami range signal into three overlapping linear gain salesof 12-bits in the ratio 1/9/93 (low/medium/high gains):
• low gain used for high energies typially between 400 GeV and 4 TeV forthe medium layer of the EM alorimeter;
• medium gain for energies typially between 40 GeV and 400 GeV for thesame layer;
• high gain for low energies typially up to 40 GeV for the same layer.The resulting three saled signals are stored in parallel in the analogialpipelines (Swithed Capaitor Array (SCA) hips) during the lateny of thetrigger L1 (for about 2.5 µs). The sample 2 of the medium gain is �rstdigitized by an Analogial-to-Digital Converter (ADC). If the ADC is lessthan a �rst threshold ADC1, the high gain is hosen. If the signal is greaterthan a seond threshold ADC2, the low gain is hosen. Otherwise, the �vesamples from the medium gain are digitized. For the HEC and the FCAL,the digitization ours only in the medium and low gains (In 2010 and thebeginning of 2011, the high gain was used for the FCAL, it has been hangedlater to avoid problems of saturation due to the inrease of out-of-time pile-up). The digitized samples are then routed via optial �bers from FEBs toRODs.The RODs proess the signal samples for eah hannel to provide an opti-mized measurement of the energy using the Optimal Filtering (OF) proedure,detailed in 4.1.2, on Digital Signal Proessors (DSPs). The signal is sent in theform of a triplet (energy, time and data quality) from ROD to the Read Out
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Figure 4.2: Shape of the triangular signal in the LAr barrel EM ell and of the sampled(every 25 ns) impulse response after bi-polar shaping.imation of the triangular shape of the ionization pulse) generated by means ofa digital-to-analog onverter (DAC). The alibration signal is then distributedto the alorimeter ells via injetion resistors plaed at the input of the dete-tor ell with a preision of 0.1% level. A total of 132 alibration boards havebeen produed. They ful�ll the required performane of an integral linearitybetter than 0.1%, a uniformity better than 0.2%, and a stability as a funtionof time better than 0.1%. For more details on the desription of alibrationboard, see [151℄.4.1.2 Optimal FilteringThe shape of the signal is assumed to be known (shown in Fig. 4.2), exeptfor its amplitude A and its time origin τ . The parameter τ measures the shiftin time of the signal relative to t = 0 orresponding to a partile oming atthe speed of the light from the triggered ollision in the enter of the detetor.This shift ould be due to a very massive partile (positive τ) or due to apartile oming from the halo or from a ollision at t = ±50 ns for instane(positive or negative values of τ).The signal is sampled many times giving a set of measurements S0, ..., Sn−1



4.1. LAr Calorimeter eletroni alibration(in general n = 5) with one sample around the maximum. It an be writtenas:
Si − Ped = Ag(ti − τ) + (n(ti) − Ped), (4.2)where g(t) is the signal waveform normalized to unity. Ped denotes thepedestal value, the mean value of the samples (in ADC ounts) in the ab-sene of a signal: Ped = 〈EADC〉, it is of the order of 1000 for the high gain(smaller for other gains) in order to be able to measure negative values ofsignal due to pile-up. n(t) is the funtion giving the total noise (quadratisum of eletroni and pileup noises) from whih a pedestal value has to besubstrated. The Taylor expansion gives a linear dependene in τ :

Si − Ped = Ag(ti) − Aτg′ti + (n(ti) − Ped), (4.3)where g′ti is the derivative of g(ti). We de�ne oe�ients a and b and formthe linear sums U and V as:
U =

∑

i

ai(Si − Ped), V =
∑

i

bi(Si − Ped) (4.4)with
A = 〈U〉, Aτ = 〈V 〉. (4.5)The oe�ients ai and bi are the so-alled Optimal Filtering Coe�ients(OFC). Using equation 4.3 we an rewrite:

A = 〈U〉 =
∑

i

Aaig(ti) − Aτaig
′
ti

+ 〈(n(ti) − Ped)〉, (4.6)and
Aτ = 〈V 〉 =

∑

i

Abig(ti) − Aτbig
′
ti

+ 〈(n(ti) − Ped)〉, (4.7)The noise average 〈n(ti) − Ped〉 is null. It follows the set of onditions:
∑

i

aig(ti) = 1,
∑

i

aig
′(ti) = 0 (4.8)and ∑

i

big(ti) = 0,
∑

i

big
′(ti) = −1. (4.9)The varianes of U and V are given by:

V ar(U) =
∑

ij

aiaj〈(n(ti) − Ped)(n(tj) − Ped)〉 =
∑

ij

aiajRij, (4.10)and
V ar(V ) =

∑

ij

bibj〈(n(ti) − Ped)(n(tj) − Ped)〉 =
∑

ij

bibjRij. (4.11)



82 Chapter 4. Calibration of eletrons and photonsThe matrix Rij = 〈(n(ti) − Ped)(n(tj) − Ped)〉 is the total noise autoorre-lation funtion evaluated at time ti − tj. The knowledge of the total noiseautoorrelation is needed to optimize the OFC in a way to minimize the noiseontribution to the amplitude estimator A.The OFC are obtained by minimizing the varianes of U and V using theLagrange multipliers method and are given by:
a =

(g′.R−1g′)R−1g − (g.R−1g′)R−1g′

(g.R−1g)(g′.R−1g′) − (g.R−1g′)2
(4.12)and

b = −(g.R−1g)R−1g′ − (g′.R−1g)R−1g

(g.R−1g)(g′.R−1g′) − (g.R−1g′)2
. (4.13)For more details, see [149℄, [152℄, [153℄.4.1.3 Autoorrelation matrixThe noise orrelation between the sample i and the sample j is given by thesymmetri ovariane matrix:

[C] =





C00 C01 C02 C03 C04

C10 C11 C12 C13 C14

C20 C21 C22 C23 C24

C30 C31 C32 C33 C34

C40 C41 C42 C43 C44




(4.14)where Cij = σiσjRij. σi is de�ned as the RMS of the noise ni − Ped in thesample i:

σi =
√
〈(ni − Ped)2〉 − 〈(ni − Ped)〉2. (4.15)The diagonal terms Cii are equal to σ2

i . In ase if the total noise is equal tothe eletroni noise (no pileup), the diagonal terms are equal to σ2
el and theovariane matrix is written as:

[C] = σ2
el ×





1 C01 C02 C03 C04

1 C12 C13 C14

1 C23 C24

sym. 1 C34

1




(4.16)In the presene of pileup noise, it is important to distinguish two ases: in-time and out-of-time pileup. The element C22 of the ovariane matrix re�etsmainly the e�et of the in-time pileup, sine the maximum of the in-timepileup noise is reahed in the sample 2 (but there may still be a small on-tribution from the out-of-time pileup). In ase of large bunh spaing (i.e



4.1. LAr Calorimeter eletroni alibrationonly in-time pileup), C22 aquires the largest value among the matrix ele-ments while C00 ould be used to estimate the eletroni noise. In ase ofout-of-time pileup, the element C00 of the ovariane matrix is a�eted bythe out-of-time pileup (in addition to the eletroni noise) of the bunh train.In the partiular ase of a bunh spaing of 25 ns (the time interval betweenthe samples i and i ± 1), the diagonal elements of the ovariane matrix areidential beause of the equal impat of the pile-up in all the samples.I have done some studies on 2010 and 2011 early data omparing C00 and
C22 for di�erent pileup on�gurations and di�erent regions of the detetor.The study was done using ZeroBias events. These events are triggered whenollisions oured in BCIDs with a trigger rate proportional to the luminosity.In order to not be biased by the trigger itself (here EM10 with 10 GeV thresh-old), the ZeroBias trigger events within one turn delay. After one turn fromthe L1 deision, the luminosity is unhanged however the event orrespondsto an arbitrary ollision and it an be used to measure pile-up noise.I quote here a omparison between a run with a mean number of intera-tions per beam rossing 〈µ〉 = 3 and a bunh spaing of ∆t = 150 ns from 2010data (Run 167844) and a run from 2011 data (Run 177540) with 〈µ〉 = 4.5 andno bunh train (therefore only in-time pileup, no out-of-time pileup). Fig. 4.3shows the autoorrelation element C00 for 2010 (irles) and 2011 (triangles)data in di�erent regions of the detetor in unit of square ADC values. The�rst 4 blak points represent respetively the �rst four layers of the EMB. Thered points denote the EMEC (Region 4 of the x-axis: layer 0, 5<Region<11:layer 1, 11<Region<17: layer 2, 17<Region<21: layer 3) and the green pointsthe HEC (every ouple of points represent one layer).

• In the barrel, the e�et of the bunh train present in the 2010 data isnot visible, the element C00 re�ets mainly the eletroni noise;
• In the EMEC, this latter e�et is seen in partiular in layer 1 where
C00(2010) > C00(2011) sine at large eta the e�et of the pile-up (hereout-of-time pile-up sine we are onsidering the element C00) dominates;

• In the HEC, no pileup e�et is seen sine the pileup events are mostlystopped in the EMEC, thus only the eletroni noise ontributes.
C00 is also shown for the FCAL in Fig. 4.4 with a log sale. The sameinterpretation as for the EMEC holds. In addition, the same omparisonsare made for C22 in Fig. 4.5 and for the FCAL in Fig. 4.6. The inrease ofthe in-time pileup (〈µ2011〉 > 〈µ2010〉) is learly seen in the EMEC (layer 1)as well as in the FCAL. Some omparisons with Monte Carlo were also doneand a reasonnable agreement is found. For 2012 data, the optimized OFCsare omputed taking into aount the pileup from Monte Carlo and are usedin the data analysis.
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Figure 4.3: C00 for Run 167844 of 2010 data (irles) and Run 177540 of 2011 data(triangles) for the di�erent layers (0,1,2,3) of the EMB (blak), EMEC (red) and HEC(green).
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Figure 4.4: C00 for Run 167844 of 2010 data (irles) and Run 177540 of 2011 data(triangles) for the di�erent layers (1,2,3) of the FCAL.
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Figure 4.6: C22 for Run 167844 of 2010 data (irles) and Run 177540 of 2011 data(triangles) for the di�erent layers (1,2,3) of the FCAL.



86 Chapter 4. Calibration of eletrons and photons4.1.4 Energy reonstrutionThe �nal reonstruted energy of an eletromagneti ell is given by the fol-lowing equation:
E = fADC→MeV

∑

i

ai × (Si − Ped) (4.17)where fADC→MeV is the onversion fator from ADC ounts to MeV given by:
fADC→MeV =

DAC

ADC
× µA

DAC
× MeV

µA
×
(
Mphys

Mcal

)−1

. (4.18)The subfators:
• DAC/ADC quanti�es the output of the eletronis alibration ramp �t;
• µA/DAC onverts DAC setting of the alibration board to the injetedurrent in the alibration system;
• MeV/µA onverts the ionization urrent to the total deposited energyat the EM sale. Its depends on fators suh as the sampling fration ofthe alorimeter;
• Mphys/Mcal quanti�es the di�erene between the physial pulse and thealibration pulse.The time at origin τ is also omputed using the following equation:

τ =

∑
i bi × (Si − Ped)∑
i ai × (Si − Ped)

. (4.19)4.2 MC-based alibrationIn this setion is desribed the seond step of the alibration dealing with EMlusters. The measured energy and position of the EM lusters are orretedfor losses in the upstream material. First, orretions to η and φ of the lusterposition are applied. Due to the �nite granularity of the readout ells, a bias isintrodued in the η determination whih takes a funtional form often referredto as �S-shape�. The position (in η) measurements from the �rst two layersare then ombined to de�ne the shower impat point in the alorimeter. Inaddition, a small bias is introdued in the measurement of the φ position whihdepends on the average shower depth with respet to the aordion struture.The orretion to φ is applied only in the layer 2 of the alorimeter sine ithas the best φ granularity. Finally, the simulation is used to orret for theenergy losses.The luster energy is determined by omputing and summing four di�erent



4.2. MC-based alibrationontributions: the energy deposited in the presampler and in front of thealorimeter, the energy deposited in the aordion alorimeter, the energythat leaks outside the de�ned luster (lateral leakage) and the energy thatleaks out of the rear of the EM alorimeter (longitudinal leakage) [143℄. Thereonstruted energy of an EM objet an be written as:
Ee/γ =



a(Ecal, η) + b(Ecal, η)EPS + c(Ecal, η)E
2
PS︸ ︷︷ ︸

Energy in front

+
scl(X, η)

fout(X, η)

i=3∑

i=0

Ei

︸ ︷︷ ︸
Energy in the accordion

× (1 + fleak(X, η))︸ ︷︷ ︸
Longitudinal leakage




× F (η, φ)︸ ︷︷ ︸

Energy modulation

(4.20)
where:

• Ee/γ is the eletron/photon energy;
• a, b, c are parameters determined as a funtion of the energy depositedby a partile in the alorimeter (Ecal) and η. The oe�ient c is set tozero for all η exept for 1.55 < |η| < 1.8;
• η is the baryenter of the luster orreted for the �S-shape� e�et de-sribed above;
• EPS is the energy deposited in the presampler i.e the energy deposited inthe ative LAr medium divided by an e�etive sampling fration (fPSsampl).
fPSsampl is �xed to 0.05 in the barrel and to 1/60 in the EC;

• X is the longitudinal baryenter or the shower depth de�ned by:
X =

∑i=3
i=0EiXi∑i=3
i=0Ei

(4.21)with Ei the raw energy deposited in the layer i (i.e the energy depositedin the LAr medium divided by a region-dependent sampling fration)and Xi the longitudinal depth of the layer i (in units of radiation length)omputed from the enter of the detetor;
• scl(X, η) is the orretion fator to aordion sampling fration in theluster;
• fout(X, η) is the orretion for the lateral leakage i.e the energy depositedin the alorimeter outside the luster;
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• fleak(X, η) is the longitudinal leakage orretion i.e the energy depositedby the shower behind the EM alorimeter;
• F (η, φ) is the energy orretion re�eting the energy modulation.Fig. 4.7 shows the fration of photon luster raw energy deposited in eahlayer of the EM alorimeter:

fi =
Ei∑i=3
i=0Ei

(4.22)where i=0, 1, 2, 3 denotes the layer 0 (Presampler),1, 2, 3 respetively. Theomparison is made between 2010 data with √
s = 900 GeV and Monte CarloPythia [154℄ Minimum Bias events [155℄. The disrepany between data andsimulation for high f0 (orrelated to low f2) is treated in the next setion.(a) (b)
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Figure 4.7: Comparison between 2010 data and Pythia MC (√s = 900 GeV)for thefration of the deposited raw energy in (a) layer 0 or Presampler (b) layer 1 () layer 2 (d)layer 3.



4.2. MC-based alibration4.2.1 Birks' LawIn order to understand the disrepany between data and MC quanti�ed in thepresampler at f0 > 0.6, I made various heks. Looking at the orreted energyof photons (by equation 4.20), separating them into onverted/unonverted,barrel/EC, applying looser/tighter uts for the photon seletion lead to thesame disrepany. In addition, the same e�et was seen for eletrons.A partile identi�ation of the Monte Carlo events in the region f0 > 0.6 isshown in table 4.1. Fig. 4.8 shows the distribution of f0 from MC minimum-bias with the deomposition into real photons, photons oming from: anti-neutrons, anti-protons and harged pions, and unmathed photons. It is notedthat an anti-proton leaves more energy than a proton in the PS. In fat,an anti-proton slows down and leaves energy in the LAr by ionization asmuh as a proton (1/β2 law). The di�erene remains in the stopped anti-proton whih annihilates the proton of a given nulei produing harged pions.These harged pions ontribute to the ionisation energy but also ause thefragmentation of the nulei into partiles like α whih leave more loal energy.As a result of that, an anti-proton ould leave an energy of 50 MeV or even
100 MeV (annihilation+ionisation energy). Similarly, we expet to have more
π+ than π−. The positive harged pions interat through nulear interationslike π+p → ∆++ while π−p → give neutral bound states (thus giving smallerontribution to the ionisation). We also expet more KL giving Λ∗ whihdeays in its turn. The real deposited energy in the PS is enhaned by a highsampling fration that is needed in the PS: 20 in the barrel and 60 in the EC,while in the aordion part of the alorimeter ∼ 20% of the energy is detetedin the LAr (thus a fator of 5 is needed to ompute the total real energy ofthe partile). The high PS sampling fration is neessary for partiles likephotons and eletrons whih loose their energy more or less uniformly alongtheir path but not really for a stopped partile like the antiprotons. Thus anantiproton leaving 100 MeV in the barrel PS will be omputed as having anenergy of ∼ 2 GeV. For higher energies, pT > 25 GeV, this problem beomesnegligible.Fig. 4.9 shows two event displays for MC and data respetively with
f0 > 0.6. The harateristis of the events are given in table 4.2. In the aseof the MC event display, an anti-proton passes through the alorimeter leavingmost of its energy in the PS.The observed disagreement at high f0 is also partly related to the Birks'law. At the moment of these studies, it was understood that the e�et of Birks'law was not implemented in the PS (i.e only inluded in the aordion). TheBirks' law desribes the reombination e�ets for ionization energy depositedby partiles with high dE/dx in presene of ions. It was notied in the begin-ning of the 50's by J. Birks [156℄ on sintillators. The reombination fator is
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L 244211 π+ 506310 K0
S 22321 K+ 512112 n 462212 p 263112 Σ− 13122 Λ 43222 Σ+ 13312 Ξ− 2-3322 Ξ̄0 4-3222 Σ̄+ 7-3122 Λ̄ 74-3112 Σ̄− 3-2212 p̄ 384-2112 n̄ 642-321 K− 144-211 π− 373Table 4.1: Partile identi�ation of events with f0 > 0.6.
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4.2. MC-based alibration

Figure 4.9: Event displays for (left) MC (Pythia 105001 r1023 event 4008000) and (right)data (run 142193 event 1020391) respetively with f0 > 0.6.Charateristis of the luster Value MC Value Data
φ (rad) -2.59 1.64

η -0.29 -0.40
pT (MeV) 3145.65 2504.5
E0 (MeV) 2617.99 1777.02
E1 (MeV) 63.62 377.60
E2 (MeV) 567.77 482
E3 (MeV) -48.10 -19.02Table 4.2: Charateristis of the assoiated luster to the event displays for dataand MC.given by:

R =
Q

Q0

=
A

1 + k
ε
dE
dx

(4.23)where:
• Q is the measured harge;
• Q0 is the produed harge;
• A = 1.0085;
• k = 0.0486 (kV/cm)

(
g

MeV ·cm2

) for the Liquid Argon;
• dE is the step energy;
• dx is the step length;
• ε is the eletrial �eld (= 10 kV/cm).



92 Chapter 4. Calibration of eletrons and photonsFig. 4.10 shows the better agreement between data and MC into whihthe Birks' law in the PS has been inluded. Nevertheless, it does not explainall the disrepany being a probably a ombination of three e�ets:
• inaurate prodution of partiles in the MC in ATLAS;
• inaurate G4 simulation: several G4 simulations were heked afterdisussions with experts [157℄ and no major hange was found;
• inaurate simulation of the loal reombination (Birks' law) in ATLAS:several heks were also made unsuessfully. Note that even the beststudies on loal reombination by ICARUS [158℄ are not going up to therelevant ionization density needed here.
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Figure 4.10: Distribution of f0 in the barrel ompared between data 2009, MC withoutBirks' law in the PS, MC orreted by hand with approximate Birks' law and MC simulatedwith Birks' law inluded in the PS.4.3 In-situ alibrationThe third step of the alibration, the �in-situ� alibration, is needed to or-ret for some long range non uniformities in the alorimeter response whihan arise for many reasons: variations in the LAr impurities, high-voltageand temperature e�ets, amount of upstream material and mehanial defor-mations. Thanks to the preise knowledge of the Z boson mass from LEP,eletron pairs from Z deays an be used for the purpose of interalibration.



4.3. In-situ alibrationThe basi idea of the alibration method is to onstrain the di-eletron invari-ant mass distribution to the well-known Z boson line shape. A seond goal ofthe alibration is to provide the absolute EM energy sale. Some results werepublished in [144℄ with the 2010 dataset where the alibration was done as afuntion of η only (not φ) beause of the limited statistis. The mass of thereonstruted Z → ee andidate is omputed as:
M reco

12 =
√

2Ereco
1 Ereco

2 (1 − cosθ12) (4.24)where Ereco
1 and Ereco

2 are the energies of the two eletrons measured in thealorimeter and θ12 is the angle between two eletrons measured by the traker.For a given region i of the detetor, the eletron energy is modi�ed by thenon uniformities in the following way:
Ereco
i = Etrue

i (1 + αi) (4.25)where Ereco
i is the reonstruted eletron energy in the region i, Etrue

i is thetrue eletron energy and αi represents the eletron energy-sale orretionfators. The αi oe�ients are omputed from a �t to the reonstruted Zboson mass. Negleting seond order terms and supposing the angle θ12 isperfetly known, the reonstruted di-eletron invariant mass in a given pairof regions (i, j) is given by:
M reco

ij = M true
ij (1 +

αi + αj
2

) (4.26)whereM true
ij is the di-eletron invariant mass omputed from the true eletronenergies. Fig. 4.11 shows the resulting α values for 40 pb−1 of 2010 data. Theyare within ±2% in the barrel region and ±5% in the forward regions. These αvalues were reomputed with 2011 data afterwards and additional orretionsof the order of 0.5% in the barrel and 1% in the EC were applied to theeletrons. Furthermore, a small orretion (few per mill) was applied to 2012data beause of the new pileup-optimized OFCs used.Sine eletrons and photons interat di�erently with matter and have dif-ferent shower pro�les, applying the eletron energy-sale orretions overor-ret the photon energy-sale if they are due to the material in front of thealorimeter. The unertainties on the presampler energy sale are also di�er-ent between eletrons and photons sine the energy fration in the presampleris smaller for photons than for eletrons.After applying the eletron energy-sale orretions, the energy resolutionis measured using the orreted Z → ee invariant mass distribution shown inFig. 4.12. This distribution is �tted with a Breit-Wigner (BW) onvolutedwith a Crystall-Ball in the mass range 80-100 GeV for entral events and inthe mass range 75-105 GeV for forward events. The width of the BW is �xedto the PDG value of the Z width (2.49 GeV) and the resolution is the sigma of
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Figure 4.11: The energy-sale orretion fator α as a funtion of the pseudorapidity η ofthe eletron luster derived from �ts to Zee data [144℄.the Crystal Ball funtion. The resolution parameters are extrated from the �tunder the assumption that the sampling term, whih dominates the eletronenergy resolution at low energies, is well desribed by the simulation. Thelatter assumption is justi�ed by the good agreement in J/ψ Mee distributionbetween data and MC. The results for the e�etive onstant terms obtainedby omparing data and MC resolutions are shown in table 4.3. They wereobtained using the formula:
cdata =

√√√√2

((
σ

MZ

)2

data

−
(

σ

MZ

)2

MC

)
+ c2MC (4.27)where cMC is the residual onstant term in the MC of about 0.5%,MZ denotesthe Z mass and σ the gaussian omponent of the experimental resolution.The main soure of systemati unertainties is oming from unertainty onthe sampling term (taken as 10%). Other soures oming from hanging the�t range and from pileup e�et are found to be small.These e�etive onstant terms, estimated from 2010 data, were updatedfor 2011 data in 2012 with a further split into η bins. It was notied that thelargest e�etive onstant term (∼ 2.5%) is loalized in the region 1.5 < |η| <

1.8, probably due to the additional material in front of the detetor. In theremaining part of the detetor the onstant term is of the order of 1%, see[159℄. Fig. 4.13 shows the new estimated onstant term as a funtion of η.The same proedure was applied to estimate the onstant terms from 2012data.



4.3. In-situ alibration
η range E�etive onstant term
η < 1.37 1.2% ±0.1% (stat) +0.5%

−0.6% (syst)
1.52 < η < 2.47 1.8% ±0.4% (stat) ±0.4% (syst)
2.5 < η < 3.2 3.3% ±0.2% (stat) ±1.1% (syst)
3.2 < η < 4.9 2.5% ±0.4% (stat) +1.0%

−1.5% (syst)Table 4.3: Measured e�etive onstant term cdata from the observed width of theZee peak for di�erent alorimeter regions.Note that several stability tests were done in 2011 and 2012. The energyresponse stability with pile-up is shown in Fig. 4.14 for 1.7 fb−1 of 2012 datawith √
s = 8 TeV [160℄. The energy response stability with time is shownfor the full 2011 dataset in Fig. 4.15 [161℄. In both ases, one note that theenergy response is rather very stable. In addition, plots with reonstruted

ee mass from Z deays were reently updated for 2011 data and are shownin Fig. 4.16 [162℄. A good agreement with 2010 results is seen with a betterstatistial unertainty.
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Figure 4.12: Reonstruted Mee for Zee deays (2010 data) for di�erent pseudorapidityregions after applying the baseline Zee alibration. The transition region 1.37<|eta|<1.52 isexluded. The data (full irles with statistial error bars) are ompared to the signal MCexpetation (�lled histogram). The �ts of a Breit-Wigner onvolved with a Crystal Ballfuntion are shown (full lines). The Gaussian width (sigma) of the Crystal Ball funtion isgiven both for data and MC simulation. Note that the additional onstant term of 0.7%that is often added to the Monte Carlo is not taken into aount in the Zee Monte Carloshown in this �gure [144℄.
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5.1 Photon ReonstrutionEletromagneti lusters are reonstruted using the �sliding window� algo-rithm. They are seeded with transverse energies > 2.5 GeV measured inprojetive towers of 3 × 5 ells (in η × φ) in the seond layer of the alorime-ter. The size of these towers is extended to 3 × 7 ells in the seond layerfor onverted photons in the barrel to take into aount the opening anglebetween the e+ and e− in the φ diretion indued by the magneti �eld. Inthe EC, the towers are extended to over 5 × 5 ells in the seond layer forall photons. The larger numbers of ells in η is hosen in order to ompensatefor the smaller transverse (to the diretion of the inident partile) size of theells (in m) in the EC than in the barrel.Clusters without mathing traks are lassi�ed as unonverted photons. How-ever if at least one trak mathes the luster it will be lassi�ed as a onvertedphoton and/or an eletron. A trak is onsidered as mathed to an EM lusterif its impat point after extrapolation from its last measurement to the seondsampling of the alorimeter is within a ertain range in (η, φ) from the lusterenter. The reonstrution of onverted photons inludes the reonstrutionof onversion verties by the ID whih are lassi�ed depending on the number



102 Chapter 5. Photon Performaneof eletron-traks assigned to them (single or double-trak onversion ver-ties). Single-trak onversions our typially when one of the two produedeletron-traks failed to be reonstruted either if it is very soft (pT < 0.5GeV) or when the two traks are very lose to eah others so they annot beadequately separated. Double-trak (single-trak) onversions are e�ientlyreonstruted at low (large) values of the onversion radius. More details onphoton reonstrution an be found in [163, 164, 165℄. In [163℄, the overallreonstrution e�ieny for 2011, estimated from Monte Carlo simulations,was found to be about 97.82 ± 0.03% (94.33 ± 0.09% for onverted photonsand 99.83 ± 0.01% for unonverted photons). From the remaining unreon-struted photons, 2.11 ± 0.03% are not reovered from the eletron ontainerand 0.06 ± 0.01% of the photons are not reonstruted at all. In 2012, thephoton reonstrution was improved espeially for onverted photons: morestringent uts on TRT traks and an improvement of the luster-trak math-ing. A muh more robust onverted photon reonstrution with respet topile-up was ahieved before the 2012 data taking. Fig. 5.1 shows the pho-ton reonstrution e�ieny (omputed from 2012 Monte Carlo m12) as afuntion of η, µ (average number of interation per beam rossing) and pTfor onverted and unonverted photons. Fig. 5.2 shows the stability of thefration of reonstruted photons (onverted and unonverted) with respet topile-up [167℄. A migration of ∼ 3% from double to single trak onversions isobserved while the frations of onverted and unonverted photons are stablewithin 1% between the two extreme pile-up onditions.5.2 Photon Identi�ation5.2.1 Disriminating variablesIt is partiularly ruial to disriminate between real and fake (oming fromjets) photons. For this purpose, uts on alorimetri disriminating variableshave been optimized to provide the best possible pair of high e�ieny ofreal photons - high rejetion of fake photons. A brief desription of thesevariables is given in the following.Variables using the �rst layer of the EM alorimeterThe �ne granularity provided in the �rst layer for η measurements isused to distinguish between single photons and pairs of photons (mainlyoriginating from π0 deays) e�iently.
• Front side energy ratio

fside =
E(±3) − E(±1)

E(±1)
(5.1)
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Figure 5.1: Photon reonstrution e�ieny as a funtion of η, µ and pT estimatedfrom m12 for onverted and unonverted photon andidates [166℄.is the fration of energy deposited in three entral strips outside theshower ore. E(±n) is the energy measured in the �rst layer of the EMalorimeter in ±n strip ells around the strip with the highest energy;
• Front lateral width (3 strips)

ws3 =

√∑
Ei(i− imax)2

∑
Ei

(5.2)measures the shower width in the layer 1 of the EM alorimeter usingthree strip ells: the most energeti strip and 2 strip ells around it. Theindex i is the strip identi�ation number, imax identi�es the strip withthe maximum energy deposit, Ei is the energy deposit in eah strip ell;
• Front lateral width (total) wtot measures the shower width in the layer 1of the EM alorimeter using all ells in a window ∆η×∆φ = 0.075×0.2,
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Figure 5.2: Fration of unonverted and onverted (single and double-trak onversions)photon andidates as a funtion of the average number of interations per beam rossing[167℄. orresponding approximately to 24 strip ells in η and 2 in φ in the barreland it is omputed as ws3;
• Front seond maximum di�erene

∆E = E2ndmax − Emin (5.3)is the di�erene between the energy of the strip ells with the seondmaximum energy, E2ndmax, and Emin, the energy reonstruted in thestrip with the minimum value found in between the �rst and the seondmaxima. This variable quanti�es the presene of two peaks in the energypro�le;
• Front maxima relative ratio

Eratio =
E1stmax − E2ndmax

E1stmax + E2ndmax

(5.4)measures the relative di�erene between the energy of the strip ellwith the maximum energy E1stmax and the one with the seond mostenergeti strip ell E2ndmax. It shows the size of the seond maximumrelative to the size of the �rst maximum.Variables using the seond layer of the EM alorimeter



5.2. Photon Identi�ationEM showers deposit most of their energy in the seond layer ofthe EM alorimeter. They are typially narrower than hadronishowers, therefore the lateral spread of the shower allows a gooddisrimination between real and fake photons;
• Middle η energy ratio

Rη =
E3×7

E7×7

(5.5)where E3×7 is the reonstruted energy in 3 × 7 ells entered on theluster in the seond layer of the alorimeter and E7×7 that of 7 × 7middle ells. It is used to measure the spread in η of the energy outsidethe luster;
• Middle φ energy ratio

Rφ =
E3×3

E3×7

(5.6)where E3×3 is the reonstruted energy in 3× 3 ells in the seond layerof the alorimeter and E3×7 that of 3 × 7 middle ells. Rφ measures thespread in φ of the energy within and outside the luster. Note that Rφ ismuh less disriminating than Rη for onverted photons beause of theirlarger spread in φ aused by the magneti �eld;
• Middle lateral width

wη2 =

√∑
Eiη2

i∑
Ei

−
(∑

Eiηi∑
Ei

)2 (5.7)measures the shower lateral width in η over a window of 3 × 5 ells in
∆η × ∆φ around the photon luster. i is the ell index.Variables using the hadroni alorimeterFake photons penetrate deeper in the alorimeter and deposit sizeableenergy beyond the EM alorimeter sine they are surrounded byhadroni ativity while real photons deposit primarily their energies inthe EM alorimeter;

• Normalized hadroni leakage
Rhad1 =

Ehad1
T

ET
(5.8)where Ehad1

T is the transverse energy deposited in the �rst ompartmentof the hadroni alorimeter and ET is the transverse energy omputedas E/cosh(η) with E the luster energy and η the luster pseudorapidity



106 Chapter 5. Photon Performanereonstruted in the seond sampling of the EM alorimeter. Rhad1 isused in the range |η| < 0.8 and |η| > 1.37, while for the rest the variable
Rhad =

Ehad
T

ET
is used where Ehad

T is the total transverse energy measuredin all the hadroni alorimeter.5.2.2 Loose and Tight SeletionsThe �loose� seletion applies uts only on the variables using the seond layerof the alorimeter and the hadroni alorimeter. The uts were optimizedto have the highest bakground rejetion for a photon e�ieny at least of
97%. They are idential for onverted and unonverted photon andidates.The �tight� seletion applies uts on all the above listed variables. They wereoptimized to have the highest rejetion for an average e�ieny e.g of about
85% for pT = 30 GeV. Di�erent uts are used for onverted and unonvertedphotons sine the shower shapes are di�erent for both types of photons [163℄(espeially for Rφ, whih has not a disriminating power against bakgroundin the ase of onverted photons).The tight uts have improved progressively in the last years with thebetter understanding of data and Monte Carlo. In the Monte Carlo samplesused for 2010 analysis (m10), the EM alorimeter absorbers were desribedby a blended material and the GEANT4 version used at that time did nottreat fully orretly energy loss in blended materials. This leads to toonarrow shower shapes in the simulation. For the Monte Carlo samples usedfor 2011 analysis (m11), the absorber desription was made more aurateand at the same time the GEANT4 problem with blended material was �xed.It leads to an improvement in the omparison between data and MC in theshower shape variables, although some di�erenes remain not ompletelyunderstood. Besides the GEANT4 version used in m11 had a bug in theeletron multiple sattering desription leading to a small exess of tails atvery large sattering angles. This a�eted the photon identi�ation e�ienypredition from the MC at the 1% level. This problem was �xed in theGEANT4 version for the MC samples used for the 2012 8 TeV analysis(m12) [169℄. Finally a re-optimization of some uts has been done for 2012data to take into aount the hange in the ross-talk indued by the updatedOFCs in 2012 [170, 171℄.Three sets of tight identi�ation uts were used for the 2011 and 2012analysis:

• Tight2011: for the analysis of the √
s = 7 TeV 2011 data published in[172, 173℄, a ut-based seletion is used. The photon reonstrution andidenti�ation e�ieny ranges typially from 65% to 90% for 25 < pT <

80 GeV;



5.3. Photon Isolation
• NN2011: for the improved analysis of √s = 7 TeV 2011 data publishedin [174℄, a neural network based seletion [175, 176℄ is used. It wastuned to ahieve similar jet rejetion as the ut based menu Tight2011.An inrease of about 15% on the e�ieny for H → γγ events for a givenrejetion is obtained [176℄. The photon e�ienies, averaged over eta,range between 85% and above 95% for the pT range orresponding to aBEH boson with a mass of 120 GeV;
• Tight2012: for the analysis of √s = 8 TeV 2012 data published in[174℄, a ut-based seletion [171℄, tuned for robustness against high pileupe�ets (by relaxing some uts on pileup-sensitive shower shape variablesand tightening others), is used. In addition, a hange in the loose 2012is made to orret for pileup e�ets on photon e�ienies (loosening inpartiular the uts on the hadroni leakage).5.3 Photon IsolationIn order to further separate prompt photons from their bakground of fakephotons (mainly light mesons), photon andidates are required to be isolatedfrom nearby hadroni ativity harateristi of a jet with a leading lightmeson. However, diret photons at LO are produed bak-to-bak in φ andare therefore onsidered isolated. This is not perfetly true for fragmentationphotons whih are aompanied by hadroni ativity, and thus an isolationut will remove in addition to the bakground some fration of these frag-mentation photons. The situation gets further ompliated at NLO with thepresene of soft gluons sine the isolation ut restrits the allowable phasespae for soft gluon emission. An optimization of the isolation ut has beenperformed, while measuring the �rst inlusive isolated prompt photon rosssetion [177℄, taking into aount the theoretial restritions and providingthe best possible prompt photon e�ieny and bakground rejetion. Theativity surrounding the photon luster an either be measured by the ID,the so-alled trak isolation, or by the alorimeter, alorimetri isolation.Trak IsolationIn this ase, the photon is onsidered isolated if the sum of pT of thetraks,∑Tracks

pT
, surrounding it in a one of ∆R = 0.3 is less than 4 GeV. Thevalue of the ut has been optimized on Monte Carlo in the CSC note [102℄to get the best bakground rejetion for a given signal e�ieny. In additionthe traks have to satisfy the following onditions:

• have a transverse momentum pT > 1 GeV;
• leave at least one B-layer hit and 7 silion hits (Pixel+SCT);
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• have an impat parameter d0 < 1 mm.In the smaller one, ∆R = 0.1, the traks from onversions are exluded.Fig. 5.3 (top) shows the rejetion fator as a funtion of the signal e�ienyusing Pythia di-jets bakground samples (JF17) with no pileup, where therejetion fator is given by:

R =
Njets

Nfakeγ

, (5.9)with Njets the number of jets passing the photon tight identi�ation riteriaand Nfakeγ the number of jets passing both the photon tight identi�ationand trak isolation riteria, and the signal e�ieny is given by:
ε =

N reco after cut
γ

N truth,tight
γ

, (5.10)with N reco after cut
γ the number of reonstruted photons passing the photontight identi�ation and trak isolation ut seletions and N truth,tight

γ the truenumber of photons passing the tight identi�ation riteria. Both true andfake photons are asked to have a pT > 25 GeV and to pass the �duial areaseletions (|η| < 1.37 or (|η| > 1.52 and |η| < 2.37)).In addition, I exluded the Bremsstrahlung photons to avoid the double ount-ing in the rejetion omputation of reduible bakground. The di�erent pointson the urves orrespond to di�erent uts on ∑Tracks
pT

. The red urve orre-sponds to the inlusive ase while the green and blue urves orrespond to therejetions of jets originating from gluons or quarks respetively. As expetedthe gluon rejetion is higher than the quark rejetion for a given e�ieny(for more details see [178, 179℄). The gluon has a lower probability to befragmented into a π0 with a large z (pπ0

T /p
parton
T ). Also, we have observedthat this fake rate depends on event generators and proesses. A omparisonbetween Pythia and Herwig [180℄, in Fig. 5.3 (bottom) shows the better reje-tion provided by Pythia for a given signal e�ieny. For instane for the utused ∑Tracks

pT
< 4 GeV, shown as a blak dot on the �gure, a signal e�ienyof 99.22 ± 0.04% (99.23 ± 0.04%) and a rejetion fator of 1.57 ± 0.01(1.36 ± 0.01) is obtained in the Pythia (Herwig) samples (the fat that therejetion in Pythia is higher than in Herwig was already studied in [181℄). Ingreen is shown the rejetion vs e�ieny for γ + jet Pythia sample. The γ +jet rejetion is equivalent to the dijets one for the ut we used at 4 GeV.However despite these studies, the trak isolation is not yet used in thephoton analysis mainly for two reasons:

• in the H → γγ searhes beause of the non ability to reonstrutorretly the unonverted photon verties whih will lead to a non-robustness of the isolation with the inreasing pileup;
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Figure 5.3: Bakground rejetion versus signal e�ieny for di�erent uts on ∑Tracks
pTfor (top) Pythia di-jets samples with a subdivision into jets oming from quarks and thoseoming from gluons and for (bottom) Pythia di-jets, Pythia γ-jet and Herwig di-jets. Theblak dot indiates the CSC note ut of ∑Tracks

pT
< 4 GeV.

• in the single photon inlusive ross setion measurements beause of thenon-trivial orrespondene with the partoni isolation.An alternative is the isolation based on the alorimeter detailed in thefollowing.Calorimetri IsolationThe alorimetri isolation variable, EtConeX, is omputed as the salar



110 Chapter 5. Photon Performanesum of the transverse energy deposited in all the alorimetri ells (eletro-magneti and hadroni) within a one of radius ∆R = X/100 around thephoton axis (typially ∆R = 0.4). The energy of the photon is exluded fromthe sum by substrating the energy in 5 × 7 retangular ore entered on thephoton i.e the equivalent of ∼ 95% of its energy. In the ATLAS analysis of2010 (2011), a photon andidate is onsidered isolated if EtCone40< 3 (5)GeV. This variable is orreted [140℄ based on [182, 183℄ for:
• the energy from underlying event (UE) and pileup (both in-time andout-of-time pileup). This orretion is omputed by multiplying theambient transverse energy density by the ative area of the isolationone. The proedure used to estimate the ambient transverse energydensity is made on an event-by-event basis, it is given by the medianof the jet transverse energy divided by the jet area. The reonstrutionof jets in a given event is done aording to the kT algorithm whih isrun on three-dimensional noise suppressed topologial lusters outsidethe one alled �topolusters� required to have one ell with a thresholdof 4σ deviation from the baseline noise rate (for a detailed de�nition ofthe topolusters see [184℄;
• the energy leakage from the photon outside the substrated retangularore of 5 × 7. The leakage is estimated to be between 2 and 5% ofthe photon transverse energy (depending on η). After this orretion,the mean of the photon isolation distribution is independent of the truephoton transverse energy.However, the isolation variable EtCone40 inludes all the ells without anynoise suppression (only used in the orretion for UE and pileup). In addi-tion, the orretion of UE and pileup based on topolusters leaves a residualdependene on the pileup due to low energy ells below the topoluster noiseut. An improvement was made in the beginning of 2012 using only topolus-ters inside the one for the isolation itself, the resulting variable is alledtopoPosEMEtCone40 [185℄. The di�erene in omputation of the isolation inboth ases is skethed in Fig. 5.4, where EtCone40 orresponds to all the ellsin the one and topoPosEMEtCone40 orresponds to the �orange� topologiallusters only. topoPosEMEtCone40 is also orreted for lateral leakage underthe assumption of the orretion linearity as a funtion of pT for the sake ofsimpliity (the non-linearity e�et was shown to be very small). It is furtherorreted the same way as for EtCone40 for the pileup and UE e�ets. Usingthe improved isolation redues as well the global averaged shift over the lead-ing and sub-leading andidate isolation distributions between data and MCfrom 800 MeV for EtCone40 to 100 MeV. The robustness of the new isolationvariable at high pileup was tested up to an average number of interationsper beam rossing of µ = 40. The new isolation is shown to be independent



5.3. Photon Isolationof the bunh rossing ID (BCID). Fig. 5.5 shows the evolution of µCB, themean of the Crystal-Ball used to �t the isolation distribution, as a funtionof BCID. The MC mean has been orreted with the shift desribed above.The large variation in the left plot shows that the pile-up orretions appliedto EtCone40 are not e�ient. The right plot shows a very nie stability withrespet to pile-up. topoPosEMEtCone40 is used in the improved analysis ofthe 2011 data and in the 2012 data analysis, with photon andidate onsideredisolated if topoPosEMEtCone40<4 GeV.

Figure 5.4: Illustration of the isolation omputation. The photon andidate energy ismostly ontained in the entral white retangle ∆η × ∆φ = 5 × 7. The yellow one of
∆R = 0.4 is drawn around the andidate. All the ells inside the one are used in theomputation of EtCone40 whereas in the topoPosEMEtCone40 only ells belonging to 420topologial lusters shown in orange are used.
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Figure 5.5: Evolution of µCB as a funtion of BCID for EtCone40 (left) andtopoPosEMEtCone40 (right). Only the �rst three sub-trains of the �rst train are shown.The MC BCID have been shifted (by 104) to math the data [185℄.



112 Chapter 5. Photon Performane5.4 Purity of single prompt photonsA data-driven method was used to estimate the bakground and to extratthe prompt photon signal �rst in [186℄. This method, so-alled 2D method,relies on the use of two dimensions: the isolation variable and the �tightness�identi�ation riteria (see Fig. 5.6). The signal region is de�ned as the regionwith isolated andidates (here EtCone40<3 GeV) passing the tight identi�-ation riteria, NA. Two of the bakground enrihed regions are formed withnon-isolated andidates (here EtCone40>5 GeV) either passing (NB) or fail-ing (MB) the tight identi�ation riteria and one of the bakground enrihedregion with isolated andidates and failing the shower shape requirements(MA). In addition this method relies on two assumptions:
• the signal ontribution in the three bakground enrihed regions is ne-gleted;
• for the bakground, the isolation is independent of the shape of theenergy deposit in the ells of the �rst layer. The ratios MB

bkg/M
A
bkg and

NB
bkg/N

A
bkg are equal.The signal yield and the purity are therefore given by:

NA
sig = NA −NA

bkg = NA −NBM
A

MB
(5.11)

P = NA
sig/N

A = 1 − NB

NA

MA

MB
(5.12)These equations are orreted for the inauray of the above assumptions.The �rst assumption is heked using prompt photons Monte Carlo sample.The frations of signal leaking into the three bakground regions, c1 =
NB

sig

NA
sig

,
c2 =

MA
sig

NA
sig

and c3 =
MB

sig

NA
sig

are given in Table 5.1. It was found that the ontrolregion the most a�eted by the signal is the one with isolated andidatesfailing the shower shape requirements, with a fration of signal events fallinginto this region varying from 18% to 5% depending on ET . It follows thefollowing orretions to equation 5.11:
• NB → NB − c1N

A
sig;

• MA →MA − c2N
A
sig;

• MB →MB − c3N
A
sig.The seond assumption requires a minimum orrelation between the isolationand the �rst layer variables. In order to minimize this orrelation, one wouldprefer to revert uts on a small subset of shower shape variables that are lessorrelated with isolation in the bakground enrihed samples. The natural
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Figure 5.6: Illustration of the two-dimensional plane, de�ned by means of the isolationand a subset of the photon identi�ation (ID) variables. NB , MA and MB are the observedyields in the three ontrol regions and NA is the total yield in the signal region.hoie is to revert the uts on fside and ws3 whih are variables using fewerells. Another hoie is to revert the uts on the �ve strip variables, thisorresponds to the Loose' in the Table 5.2. However due to the lak of MonteCarlo statistis, we reverted the requirements on four of the �ve variables (allbut wtot).
ET interval [GeV℄ 10 ≤ ET < 15 15 ≤ ET < 20 ET ≥ 20

R 1.10 ± 0.03 0.91 ± 0.05 1.02 ± 0.02

c1 (1.8 ± 0.2) × 10−2 (3.1 ± 0.5) × 10−2 (5.3 ± 0.3) × 10−2

c2 (18.0 ± 0.6) × 10−2 (11.3 ± 0.7) × 10−2 (6.6 ± 0.2) × 10−2

c3 (5.3 ± 1.1) × 10−3 (2.5 ± 1.3) × 10−3 (6.9 ± 1.0) × 10−3Table 5.1: Bakground pseudo-orrelation fator R and frations of signal leakage
ci into the three ontrol regions for di�erent bins of reonstruted transverse energy
ET .With this on�guration, the orrelation is omputed in the bakgroundMonte Carlo sample and found to be less than 15%. The values of the orre-lation ratio R =

NA
bkgM

B
bkg

NB
bkg

MA
bkg

for photon andidates with pT > 10 GeV are shown



114 Chapter 5. Photon Performanein Table 5.1. One sees in partiular that R is lose to 1 when relaxing fside and
ws3. The orrelations between the isolation and the shower shape variablesare taken into aount by orreting the estimated bakground yield in thesignal region by the orrelation ratio estimated from simulated bakgroundevents. Taking into aount these orretions, the signal yield and the purityCut EtCone40<5 GeV EtCone40>5 GeV CorrelationTight 6518 2716 1.00Loose - Tight 26040 13772 1.2692 ± 0.032Loose' - Tight 8988 4430 1.1828 ± 0.035ERatio - Tight 801 418 1.2523 ± 0.081

ws3 - Tight 502 170 0.8126 ± 0.074
fside - Tight 874 406 1.1148 ± 0.072
wtot - Tight 132 76 1.3817 ± 0.201
∆E - Tight 348 188 1.2964 ± 0.121
wη - Tight 353 121 0.8226 ± 0.089
Rφ - Tight 926 351 0.9097 ± 0.061
Rη - Tight 1639 1046 1.5316 ± 0.070Hadroni leakage - Tight 294 187 1.5264 ± 0.147

fside + ws3 - Tight 1708 693 0.9737 ± 0.049Table 5.2: Values of the orrelation ratio omputed for single photons with pT > 10GeV. The onvention Variable - Tight means relaxing uts on this partiular variableand requiring not to pass the tight identi�iation riteria.are given by:
NA
sig = NA −

[
(NB − c1N

A
sig)

MA − c2N
A
sig

MB − c3NA
sig

](
NA
bkg

NB
bkg

MB
bkg

MA
bkg

) (5.13)
P =

NA
sig

NA
(5.14)The number of photon andidates in the signal region in 15.8 nb−1 of 2010data, together with the estimated purity, are summarized in Table 5.3 forthree di�erent transverse energy ET bins. The total systemati unertaintieson the signal yield and on the purity are also quoted. For more details onthe soures of systemati unertainties, see [186℄. These numbers were updatelater, see for instane [177℄.5.5 Purity of single onverted photonsAnother method of qualitative purity estimation was used at the time ofICHEP 2010 applied on single onverted photons. The onverted photons



5.5. Purity of single onverted photons
ET interval [GeV℄ 10 ≤ ET < 15 15 ≤ ET < 20 ET ≥ 20Number of andidates 5271 1213 864Estimated purity P [%℄ 24 ± 5 58 ± 5 72 ± 3Systemati unertainty on P [%℄ 24 8 6Estimated signal yield NA

sig 1289 ± 297 706 ± 69 618 ± 42Systemati unertainty on NA
sig 1362 86 59Table 5.3: Number of andidates in data, estimated signal purity and signal yieldin the signal region, and orresponding systemati unertainties, in three intervalsof the photon transverse energy.

were asked to have pT > 20 GeV, to pass tight identi�ation riteria, isola-tion requirements (EtCone40 (Correted for pileup and UE) < 3 GeV) andto be assoiated with two traks. Both traks are required to leave hits inthe silion detetor (pixel + SCT) in order to have a better measurement oftheir transverse momentum. The disriminating variable used is the pT/ETwhere pT is the transverse momentum of the assoiated two traks and ETis the transverse energy of the photon andidate. pT/ET is expeted to beroughly equal to 1 for prompt photons, in the absene of the bremsstrahlungof an eletron or positron, and to be roughly �at between 0 and 1 for thedominant bakground oming from π0. The omparison I made in Fig. 5.7of [187, 188℄ was done for 2010 data with an integrated luminosity of 62 nb−1and Monte Carlo simulation (photons seleted from GJ17 and JF17 samples).The MC and data are normalized to unity. The signal from MC is obtainedby seleting photons oming from hard proess sattering or a bremsstrahlungproess (radiations from quarks) while the bakground is anything else. Onesees the ompatibility between data and prompt photons looking to the peak
pT/ET = 1. This analysis was not used in the determination of the purity butgave us more on�dene in our �rst purity measurements. Fig. 5.8 shows anupdate of this study with an integrated luminosity of ∼ 1 pb−1.In addition, another very preliminary study was made at that time lookingat pT/ET for non isolated onverted photon andidates for 2010 data with aluminosity of 20 pb−1. Same seletions were applied as above exept for isola-tion: EtCone40 (orreted) > 5 GeV. Furthermore, both traks are requiredto leave no hit in the B-layer in order to redue the eletron ontamination.Fig. 5.9 shows the distributions of pT/ET for these non-isolated andidates infour di�erent pT ranges. One sees a peak of pT/ET at 1 in data, probably dueto a bremsstrahlung omponent. This method (with further studies) ould bea possible way to measure brem in data.
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Figure 5.7: pT /ET for onverted photons with 62 nb−1 of √s = 7 TeV 2010 data.
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Figure 5.8: pT /ET for onverted photons with ∼ 1 pb−1 of √s = 7 TeV 2010 data.



5.6. Purity in H → γγ(a) (b)
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Figure 5.9: pT /ET distributions for non isolated onverted photon andidates (2-traksonversion with no B-layer hit) in di�erent pT ranges: (a) 20 < pT < 25 GeV (b) 25 < pT <

35 GeV () 35 < pT < 45 GeV (d) 45 < pT < 100 GeV. The omparison is made between 20pb−1 of data 2010 with √
s = 7 TeV and di-jet Monte Carlo (JF17) for bakground sample,gamma-jet (GJ17) for signal sample. The eletrons ontribution is shown to be negligible.5.6 Purity in H → γγThe same priniple of the method desribed in setion 5.4 is generalized todiphoton events [189, 190℄. The so-alled �2×2D� method is used to estimatethe purity of the diphoton events to the H → γγ bakground (several meth-ods were atually heked and gave onsistent results, see for more details[191, 192℄). This latter mainly onsists of an irreduible bakground of QCDdiphoton prodution and a reduible bakground of photon-jet and dijets �-nal states (i.e when one or two jets fragmenting into neutral mesons (mainly

π0) are misidenti�ed as prompt photons). Understanding the omposition ofthe seleted sample serves as a monitoring of the performane of the photon



118 Chapter 5. Photon Performaneidenti�ation, as well as a validation of the desription of the bakgrounds tothe H → γγ searh in the simulation.I quote in the next the results published in [174℄ where a omparisonbetween the full 2011 dataset with √
s = 7 TeV and 5.9 fb−1 of 2012 datawith √

s = 8 TeV is shown. The analysis details will be disussed in hapter6. The fration of diphoton events has been estimated to be (80 ± 4)% inthe √
s = 7 TeV full 2011 dataset and (75 + 3 − 2)% in the √

s = 8 TeVdataset. The better purity in 2011 is thanks to the better rejetion providedby NN2011 ompared to tight2012 for a given e�ieny. The fration of γ−jet and jet-jet events has been found to be (19 ± 3)% ((22 ± 2)%) and
(1.8 ± 0.5)% ((2.6 ± 0.5)%) in the √

s = 7(8) TeV data sample. The Drell-Yan bakground, whih is due to mis-reonstrution of eletrons as photons(mostly onverted photons), integrated in the mass region 100 - 160 GeV isestimated to be (1.4 ± 0.1)% for √s = 7 TeV and (0.8 ± 0.1)% for √s = 8TeV data. The lower level of Drell-Yan bakground in the √
s = 8 TeV datais due to the improvements in the reonstrution of onverted photons for2012 analysis. Fig. 5.10 shows the omposition of the diphoton invariantmass spetrum, presented in bins of 1 GeV for the onsidered 2011 and 2012datasets.
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Figure 5.10: Diphoton sample omposition as a funtion of the invariant mass forthe √
s = 7 TeV (left) and the √

s = 8 TeV (right) dataset. The small ontributionfrom Drell-Yan events is inluded in the diphoton omponent [174℄.



5.7. Photon e�ieny5.7 Photon e�ieny5.7.1 Fudge FatorsSine the beginning of the ATLAS data taking, disrepanies between dataand Monte Carlo simulations in the distributions of the disriminating vari-ables, listed in setion 5.2.1, have been observed. These disrepanies arepartiularly pronouned for the variables desribing the lateral eletromag-neti shower shape variables (Rη, wη2 , fside). The soures of disrepanies aremost probably due to an imperfet simulation of the shower's lateral devel-opment in the Monte Carlo. The baseline method used to aount for thesedi�erenes in the analysis of 2010 and 2011 data is based on an approximativeapproah: the applied orretion on the Monte Carlo distributions is a smallshift evaluated as the di�erene between the means of the distributions indata and Monte Carlo. This shift an be desribed by the following equation:
∆µDV =< DVdata > − < DVMC >, (5.15)and it is ommonly alled �fudge fator� (FF).In the following, I quote only the latest results I have obtained when esti-mating the FF for 2011 data, these are the ones used for the analysis (for theimproved analysis as well) of the full 2011 dataset. In order to quantitativelyestimate the FF, single photon andidates are seleted in data and MC withthe following requirements:

• the event (for data only) passes the e/γ Good Runs List (GRL) i.e goodinner detetor and alorimeter data quality;
• the event ontains at least one primary vertex with at least three asso-iated traks;
• the event passes the g20_loose trigger for 25 < pT < 45 GeV, g40_loosetrigger for 45 < pT < 65 GeV, g60_loose trigger for 65 < pT < 85 GeVand g80_loose trigger for pT > 85 GeV;
• the photon luster ontaining a bad hannel or overlapping with regionsa�eted by a dead front-end board are rejeted;
• the photon andidate has a reonstruted transverse energy ET > 25GeV and pseudorapidity in the �duial region: |ηS2

| < 1.37 or 1.52 <
|ηS2

| < 2.37;
• the photon andidate is isolated: EtCone40 (orreted) < 5 GeV;
• the photon andidate satis�es the tight identi�ation riteria.



120 Chapter 5. Photon PerformaneThe distributions of disriminating variables are ompared between dataand MC in four di�erent pseudorapidity bins:
η ∈ [0, 0.6[ , η ∈ [0.6, 1.37[ , η ∈ [1.52, 1.81[ and η ∈ [1.81, 2.37[and in several pT (GeV) bins:
pT ∈ [25, 30[ , pT ∈ [30, 35[ , pT ∈ [35, 40[ , pT ∈ [40, 45[ ,
pT ∈ [45, 50[ , pT ∈ [50, 60[ , pT ∈ [60, 85[ and pT > 85 GeV.In addition, photon andidates were splitted to onverted and unonverted.Fig. 5.11 top (bottom) shows the Rη distributions for unonverted (on-verted) single photons with 25 < pT < 30 GeV, in the entral barrel η < 0.6(left) and in the end-ap 1.81 < η < 2.37 (right). Fig. 5.12 shows the FF om-puted for the Rη (top) and wη2 (bottom) variables as a funtion of η separatelyfor unonverted (left) and onverted (right) single photons. The omparisonis made between the latest FF (with m11a) and the previous ones used in2011 (FF 2011) and 2010 (FF 2010). It shows that the FF are smaller withthe new MC (m11a) after orretions were applied in order to have a betterdesription of the absorber, as disussed above in setion 5.2.2.Fig. 5.13 shows the wη2 distributions for di�erent pile-up on�gurations.Period B-I of 2011 data is haraterized by a < µ > of about 5.6, for Period L,it inreased to < µ >= 10.8. Fig. 5.14 shows the FF omputed as a funtionof η for these di�erent pile-up on�gurations separately for unonverted (left)and onverted (right) single photons. Rη (top) and wη2 (bottom) are thedisriminating variables used for this omparison. The impat of pile-up issmall on the FF. The FF have been reomputed for the 2012 analysis, see forinstane [171℄.5.7.2 Photon e�ieny and unertaintyThe o�ine photon seletion e�ieny is de�ned as the e�ieny for reon-struted prompt photons, with a reonstruted isolation energy (EIso

T,reco) lowerthan EIso
T,reco|cut, to pass the tight identi�ation riteria (tight-ID) in a given

ET , η region. In a pseudorapidity bin k, it is given by the equation:
εkID(Eγ

T,reco) ≡
dNγ(ηk,1 ≤ |ηkreco| < ηk,2, E

Iso
T,reco < EIso

T,reco|cut, tight− ID)/dEγ
T,reco

dNγ(ηk,1 ≤ |ηkreco| < ηk,2, EIso
T,reco < EIso

T,reco|cut)/dEγ
T,reco(5.16)where EIso

T,reco = EtCone40 (orreted) and EIso
T,reco|cut was taken 3 GeV for 2010analysis, 5 GeV for 2011 analysis. In 2012 (for 2011 improved analysis and2012 analysis), the isolation variable has been updated as desribed in setion5.3, EIso

T,reco = topoPosEMEtCone40 and EIso
T,reco|cut is set to 4 GeV. In addition,
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Figure 5.11: Rη distributions for single photons with 25 < pT < 32 GeV seleted from2011 data and Pythia MC (√s = 7 TeV): (a) unonverted photons in the entral barrel
η < 0.6, (b) onverted photons in the entral barrel η < 0.6, () unonverted photons inthe EC 1.81 < η < 2.37, (d) onverted photons in the EC 1.81 < η < 2.37.tight-ID is set to Tight2011 for 2011 analysis, NN2011 for the improved 2011analysis and Tight2012 for the 2012 analysis. ηk,1 and ηk,2 are the lower andupper η values in the pseudorapidity bin k.The photon identi�ation e�ieny is determined using MC simulated sam-ple, orreted for the di�erenes in the eletromagneti shower shapes betweendata and MC with the FF-method desribed above. The unertainties on theseMC-based εID values are mainly due to the orretion tehnique, that had toaount for the imperfet knowledge of the material in front of the eletro-magneti alorimeter, the unertainty on the photon andidate purity, andthe auray of the data/MC disrepany parametrizations used to orretthe MC. These MC-based values have been validated with preliminary resultsfrom data-driven methods based on 2011 data [193℄. Three di�erent methods
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() (d)

Figure 5.12: FF as a funtion of η for single photons with 25 < pT < 32 GeV seletedfrom 2011 data and Pythia MC (√s = 7 TeV): (a) Rη for unonverted photons, (b) Rη foronverted photons, () wη2
for unonverted photons, (d) wη2

for onverted photons.have been used in di�erent photon ET ranges:
• isolated prompt photons seleted from the radiative deays of the Z bo-son: Z → llγ [194℄;
• extrapolation from pure eletrons, obtained from Z → e+e− sample, tophotons [195℄;
• isolated prompt photons seleted using a �matrix method� whih relieson trak isolation as a disriminating variable between prompt and fakephotons [196℄.The three measurements agree within their unertainies in the overlapping
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Figure 5.13: wη2
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η < 2.37, (d) onverted photons in the EC 1.81 < η < 2.37. Two pile-up on�gurations areshown: Period B-I < µ >∼ 5.6 (red) and Period L < µ >∼ 10.8 (blak).
ET ranges and are ombined together. The values of photon identi�ation ef-�ieny obtained from FF-orreted MC samples were found to be onsistentwith the data-driven values within 5%.Photon e�ieny in 2011As disussed in setion 5.2.2, a neural network based seletion is usedin the improved 2011 analysis. The neural net photon e�ienies are shownin Fig. 5.15 for di�erent η bins as a funtion of ET . The e�ienies shownare normalized to the isolated photons in the photon �ontainer�. The om-parison is shown between Monte Carlo and the three data-driven methods
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126 Chapter 5. Photon PerformaneThe primary systemati on the neural net e�ieny omes from thedi�erene between the measurements in MC and data shown in Fig. 5.15.The total reommended unertainty is taken in a onservative way as thesum of these di�erenes with other small potential fators disussed in [175℄(mainly pile-up). For pT > 30 GeV, the unertainties are:
• 5% for unonverted photons in the pseudorapidity bin 1.52 < |η| < 1.81;
• 7% for unonverted photons in the pseudorapidity bin 1.81 < |η| < 2.37;
• 4% otherwise.The e�et of these unertainties on the signal yields of H → γγ was estimatedby reweighting the leading and subleading photons with the unertaintiesquoted above. This e�et is found to be of the order of +8.6

−8.2%. In theimproved 2011 analysis, the average i.e 8.4% was taken as a total systematiunertainty on the signal yield. For the previous 2011 analysis [172, 173℄, itwas taken onservatively as ±10%.Photon e�ieny in 2012For the √
s = 8 TeV 2012 data, a ut-based seletion was used (Tight2012)and the e�ieny ompared to preliminary data-driven methods [197, 198℄.The obtained e�ienies are similar to those shown in Fig. 5.15 for NN2011.However the bakground rejetion with NN2011 is higher than the one withTight2012 by about 10%, whih leads to a worse purity in 2012 (by about 5%).Unertainty on the 2012 photon e�ienyThe unertainty is omputed as for 2011 [199℄. The reommendationfor photons is to take:

• 5% for |η| < 1.52;
• 7% otherwise.The e�et of these unertainties on the signal yields of H → γγ was estimatedto be ±10.8%.



Chapter 6
H → γγ Analysis

Contents6.1 Analysis of 2010 data . . . . . . . . . . . . . . . . . . . . . . . 1276.1.1 Aspen 2011 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1276.1.2 Moriond 2011 . . . . . . . . . . . . . . . . . . . . . . . . . . . 1316.2 Analysis of 2011 data . . . . . . . . . . . . . . . . . . . . . . . 1366.2.1 PLHC 2011 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1366.2.2 EPS 2011 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1426.2.3 Counil 2011 . . . . . . . . . . . . . . . . . . . . . . . . . . . 1526.3 Improved Analysis of 2011 data . . . . . . . . . . . . . . . . . 1566.3.1 Improved seletions and orretions . . . . . . . . . . . . . . 1576.3.2 Event ategorization . . . . . . . . . . . . . . . . . . . . . . . 1586.4 Analysis of 2012 data . . . . . . . . . . . . . . . . . . . . . . . 1656.5 Conlusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168In the following hapter, I will summarize the evolution of the H → γγanalysis from 2010 to 2012. This hapter is based on results published andpresented at various onferenes from Aspen 2011 to ICHEP 2012. I willfous here on the signal and systematis studies to whih I ontributed. Thestatistial treatment of these results will be disussed in the next hapter.6.1 Analysis of 2010 data6.1.1 Aspen 2011The ATLAS ollaboration has published �rst results for H → γγ searh in[200, 201℄, presented at Aspen 2011 based on 37 pb−1 of √s = 7 TeV 2010data. A measurement of the bakground to H → γγ was performed and aprojetion of the sensitivity to 1 fb−1 has been studied. In the following, Iwill brie�y reall this analysis.Event SeletionEvents are required to ful�ll the following riteria:
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• The run and luminosity blok need to be ontained in the good run list(GRL) to ensure good quality data from inner detetor, eletromagnetiand hadroni alorimeter;
• The events are required to be triggered by the 2g15_loose trigger hain(exept for the �rst 1 pb−1 where a L1_EM14 trigger was used). The e�-ieny of this trigger with respet to the H → γγ seletion was measuredand found to be ∼ 100%;
• In order to rejet andidates from non-ollision bakgrounds, the eventsare required to have at least one reonstruted primary vertex with atleast three assoiated traks;
• Photon andidates with a luster ontaining a bad hannel or overlappingwith regions a�eted by a dead front-end board in the alorimeter arerejeted;
• Only photon andidates reonstruted in the �duial region of thealorimeter, |η| < 1.37 or 1.52 < |η| < 2.37, are onsidered. The barrel-endap transition region, 1.37 < |η| < 1.52 is exluded. Photons in thisregion su�er from a worse reonstrution quality and a large amount ofmaterial in front of the alorimeter;
• The photon andidates are required to pass the loose identi�ation ri-teria, and to have a transverse energy of at least 25 GeV.Diphoton andidates are seleted from events passing the event seletion byimposing the following riteria on the two most energeti photon andidates:
• The leading photon andidate is required to have ET > 40 GeV, and thesubleading photon andidate ET > 25 GeV;
• Both photon andidates are required to pass the tight identi�ation ri-teria (Tight2010). In the MC, the uts are applied after the orretionof the shower shape using the FF method;
• Both photon andidates are required to be isolated in the alorimeter,EtCone40 (orreted) < 3 GeV.With these seletions, 83 diphoton andidates are observed in the invariantmass range between 100 and 150 GeV.The invariant mass of the photon andidate pair is estimated using thephoton energies as measured in the alorimeter, φ as determined from theseond alorimeter layer, and η as measured from the �rst layer in thealorimeter. The diretion of the photon is measured using the �rst sampling



6.1. Analysis of 2010 dataof the EM alorimeter and the position of the primary vertex. For eventswith more than one reonstruted vertex, the vertex assoiated with trakshaving the highest sum of pT is used.Furthermore, the photon energy is orreted in data (not Monte Carlo)with very preliminary saling fators derived from Z → e+e− deays. Theseare two-binned orretions: −0.96% (+1.9%) for photons in the barrel (EC)with a ±1% (±3%) systemati unertainty. However, in this analysis theMC events are not smeared to take into aount for di�erenes between the
Z → e+e− resolution in data and MC. The MC used has the nominal onstantterm of 0.7%. Large pessimisti unertainties of 100% in the barrel and 400%in the EC were assigned and their impat on the projeted sensitivity wasstudied.The measurement of the inlusive distribution of diphoton events is used toestimate the sensitivity with an integrated luminosity of 1 fb−1. The extrap-olation of the bakground from data is done taking into aount the expetedinrease of pileup in the oming 2011 data. While the mean number of in-terations per beam rossing was on average < µ >= 2.3 in the 2010 data,a < µ > of 5 was onsidered as expeted pileup for the oming 1 fb−1. Theinrease of pileup redues the number of seleted events by a fator of 0.86,estimated from MC H → γγ samples with < µ >= 2 and < µ >= 5 (on-sidering only in-time pileup). On the other hand, an inrease of the numberof events by a fator of 1/0.85 was expeted in 2011 after repairing the faultyoptial links in the LAr readout system; this fator was estimated from MCusing true photons.These orretions were also applied on the expeted signal events. Besides,one additional orretion was applied to take into aount the di�erene ofthe isolation ut e�ieny between data and MC estimated from Z → e+e−samples. This leads to a redution by 0.84 of the signal yields. Table 6.1summarizes the expeted yields and e�ienies after the appliation of theseletion and orretions spei�ed above. These signal yields are normalizedto an integrated luminosity of 1 fb−1.The probability density funtion (PDF) used for the signal parametriza-tion is modeled by the sum of a Crystal Ball funtion (CB) (for the bulk ofevents whih have a narrow Gaussian spetrum in the peak region and a non-Gaussian tail towards lower reonstruted mass values) and a small, widerGaussian omponent (to model the far outliers in the distribution). The CBfuntion is de�ned as:

N ·
{
e−t

2/2 if t > −α
( n
|α|)

n · e−|α|2/2 · ( n
|α| − |α| − t)−n otherwise (6.1)



130 Chapter 6. H → γγ AnalysisMode 110 GeV 115 GeV 120 GeV 130 GeV 140 GeV
ε (%) Nev ε (%) Nev ε (%) Nev ε (%) Nev ε (%) NevggH 24.8 9.72 25.2 9.75 26.5 9.92 28.2 9.00 28.9 6.82VBF 25.0 0.69 25.8 0.74 26.5 0.76 27.7 0.73 28.9 0.59Total 11.0 11.1 11.2 10.2 7.7Table 6.1: Seletion e�ienies on signal, and expeted yield for an integratedluminosity of 1 fb−1 omputed from gluon-gluon fusion and VBFMC samples with <

µ >= 5. The total expeted number of events is orreted for the small ontributionsof the remaining prodution modes (WH, ZH, tt̄H).where t = (Mγγ−MH)/σ, N is a normalization parameter,MH is the hypoth-esized BEH boson mass, σ represents the diphoton invariant mass resolution,and n and α parametrize the non-Gaussian tail. The non-Gaussian ontribu-tions to the mass resolution arise mostly from onverted photons with at leastone eletron losing a signi�ant fration of its energy through bremsstrahlungin the inner detetor material.A omparison between the invariant mass distributions for signal MC sam-ples H → γγ with MH = 120 GeV between < µ >= 0 (no pileup) and
< µ >= 5 is shown in Fig. 6.1. The �tted values of the parameters of theresolution funtion are shown in the inset. The worse resolution in the sam-ple with < µ >= 5 is partly due to a bad seletion of the primary vertexreonstruted with the ∑ p2

T method.The bakground modeling is a �t to the invariant mass spetrum obtainedfrom data. The analyti funtion used for the �t is a simple falling exponential.
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Figure 6.1: Invariant mass distributions for a BEH boson with MH = 120 GeV,with < µ >= 0 (left) and < µ >= 5 (right). The MC samples used have the nominalonstant term of 0.7%.



6.1. Analysis of 2010 dataThe systemati unertainties were not used in the sensitivity projetionresults, however their impat on the sensitivity was quoted. I will brie�ysummarize them in the following:
• Luminosity: the unertainty on the integrated luminosity was ±11%;
• Trigger e�ieny: the unertainty on the trigger e�ieny was found tobe ±1% per event;
• Photon identi�ation: the unertainty from the photon reonstrutionand identi�ation was assumed to be ± 5% per photon. Treating theunertainty as fully orrelated between the two photons, this translatesin a relative unertainty of ±10% per event. This number is very onser-vative and based on the 2010 prompt photon ross setion measurementsand di�erenes in the shower shape variables between data and MC.6.1.2 Moriond 2011In omparison to the previous analysis, several improvements were made atthe time of Moriond 2011 [202, 203℄:
• a reovered detetor problem in the tile alorimeter leading to an addi-tional 2 pb−1 of data;
• an improved measurement of the luminosity dereasing its entral valueby 3.6% and its unertainty from 11% to 3.4%;
• an improved photon identi�ation (slightly looser) minimizing the e�etof the disrepanies in the shower shape variables between data and MC,essentially in the EC (1.8 < |η| < 2.37);
• a �ner grained o�ine energy alibration using Z → e+e− events (50 ηbins) see Fig. 4.11, whih improves the photon energy resolution andthe orresponding unertainties;
• an improvement of the objet quality e�ieny inreasing the number ofseleted events by 3 − 4%;
• new MC samples are used with < µ >= 2.2 to take into aount theout-of-time pileup and the orret bunh train struture.The seletions and the way to ompute the invariant mass remain unhangedwith regards to Aspen. However, the photon energy in the MC is nowsmeared by default to take into aount for di�erenes in resolution betweendata and simulation. The onstant terms used are of (1.1 ± 0.1 ± 0.2)% for

|η| < 1.37 and (1.8 ± 0.4 ± 0.2)% for 1.52 < |η| < 2.47. After these seletions



132 Chapter 6. H → γγ Analysisand orretions, 99 events have a diphoton invariant mass between 100 and150 GeV.Table 6.2 summarizes the expeted signal events from MC H → γγsamples for di�erent BEH masses normalized to an integrated luminosity of
38 pb−1 with < µ >= 2.2. These numbers were orreted for the di�erene ofthe isolation ut e�ieny by a fator of 0.95; the improvement with regardsto Aspen (it was 0.84) is due to an additional lateral leakage orretionapplied on the isolation.BEH boson mass [GeV℄ 110 115 120 130 140Number of signal events 0.43+0.11

−0.09 0.45+0.11
−0.10 0.45+0.11

−0.10 0.41+0.10
−0.08 0.31 ± 0.08Table 6.2: The expeted BEH signal yields for an integrated luminosity of 38 pb−1estimated using H → γγ MC samples with < µ >= 2.2. The error ombines theexperimental systemati unertainties and the theoretial unertainty on the SMBEH boson prodution ross setion.The modeling used for signal and bakground are the same as for Aspen.Fig. 6.2 illustrates the signal PDF and the orresponding shape parametersfor di�erent BEH masses. Fig. 6.3 shows again the resolution funtion for

120 GeV BEH where the FWHM 1 was found to be equal to 4.4 GeV.The systemati unertainties applied on the expeted signal yields are givenin the following:
• Luminosity: the unertainty on the integrated luminosity was taken as
±3.4%;

• Trigger e�ieny: the unertainty on the trigger e�ieny was takenonservatively to be as +1.1
−3.7% per event;

• Photon Identi�ation: the unertainty from the photon reonstrutionand identi�ation was assumed to be ±5% per photon for |η| < 1.81 and
±10% for |η| > 1.81. This unertainty leads to an overall 10.7 ± 0.6%redution on the o�ine e�ieny. In addition 2% of di�erene on thise�ieny is obtained when applying FF to MC events. An overall ±11%unertainty is assigned to the photon ID systemati;

• Isolation ut e�ieny: the di�erene in the isolation ut e�ieny ofEtCone40 (orreted) < 3 GeV between data and MC estimated on Z →
e+e− sample was taken as a ±10% unertainty per event;1Full width at half maximum
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• Pile-up: the e�et of the pileup on the number of events has been studiedomparing the perentage of events in a window of 117−123 GeV betweentwo MC H → γγ samples: without pileup and with pileup < µ >= 2.2.The di�erene is found to be ∼ 2% and was onsidered as negligible;
• Theory: the unertainty is taken as +20

−15% on the omputation of theprodution ross setion.The systemati unertainties on the mass resolution originate from di�er-ent soures:
• Unertainty on the onstant term. The e�et of the smearing an be seenon Fig. 6.4 where the nominal (with a onstant term of 0.7%) and the
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Figure 6.3: The distribution of the diphoton invariant mass for simulated eventswith a 120 GeV BEH boson deaying into two photons. The FWHM of the dis-tribution is 4.4 GeV. The MC events have been smeared to take into aount thedi�erenes in resolution between data and MC estimated from Z → e+e− events.smeared MC (with onstant terms of (1.1±0.1±0.2)% for |η| < 1.37 and
(1.8 ± 0.4 ± 0.2)% for 1.52 < |η| < 2.47) are ompared. A remaining ∼
15% improvement on the mass resolution an be obtained when reahingthe nominal onstant term. To estimate the unertainty on the massresolution due to the unertainty on the onstant term, we hoose tosmear our MC samples with: 0.74% in the barrel and 1.35% in the EC.These numbers represent the additional smearing due to the unertaintyon the onstant term omputed as: 1.1 + (0.1 ⊕ 0.2) = 1.1 + 0.22 =
1.1⊕ 0.74 in the barrel and 1.8 + (0.4⊕ 0.2) = 1.8 + 0.45 = 1.8⊕ 1.35 inthe EC. The RMS of the relative di�erene of the invariant mass betweenthe sample smeared (with 0.74% in the barrel and 1.35% in the EC) andthe nominal sample is taken as an unertainty. The unertainty is foundto be 0.63% on the mass resolution;

• Unertainty due to the eletron to photon extrapolation. The energysale orretions derived from Z → e+e− events are used to orret botheletrons and photons in data (sine there is not a large statistis pho-ton sample available to estimate proper orretions to photon energies).These eletron energy sale orretions overorret the photon energies
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Figure 6.4: The distribution of the diphoton invariant mass for simulated eventswith a 120 GeV BEH boson deaying into two photons. The solid red histogram isthe output of the nominal MC simulation, and the red urve is the orrespondingPDF �tted to this distribution. The histogram with blak dots is the distribution ofthe same simulated sample, where the photon energies are orreted with the o�inesmearing proedure. The blak urve is the PDFs desribing the nominal invariantmass resolution. The �tted width of the CB ore before (after) smearing is 1.55(1.75) GeV.if these are due to the material in front of the alorimeter. A system-ati unertainty is needed to take into aount the eletron to photonextrapolation. For this purpose, a study was made in [204, 205℄ us-ing MC Z → e+e− sample with a distorted geometry 2. New eletronenergy sale orretions are obtained from the omparison of the MC
Z → e+e− sample with distorted geometry and the MC Z → e+e− sam-ple with nominal geometry (instead of the omparison between data andMC Z → e+e− sample with nominal geometry). These �distorted� en-ergy sale orretions translate the e�et of the material on the eletronenergy. If the eletrons and photons behave identially in the material,applying these �distorted� orretions to the energy of a photon froma distorted H → γγ sample will give exatly the energy of the photonof the orresponding nominal sample. However sine this assumption is2Additional material



136 Chapter 6. H → γγ Analysisnot orret, the di�erene of photon energies will give an estimation ofthe eletron to photon extrapolation unertainty. Therefore, the relativedi�erene of RMS between the invariant mass distributions of a H → γγnominal sample and a H → γγ distorted sample orreted with thesedistorted eletron energy sale orretions is taken as an unertainty dueto the eletron to photon extrapolation. It was found to be 0.4% on themass resolutio;
• Pileup. This was estimated from the omparison of the invariant massdistributions between MC H → γγ samples (MH = 120 GeV): < µ >= 0and < µ >= 2.2. Half of the RMS di�erene (for 117 < Mγγ < 123 GeV)was taken as an unertainty i.e 0.16% on the mass resolution.Adding up quadratially these unertainties give a total of 0.76% onthe mass resolution. This an be written expliitly as (σM/M ⊕ 0.76)%where σM = σCB ∼ 1.76 GeV. Taking M = 120 GeV, this translates to

(1.76/120 ⊕ 0.76)% = (1.47 ⊕ 0.76)% = 1.126 × 1.47. The total relativeunertainty on the mass resolution is therefore ∼ 13%.Table 6.3 summarizes the systemati unertainties on the signal normal-ization and invariant mass resolution used in this analysis.Soure UnertaintyLuminosity ±3.4%Theory Cross-setion +20
−15%E�ieny Photon identi�ation ±11%Photon isolation ±10%Trigger +1.1
−3.7%Resolution Calibration

e → γ extrapolation ±13%Pile-upTable 6.3: Relative systemati unertainties assoiated to the signal normalizationand invariant mass resolution. For the resolution, the quoted unertainty is relativeto the width of the invariant mass.6.2 Analysis of 2011 data6.2.1 PLHC 2011The �rst analysis of 2011 data was presented at PLHC 2011 [206, 207℄. Theupdated searh used an integrated luminosity of 209 pb−1 of √s = 7 TeV data.A maximum average number of interations per bunh rossing of ∼ 8 was



6.2. Analysis of 2011 datareahed. The MC samples were simulated with a varied µ and a reweightingproedure is applied to math the µ distribution of the MC to that of thedata. The kinemati uts are unhanged with respet to Moriond 2011. ALAr error bit is de�ned to rejet events when there is an indiation of dataintegrity errors in the LAr alorimeter or noise bursts. The trigger has beenhanged to 2g20_loose, its e�ieny for events passing all seletion riteriais found to be 99 ± 1%. In addition, two major improvements were made toope with higher pileup environment:
• The isolation ut on EtCone40 (orreted) was relaxed from 3 GeV to5 GeV. This modi�ation resulted in an inrease of ∼ 12% in isolatione�ieny per photon and a small redution in the purity of diphotonsample from about 76% to 70%;
• The reonstrution of the primary vertex is very ruial for a preisereonstrution of the invariant mass. With the inreasing pileup a morerobust method to reonstrut the photon diretion has been used basedon the longitudinal segmentation of the LAr eletromagneti alorimeterand the �ne granularity of its �rst sampling layer [208℄. For unonvertedphotons, the vertex position is estimated from the shower position mea-surements in the �rst and seond layers of the alorimeter whih an beused to alulate the photon diretion. The independent vertex positionmeasurements from both photons are ombined also taking into aountthe average beam spot position in z. If one or both photons are onvertedwith traks leaving silion hits, the vertex position is estimated from theinterept of the line joining the reonstruted onversion position andthe alorimeter impat point with the beam line. The improvement onthe invariant mass resolution using this new method amounts to ∼ 5%.Fig. 6.5 shows the omparison of the invariant mass distributions be-tween the new method of PV reonstrution and the one used in theprevious analyses for a MC H → γγ sample with MH = 120 GeV. TheFWHM of the diphoton mass distribution used for this analysis is 4.1GeV.Fig. 6.6 shows the omparison of the invariant mass resolution omputedusing the �pointing� method and the true vertex for MC H → γγ samplewith MH = 120 GeV. The smearing of the MC events is not applied in thesedistributions to better visualize the impat of the PV seletion. The resolutionobtained using the �pointing� is not far from the one we ould have if we wouldtruly know the vertex, espeially when both photons are in the barrel.After all seletions are applied, 926 photon andidates are seleted withan invariant mass between 100 and 150 GeV.
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Figure 6.5: Distribution of the reonstruted diphoton invariant mass of a simulated
120 GeV BEH boson signal. The points and solid �t funtion orrespond to thephoton diretion or onversion-based PV reonstrution. The triangles and dashed�t funtion represent the method using the PV with the highest sum of transversemomentum squared. The FWHM of the invariant mass distribution is 4.1 GeV withthe method using photon diretions and onversion traks.Table 6.4 summarizes the expeted signal yield from the MC H → γγsamples for di�erent BEH masses normalized to an integrated luminosity of
209 pb−1. These numbers were orreted for the di�erene of the isolation ute�ieny by a fator of 0.97; the improvement with regards to Moriond (itwas 0.95) is due to the relaxed ut on isolation (5 GeV instead of 3 GeV).

MH=110 GeV MH=115 GeV MH=120 GeV MH=130 GeV MH=140 GeVggF 3.06 3.18 3.15 2.84 2.17VBF 0.23 0.24 0.25 0.24 0.20WH 0.12 0.12 0.11 0.09 0.06ZH 0.07 0.06 0.06 0.05 0.04ttH 0.01 0.01 0.01 0.01 0.01Total 3.49 3.61 3.58 3.23 2.48Table 6.4: Expeted signal yield in the 2011 data sample orresponding to anintegrated luminosity of 209 pb−1.
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Figure 6.6: Comparison of the invariant mass resolution for a H → γγ sample with
MH = 120 GeV when both photons are in the barrel, one of the photon is in thebarrel and the other in the EC and when both photons are in the EC. No smearingorretion is applied.The modelings used for signal and bakground are the same as for 2010analyses. Fig. 6.7 illustrates the signal PDF and the orresponding shapeparameters for di�erent BEH masses. For other masses, a linear interpolationof the �t parameters determined from the simulated samples is done.The systemati unertainties on the signal yield are summarized in thefollowing:

• Luminosity: the unertainty on the integrated luminosity for this 2011dataset was taken as ±4.5%;
• Trigger e�ieny: the unertainty on the trigger e�ieny was taken tobe ±1% per event;
• Photon Identi�ation: the unertainty from the photon reonstrutionand identi�ation was assumed to be ±5% per photon. Treating theunertainty as fully orrelated between the two photons, this translatesin a relative unertainty of ± 10% per event;
• Pileup: the e�et of the pile-up on the expeted signal yield was esti-mated from the variation of the tight identi�ation e�ieny as a fun-tion of < µ > (the average interations per beam rossing). The di�er-
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/ndf= (21.62 / 28.00)2χFigure 6.7: Signal PDFs and shape parameters used for �tting for �ve di�erentBEH masses.ene in this e�ieny between < µ >= 6 (at that time in 2011 data)and < µ >= 0 was estimated to be about 4% per photon. The assignedsystemati unertainty was taken as ∼ the half of this e�et, i.e ± 2%per photon. This translates into ± 4% per event;
• Isolation ut e�ieny: the di�erene in the isolation ut e�ieny ofEtCone40 (orreted) < 5 GeV between data and MC estimated on Z →
e+e− sample was taken as a ±3% unertainty per event;

• Theory: the unertainty is taken as +20
−15% on the omputation of theprodution ross setion.



6.2. Analysis of 2011 dataThe total experimental unertainty on the overall signal event yield amountsto ±12%.The systemati unertainties on the invariant mass resolution are due to:
• Unertainty on the onstant term. This unertainty remains unhangedwith regards to Moriond. It amounts to an ±11% relative unertaintyon the diphoton invariant mass resolution;
• Unertainty due to the eletron to photon extrapolation. This uner-tainty is also unhanged with regards to Moriond. It is ±6% relativeunertainty on the mass resolution;
• Pileup. To hek the impat of the pileup noise on the photon energy res-olution, a omparison of tranverse energies in random lusters (enteredaround a given η and φ with a size of 3 × 5 ells in the barrel and 5 × 5in the EC) was made between data and MC [209℄. Zero bias data eventsare ompared to single muon simulated events with the same pileup on-�guration (muon are used sine they give rise to similar response in thealorimeter as the zero bias events). Fig. 6.8 shows the RMS of thetransverse energy in these random lusters (desribing the noise) as afuntion of the average number of interations per beam rossing, µ.A fair agreement is observed between data and MC (slightly worse inthe EC) for two di�erent values of µ. The unertainty on the pileupnoise an be bound to be < 200 MeV on the ET noise, the di�erenein quadrature between data and MC. Smearing the transverse energy ofthe photons from a H → γγ sample by ET → ET + α× 200 MeV where
α is a gaussian entered on 0 with a σ of 1, leads to a variation by 3%of the invariant mass resolution. 3% is the resulting unertainty on themass resolution;

• PV loation. This unertainty arises from the di�erenes between dataand MC in the alorimeter photon diretion reonstrution. It was es-timated from a omparison of the pointing resolution between data andMC for Z → e+e− events shown in Fig. 6.9. The agreement betweendata and MC is good in the barrel, however a worse resolution is ob-served in the EC arising from a periodi bias in the seond layer positionmeasurement, see for more details [210℄. Applying the di�erene betweendata and Monte Carlo as an extra smearing to the photon diretion mea-surement in the EC leads to a relative hange in the mass resolution of
±2.0% whih is taken as an estimate for the systemati unertainty.The total relative unertainty on the mass resolution is ±13%.
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3 × 5 in the barrel and 5 × 5 in the end-ap as a funtion of µ. The lines show thebehaviour of m10b Monte Carlo samples (single muon events) and the irles thatof two data periods having di�erent average value of µ (beginning of run 180701and end of run 180636) [209℄.

track
η - 

pointing
η

-0.04 -0.02 0 0.02 0.04
0

0.005

0.01

0.015

0.02

0.025

0.03 Data

MC

Barrel

-3 10× = 10.2 σ

-3 10× = 10.3 σ

ATLAS
Preliminary

track
η - 

pointing
η

-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035
Data

MC

End-caps

-3 10× = 22.3 σ

-3 10× = 18.1 σ

ATLAS
Preliminary

Figure 6.9: Comparison between data and Monte Carlo of the pointing resolutionfor eletrons from Z → e+e− deays in the barrel (right) and in the EC (left) [207℄.6.2.2 EPS 2011The analysis of 2011 data has been updated for EPS 2011 with an integratedluminosity of ∼ 1 fb−1 [211℄. The event seletions, the omputation ofthe diphoton invariant mass are the same as in PLHC 2011. The photonenergy in data is futher orreted by residual orretion fators (in 26 ηbins) determined from 2011 Z → e+e− events. 5063 diphoton andidatesare seleted in the invariant mass range (whih is extended wrt to previousanalyses from 150 to 160) between 100 and 160 GeV.



6.2. Analysis of 2011 dataIn the analysis of the Monte Carlo events, the following orretions are applied:
• To orret for disrepanies between data and MC, fudge fators areapplied to the shower shape variables aording to the measurementsfrom 2010 data (FF 2010). A ross hek was made using the FF updatedwith 2011 data (FF 2011) and an overall orretion of 0.7% is applied tothe �nal signal yields;
• The photon energy is smeared to aount for di�erenes in resolutionbetween data and simulation. The onstant terms used are of 1.1+0.5

−0.6%in the barrel and 1.8 ± 0.6% in the EC;
• The MC samples are reweighted aording to the average number ofinterations per bunh rossing to math the distribution in data;
• The MC signal yields are resaled by the ratio of the isolation ut e�-ieny in data and MC. The EtCone40 (orreted) distribution is om-pared in Fig. 6.10 for data and Monte Carlo (after pileup reweighting)for Z → e+e− events. The isolation ut (at 5 GeV) e�ieny is di�erentby 3% per event between data and Monte Carlo. Table 6.5 shows theomparison with a 120 GeV H → γγ sample. Under the hypothesis ofsimilar behaviour of eletrons and photons in data, the di�erene is on-sidered to be as well of the order of 3% per BEH event. The MC signalyields are therefore redued by 3%. As a ross hek, the isolation of thephotons is shifted by 850 MeV (the di�erene between mean values ofisolation for Z → e+e− in MC and data), whih leads to a di�erene ofut isolation e�ieny of about 4% (omparing the �rst two olumns inTable 6.5).

H → γγ H → γγ orreted by 850 MeV Z → e+e− MC Z → e+e− data5 GeV ut 93.30% 89.60% 93.19% 90.50%Table 6.5: Comparison of isolation ut e�ienyThe main hange with regards to the previous analyses is the lassi�ationof events into subsamples with di�erent signal-to-bakground ratios and di�er-ent invariant mass resolutions in order to improve the sensitivity of the searh.The ategorization is made following the photon positions in the alorimeter(η) and their onversion status:
• Unonverted entral: Both photon andidates are reonstruted as un-onverted photons and have |η| < 0.75;
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Figure 6.10: Correted isolation distribution for data, m10a and m10b samplesafter pile-up reweighting
• Unonverted rest: Both photon andidates are reonstruted as unon-verted photons and at least one andidate has |η| > 0.75;
• Converted entral: At least one photon andidate is reonstruted as aonverted photon and both photon andidates have |η| < 0.75;
• Converted rest: At least one photon andidate is reonstruted as aonverted photon and both photon andidates have |η| < 1.30 or |η| >

1.75, but at least one photon andidate has |η| > 0.75;
• Converted transition: At least one photon andidate is reonstruted asa onverted photon and at least one photon andidate is in the range

1.3 < |η| < 1.37 or 1.52 < |η| < 1.75.This ategorization leads to an improvement on the sensitivity of about 15%.Table 6.6 shows the e�ets of the di�erent event and photon seletion utsused for the inlusive analysis of data. The mass window ut applied in theone before last line is 100 − 160 GeV. Table 6.7 shows the number of eventspassing all the analysis uts in eah ategory for data.The ut �ow is given in table 6.8 for a MC H → γγ 120 GeV PowHeg [212℄sample gluon gluon fusion prodution proess. The aeptane of the kinematiuts is ∼ 60%. The overall event seletion e�ieny, when both reonstruted



6.2. Analysis of 2011 dataCut Number of eventsNo ut 1046434Trigger 923766GoodRunList 801482Primary Vertex requirement (≥ 3traks) 801461Loose - Loose 267242
pT uts 137852Tight-Tight 29896Isolation 16963

Mγγ window 5063LAr quality 5063Table 6.6: E�ets of the di�erent analysis uts applied on data from period B-H4(1.08 fb−1). The mass window ut applied in the one before last line is 100-160GeV. Category Unonverted Unonverted Converted Converted Convertedentral rest entral rest transitionNumber of events 400 1431 364 2068 800Table 6.7: Number of events passing the analysis uts in eah diphoton ategoryusing the data from period B-H4 (1.08 fb−1)photons pass the kinematial uts and tight identi�ation riteria, is 43%, whihorresponds typially to an average e�ieny per photon of ∼ 85%. The isolationut requirement in the MC dereases this number further by ∼ 8% and theaeptane loss from the dead FEBs leads to another loss of ∼ 3%. After takinginto aount the orretion for the isolation ut e�ieny (−3%) and the di�ereneof shower shape fudge fators between 2010 and 2011 (+0.7%), the �nal aeptanetimes e�ieny for the gluon gluon fusion proess for a 120 GeV BEH mass is thus
38.5%.Table 6.9 summarizes the expeted signal yields from the signal MC sam-ples after the appliation of the seletion and orretions spei�ed above. Thesesignal yields are normalized for an integrated luminosity of 1.08 fb−1 and are givenin step of 5 GeV of the BEH mass for the �ve di�erent prodution mehanisms. Inaddition, the expeted signal e�ieny is quoted. Table 6.10 displays the expetedsignal yields in the di�erent ategories used for the �t of the di�erent BEH bosonmasses.Same signal and bakground models are used as in the previous analyses.Fig. 6.11 shows the expeted mass resolution for a BEH boson of 120 GeV. For



146 Chapter 6. H → γγ AnalysisCut Number of eventsNo ut 99974Trigger 70786Primary Vertex requirement (≥ 3 traks) 70780Preseletion uts 54513
pT uts 52610Tight-Tight 42652Isolation 39388

Mγγ window 39377LAr quality 39377Table 6.8: E�ets of the di�erent analysis uts applied on ggH 120 GeV MC sample
mH [GeV℄ gg → H V BF WH ZH ttH

ε(%) Nevt ε(%) Nevt ε(%) Nevt ε(%) Nevt ε(%) Nevt Nevt total100 31.96 13.13 34.43 0.91 29.22 0.59 29.16 0.31 26.12 0.07 15.02105 34.29 14.30 36.09 1.02 30.73 0.60 30.77 0.32 26.98 0.07 16.31110 35.56 14.95 36.75 1.09 32.02 0.59 31.99 0.32 28.49 0.08 17.03115 36.46 15.14 38.75 1.18 33.16 0.57 33.20 0.31 29.26 0.07 17.29120 38.46 15.48 39.66 1.22 33.82 0.54 34.59 0.30 30.46 0.07 17.61125 39.37 14.91 40.40 1.21 35.40 0.50 36.46 0.28 30.86 0.07 16.98130 40.41 13.87 42.93 1.20 36.92 0.45 36.73 0.25 31.85 0.06 15.83135 41.29 12.43 43.14 1.09 38.03 0.38 37.59 0.21 31.45 0.05 14.17140 42.04 10.64 44.08 0.97 37.93 0.31 39.82 0.18 32.87 0.04 12.14145 43.18 8.79 45.31 0.82 39.48 0.24 39.70 0.14 34.32 0.03 10.03150 43.25 6.69 45.95 0.65 39.92 0.18 40.45 0.10 34.02 0.02 7.65Table 6.9: Expeted signal e�ieny and yields assuming a luminosity of 1.08 fb−1.Results are given for the �ve di�erent prodution mehanisms.
MH [GeV℄ 100 105 110 115 120 125 130 135 140 145 150Unonverted entral 2.52 2.56 2.55 2.47 2.64 2.37 2.30 2.03 1.71 1.39 1.11Unonverted rest 3.89 4.31 4.55 4.71 4.74 4.52 4.18 3.94 3.38 2.74 2.08Converted entral 1.77 1.87 1.98 1.94 1.96 1.95 1.71 1.54 1.34 1.08 0.82Converted rest 4.89 5.56 5.62 5.97 6.04 5.94 5.56 4.82 4.19 3.49 2.67Converted transition 1.95 2.01 2.32 2.21 2.23 2.20 2.09 1.83 1.52 1.33 0.97Table 6.10: Expeted signal yields in the di�erent ategories for an integratedluminosity of 1.08 fb−1the �ve ategories, the resolutions are shown separately in Fig. 6.12. The oreomponent of the mass resolution, σCB ranges from 1.4 GeV in the �Unonvertedentral� ategory to 2.1 GeV in the �Converted transition� ategory.
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Figure 6.11: Invariant mass distribution for a BEH boson with MH = 120 GeV[213℄.The systemati unertainties onsidered for the alulation of the expeted signalyields with MC are given in the following:
• Luminosity: the unertainty on the integrated luminosity was taken as ±3.7%;
• Trigger e�ieny: the unertainty on the trigger e�ieny was found to be
±1% per event;

• Photon Identi�ation: unhanged wrt to PLHC i.e ±10% per event;
• Isolation ut e�ieny: unhanged wrt to PLHC i.e ±3% per event;
• Event pile-up e�et: unhanged wrt to PLHC i.e ±4% per event;
• Photon energy sale: the variation of the photon energy by 1% leads to lessthan 0.5% of variation in the H → γγ yield. Therefore this unertainty wasnegleted;
• BEH pT modeling: the unertainty on the kinemati ut aeptane from themodeling of the BEH boson pT distribution was estimated to be ±1%, inpartiular looking at the di�erene in aeptane when reweighting with HqT[214℄.Adding in quadrature these unertainties, the overall unertainty on the signalyield is ±12% per event. Table 6.11 summarizes these unertainties.
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Figure 6.12: Invariant mass distribution for a BEH boson with MH = 120 GeV inthe �ve di�erent ategories [213℄.
The systematis on the mass resolution originate from the:
• Unertainty on the onstant term: Although the entral values of the onstantterms are similar to those used in the 2010 analyses, the assigned unertaintiesare larger beause of the onsideration of the unertainty on the samplingterm. Therefore a more robust treatment of these unertainties is needed toestimate the systematis from the onstant term. For realling, the onstantterm is estimated using the equation 4.27. To estimate the unertainties onthe onstant term for PLHC (cup and cdown), the sampling term was saledby ±10%. In order to minimize the impat of the larger unertainties on the



6.2. Analysis of 2011 dataSoure SystematiPhoton Identi�ation ± 10.0%Pile-Up ± 4.0%Isolation ± 3.0%Kinemati ± 1.0%Trigger ± 1.0%Luminosity ± 3.7%Total ± 12.0%Table 6.11: Summary of systemati unertainties applied on signal yields (perevent)mass resolution, the unertainties on the onstant term have been divided forEPS into statistial and systemati unertainties orrelated and unorrelatedwith the sampling term as shown in table 6.12;Stat Syst unorrelated Syst orrelatedBarrel ±0.1 ±0.3 +0.4
−0.5EC ±0.4 ±0.2 +0.3
−0.4Table 6.12: Statistial and systemati unertainties (orrelated and unorrelatedwith the sampling term) for the barrel and the EC.We thus de�ne two terms: c1up (c1down) and c2up (c2down) as the unertaintyon the onstant term unorrelated and orrelated to the sampling termrespetively. The statistial unertainty is onsidered as unorrelated to thesampling term and thus the total unorrelated term is the quadratial sum ofthe �rst two olumns of table 6.12.The entral values and the orresponding errors c1up (c1down) and c2up(c2down) are given in table 6.13 for di�erent η bins. These numbers do notinlude the nominal onstant term 0.7%. I give in the following an exampleof how we ompute the term c1up in the barrel. The statistial and theunorrelated systemati unertainty of the �rst two olumns in table 6.12in the barrel sum up quadratially to 0.1 ⊕ 0.3 = 0.32%. The onstantterm obtained adding up this error is 1.1 + 0.32 = 1.42%. Removing thenominal onstant term, we obtain 1.42 ⊖ 0.7 = 1.24% whih an be writtenas (1.1 ⊖ 0.7) + 0.39%. This is the so-alled c1up term whih has a value of

0.39% in the barrel.The resolutions obtained from a gaussian �t to the ore of the invari-ant mass distributions from H → γγ MC samples with MH = 120 GeV are



150 Chapter 6. H → γγ Analysislisted in table 6.14 for di�erent treatment of the onstant term. For thesenumbers, the vertex is determined using its true position in z instead of the�pointing�, whih has a minor impat on the mass resolution. The NominalMC orresponds to the nominal onstant term 0.7% wihout any extra smear-ing and the Smeared MC orresponds to a smearing with the entral values
ccentral of table 6.13. Smeared+c1up (c1down) orresponds to the invariantmass distributions smeared with ccentral + c1up (ccentral − c1down). For c2up(c2down), the onstant term is hanged into ccentral + c2up (ccentral − c2down)with a saling of the sampling term into −10% (+10%) to take into aountthe orrelation between c2 and the sampling term. Pratially, the saling ofthe sampling term by ±10% is done by saling the nominal MC resolution(1.52 GeV) by ±8%: the sampling term ontributes to ∼ 1.4 GeV of the MCresolution (1.52 = 1.4 ⊕ 0.59), ±10% unertainty on the sampling term i.eon 1.4 GeV translates into (0.9 × 1.4) ⊕ 0.59 = 0.92 × 1.52 i.e ±8% on aresolution of 1.52 GeV. In onlusion, in the speti� ase of c2, the mass isobtained by the following equation:

Mc2up = 120 + 0.92 ∗ (Mnominal − 120) + (Mc2up − Mnominal) (6.2)and
Mc2down

= 120 + 1.08 ∗ (Mnominal − 120) + (Mc2down
− Mnominal) (6.3)where Mnominal is the mass obtained from a nominal MC without any extrasmearing.The total relative unertainty due to the unorrelated part (c1) is +11 − 9%and +8−5% for the orrelated one (c2). Adding up these errors quadratiallygives +14 − 10% i.e ∼ 12% on the mass resolution.

0 < |η| < 0.6 0.6 < |η| < 1.37 1.37 < |η| < 1.52 1.52 < |η| < 2.47 2.47 < |η| < 3.2 3.2 < |η| < 4.9

ccentral 0.0085 0.0085 0.0165 0.0165 0.04 0.02
c1up 0.0039 0.0039 0.0047 0.0047 0.02 0.006
c1down 0.0051 0.0051 0.0048 0.0048 0.02 0.006
c2up 0.0047 0.0047 0.0032 0.0032 0.011 0.010
c2down 0.0085 0.0085 0.0044 0.0044 0.011 0.016Table 6.13: Constant term values used: entral values and errors (orrelated andunorrelated) removing 0.7% of onstant term.
• Unertainty on the photon pointing: ±1% of relative unertainty on the massresolution,
• Unertainty due to the eletron to photon extrapolation: same as for PLHC.The relative unertainty on the mass resolution is 6%. This di�erene has beenheked again here in Table 6.14. The di�erene between distorted smearedMC (orreted by distorted energy sale orretions estimated from a distorted



6.2. Analysis of 2011 data ResolutionNominal MC 1.52 GeVSmeared MC 1.75 GeVSmeared+c1up 1.95 GeVSmeared+c1down 1.61 GeVSmeared+c2up 1.89 GeVSmeared+c2down 1.67 GeVDistorted smeared MC 1.80 GeVTable 6.14: Resolutions obtained with a gaussian �t to the ore of the distribution.
Z → e+e− MC) and the smeared MC is about 3% from the gaussian �t to theore and about 6% from the RMS di�erene;

• Pileup: same as for PLHC, i.e ±3% relative unertainty on the mass resolution.Table 6.15 summarizes the relative unertainties applied on the mass resolution. Theoverall relative unertainty on the mass resolution is ±14% whih is applied to bothrystal-ball sigma and the wide gaussian sigma in a orrelated way. Furthermore,Soure SystematiConstant term ± 12.0%Pile-Up ± 3.0%
e−/γ extrapolation ± 6.0%Pointing ± 1.0%Total ± 14.0%Table 6.15: Summary of systemati unertainties applied on mass resolution.a study of the material impat on the mass peak has been done in [213℄. Table6.16 shows a omparison of the reonstruted mass value, obtained from a gaussian�t to the ore of the invariant mass distributions, between a MC with a nominalgeometry and a MC with a distorted geometry (orreted by the distorted energysale orretions omputed from the distorted MC Z → e+e− sample). This isdone as well for the �ve di�erent ategories. In the last two olumns are shownthe values of the reonstruted mass when hanging the photon energy sale by

+0.5%, −0.5% in the barrel, EC and by +0%, −1% respetively in the nominal MCsample. The perentage quoted between brakets is the relative hange wrt to thenominal inlusive number. For example, for the unonverted entral ategory withthe distorted geometry, the relative hange is omputed as (120.2× 119.7)/(120.1×
119.9) = −0.1%. The di�erene is found to be small in all the ategories (about
0.2%) and is therefore negleted in the urrent analysis.An exponential funtion is used as a model for the bakground in all the at-egories. The unertainty from this bakground modeling was estimated from the
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MH = 120 GeV nominal distorted +0.5% barrel,-0.5% EC +0% barrel, -1% ECInlusive 119.7 120.1 120.1 119.5Unonverted entral 119.9 120.2(-0.1%) 120.4(+0.1%) 119.9(+0.2%)Unonverted rest 119.7 120.3(+0.2%) 120.0(-0.1%) 119.6(+0%)Converted entral 119.6 119.8(-0.2%) 120.2(+0.2%) 119.6(+0.2%)Converted rest 119.7 120.0(-0.1%) 120.0(-0.1%) 119.4(-0.1%)Converted transition 119.6 120.0(0%) 119.8(-0.2%) 119.2(-0.2%)Table 6.16: Mass peak for eah of the diphoton ategories for Monte Carlo simu-lated with nominal and distorted geometry. Between brakets is given the relativedi�erene wrt the nominal sample.inlusive sample and heked in eah ategory. It is taken as the maximum po-tential di�erene integrated over a window of 4 GeV between the true bakgroundshape (using DIPHOX [215℄) and the single exponential funtion whih ould fake asignal-like signature. The resulting unertainty was found to be between ±5 eventsat 110 GeV and ±3 events at 150 GeV. This unertainty is propagated linearly as afuntion of the BEH mass and it is saled by the fration of events in eah ategory.Other funtional forms, inluding 2nd order polynomial, exponential of a seond or-der polynomial, double exponential, exponential times a power law funtions, were�tted to the data and ompared to the exponential �t. The unertainties arisingfrom these omparisons were found to be in a fair agreement with the MC-basedestimate.6.2.3 Counil 2011The analysis of the full 2011 dataset, orresponding to an integrated luminosity of

4.9 fb−1, has been presented at Counil 2011 and published in [216, 173℄. For thisanalysis, slight di�erenes in the seletions and orretions with regards to EPS havebeen done and are summarized in the following:
• Photon andidates are required to pass the Ambiguity Resolver bit (AR bit).This bit assures the rejetion of the onverted andidate if its assoiated trakhas not a hit in the B-layer but rather in the next layer and if the B-layer is notworking properly. This a�ets only onverted photons and strongly dereasesthe misidenti�ation of eletrons as photons;
• Photon andidates are rejeted if they are badly timed (photon leaning);
• The LAr error bit de�nition has been updated to inlude a time veto utallowing the reovery of the previously rejeted lumiblok;
• In ase of gluon fusion prodution, the MC events are reweighted in order thatthe distribution of the BEH boson pT mathes the one obtained from the HqTpakage;



6.2. Analysis of 2011 data
• A orretion to the z oordinate of the vertex position is applied for photonsreonstruted in the EC in order to ompensate for an osillation struture inthe seond layer position measurement observed only in data [210℄;
• The shower shape variables in the MC are orreted with FF2011;
• The MC signal samples are reweighted to orret for the spread in z of thebeam spot: the MC samples were generated with a width σz ∼ 7.5 m whihis larger than that observed in data σz ∼ 6 m.

22489 diphoton andidates are seleted in the invariant mass range between 100and 160 GeV.The main hange with regards to EPS is the further splitting into ategories inorder to inrease the sensitivity to a possible BEH boson signal. A new diphotonobservable is introdued, pTt, whih is de�ned as the omponent of the diphotontransverse momentum pγγT orthogonal to the thrust axis, as shown in Fig. 6.13. The
thrust axis
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Figure 6.13: Sketh of the pTt de�nition.diphoton thrust axis, t̂, is de�ned as:
t̂ =

~pγ1T − ~pγ2T

|~pγ1T − ~pγ2T | ,where the ~pγ1T and ~pγ2T are the transverse momenta of the two seleted photons. Thetransverse momentum of the diphoton system, pγγT , is given by:
~pγγT = ~pγ1T + ~pγ2T .The pTt is then alulated as follows:

~pTt = ~pγγT − (~pγγT · t̂) · t̂,
pTt = |~pγγT × t̂|.The pTt is strongly orrelated with the diphoton transverse momentum, but it hasa better detetor resolution and retains a monotially falling diphoton invariantmass distribution. Fig. 6.14 displays the distributions of pTt for data and MonteCarlo signal proesses for the inlusive event seletion. The gluon-gluon fusion pTtdistribution is very similar to the one of the bakground. The other signal proessesshow on average larger pTt values than the data. Four of the �ve ategories used
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pTt = 40 GeV into two ategories, low pTt and high pTt. Events are thereforelassi�ed into 9 ategories.The expeted signal yields are shown in Table 6.17 together with the orrespond-ing e�ienies for di�erent BEH mass hypothesis. These numbers are normalizedto 4.9 fb−1 and are summed up over all the ategories. The numbers are orretedfor the di�erene in the isolation ut e�ieny between data and MC by a fatorof 0.956 estimated from Z → e+e− events. Moreover, the number of signal eventsprodued by gluon fusion is resaled to take into aount the expeted destrutiveinterferene between the gg → γγ and the gg → H → γγ proess [218℄, leading toa redution of the prodution rate by 2 − 5% depending on the BEH mass and theategory [219℄. A small hange wrt to EPS is that the signal yields, in eah ategory,for a given mass are derived from a 3rd order polynomial �t to the yields extratedfrom the simulated samples. This redues the statistial �utuations in partiulardue to large pileup weights.The signal and bakground modeling remain almost unhanged ompared tothe previous analyses. A small di�erene wrt to EPS for the signal modeling isthat a global �t is done for the rystal ball and the gaussian omponent. Fora MH = 120 GeV, the FWHM was found to be 4.1 GeV and σCB = 1.7 GeVfor the inlusive dataset. The FWHM varies between ategories from 3.3 GeV(�Unonverted Central, High pTt�) to 5.9 GeV (�Converted transition�) and the σCB



6.2. Analysis of 2011 data
MH [GeV℄ 110 115 120 125 130 135 140 145 150
σ × BR [fb℄ 45 44 43 40 36 32 27 22 16Signal events 69 72 72 69 65 58 50 41 31E�ieny [%℄ 31 33 34 35 37 37 38 38 39Table 6.17: BEH boson prodution ross setion multiplied by the branhing ratiointo two photons, expeted number of signal events summed over all ategories for

4.9 fb−1 and seletion e�ienies for various BEH boson masses.from 1.4 to 2.3 GeV (for the same ategories). The invariant mass distribution ofthe seleted andidates in the inlusive sample is shown in Fig. 6.15. The sum ofthe bakground-only �ts to the invariant mass in eah of the ategories is overlaid.The signal expetation for a SM BEH boson with MH = 120 GeV and the residualof the data with respet to the total bakground as a funtion of Mγγ are also shown.
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• Luminosity: the overall unertainty on the total integrated luminosity wasfound to be ±3.9%;
• Theory: the theoretial unertainties are divided into unertainties on theQCD renormalization and fatorization sales +12

−8 % and on the PDF+αs ±8%;
• Isolation ut e�ieny: a 5% unertainty is assigned to take into aount forthe di�erene in the isolation ut e�ieny between data and MC,
• Migration of events from the high pTt to the low pTt ategories: this arisesfrom the modeling of the BEH boson pT . It was estimated by varying salehoies and PDFs in HqT on the BEH signal MC events. It was found to be
±8%;

• Migration of events from the unonverted ategories to the onverted ate-gories: it arises from the impat of pileup on the photon reonstrution andfrom the limited knowledge of the material in front of the alorimeter. It wasestimated by omparing ategory frations between a sample without pileupand with an average number of interations between 8 and 12, and by om-paring the ategory frations between MC signal sample with the nominalgeometry and another one with a distorted geometry. Both di�erenes areadded up quadratially and the unertainty is taken as 4.5%.The systemati unertainty from the bakground modeling is estimated inthe same way as for EPS. The values of this unertainty depend on the analysisategory, it ranges between ±0.1 and ±5.6 events (normalized to 4.9 fb−1). Theseunertainties are treated as unorrelated between the various ategories exeptthose that share the same η and pTt lassi�ation but di�erent onversion status.In addition, they are taken onservatively to be independent of the BEH mass.The unertainty on the mass peak position was studied and found to be
±0.7 GeV. It is estimated by omparing the peak positions of the invariant massdistributions between a nominal MC H → γγ sample and a similar sample witha distorted geometry, after applying the distorted energy sale orretions from
Z → e+e− events [220℄.Table 6.18 summarizes the systemati unertainties on the expeted signalyield, on the mass resolution and from the bakground modeling.6.3 Improved Analysis of 2011 dataThe re-analysis of the full 2011 dataset has been presented �rst at the CERNseminar of July 4th 2012 [221℄ and a few days later at ICHEP 2012 [174℄. Theanalysis and the results have been published in [222℄. This analysis followslosely the Counil's analysis. However major improvements were done and I will



6.3. Improved Analysis of 2011 dataSignal event yieldPhoton reonstrution and identi�ation ±11%E�et of pileup on photon identi�ation ±4%Isolation ut e�ieny ±5%Trigger e�ieny ±1%BEH boson ross setion (sales) +12
−8 %BEH boson ross setion (PDF+αs) ±8%BEH boson pT modeling ±1%Luminosity ±3.9%Signal mass resolutionCalorimeter energy resolution ±12%Photon to eletron extrapolation ±6%E�et of pileup on energy resolution ±3%Photon angular resolution ±1%Signal mass positionPhoton energy sale ±0.7 GeVSignal ategory migrationBEH boson pT modeling ±8%Conversion rate ±4.5%Bakground model ± (0.1 − 7.9) eventsTable 6.18: The relative variations of the signal yield, mass resolution, mass posi-tion and amount of signal events in the ategories for various soures of unertaintiesare shown. The unertainty from the bakground modeling depends on the anal-ysis ategory and is given as a number of events orresponding to an integratedluminosity of 4.9 fb−1.summarize them in the following.6.3.1 Improved seletions and orretionsSeveral improvements to the photon seletion proedure were made:

• Inreasing the transverse momentum ut on the subleading photon. Severalon�gurations were tested and the best ompromise in terms of expeted sen-sitivity, robustness and performane was hosen. The ut on the subleadingphoton was inreased from 25 to 30 GeV;
• An improved photon identi�ation. A neural network based seletion(NN2011), tuned to ahieve similar jet rejetion as the ut-based menu(Tight2011) but with higher e�ieny, is used (already disussed in setion5.2.2);
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• An improved isolation, desribed in setion 5.3. Photon andidates are isolatedif topoPosEMEtCone40 < 4 GeV;
• An improvement on the primary vertex seletion. The PV of the hardinteration is identi�ed by ombining the following elements in a globallikelihood [223℄: the �pointing� diretion of the photons, the average beamspot position, and the ∑ p2

T of the traks assoiated with eah reonstrutedvertex. The onversion vertex is used in the likelihood for onverted photonswith traks ontaining silion hits.An improvement of the luminosity measurement leads to a derease of the entralvalue from 4.9 to 4.8 fb−1, moreover its assigned systemati unertainty dereasesto 1.8%.On the other hand, the MC samples are reweighted for pileup and the spreadof the beam spot position to math the orresponding distributions in data, asdesribed above. The BEH pT spetrum is reweighted to math the spetrum givenby HqT for events produed by gluon-gluon fusion. The shower shape variablesare orreted with FF2011 for di�erenes with data. Finally, the photon energyin MC is smeared to take into aount for di�erenes in resolution between dataand MC estimated from Z → e+e− events. These orretions have been updatedsine Counil 2011 and are splitted into �ner bins as desribed in setion 4.3 forwhat was published in [222℄, however old orretions were used in [174℄. Di�erenesbetween [174℄ and [222℄ are shown in [224℄.With this seletion, 23788 diphoton andidates are observed in the invariantmass range between 100 and 160 GeV.6.3.2 Event ategorizationThe events are lassi�ed to similar ategories as those used for the Counil's analysis.However the pTt ut has been inreased to 60 GeV. Fig. 6.16 shows the di�erene in
pTt distribution for di�erent BEH boson prodution proesses. In addition, one ofthe major improvement is the further split into a 2 − jet ategory with a VBF-likesignature i.e two forward jets (with little QCD radiation in the entral region fromthe hard interation). In total, 10 ategories are used for the analysis.In the following are desribed the uts used to selet events in the 10th ategoryi.e the 2 − jet ategory:

• At least two hadroni jets in |ηjet| < 4.5 with pjetT > 25 GeV. Jets in thetraker aeptane range (|η| < 2.5) are required to have a jet-vertex-fration3 of at least 0.75. The jets are required to pass quality jet uts and to have3The fration of the sum of pT arried by traks in the jet and assoiated to the PV seletedwith the likelihood method wrt to the total pT arried by all the traks assoiated to the jet.
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Figure 6.16: Comparison of the pTt distribution between simulated events withBEH boson prodution and bakground events. The signal distribution is shownseparately for gluon fusion (blue), and vetor-boson fusion together with assoiatedprodution (red) for MH = 125 GeV. The bakground MC and the two signaldistributions are normalized to unit area [174℄.a minimum distane ∆R = 0.4 to any of the seleted photons. Among theseleted jets, the two jets with the highest pT are onsidered as the taggingjets;
• A large pseudorapidity gap between the tagging jets ∆ηjj > 2.8;
• A large invariant mass of the tagging jets Mjj > 400 GeV;
• ∆φ between the di-jet and the di-photon system larger than 2.6.

29% (1%) of the seleted VBF (gluon-gluon fusion) events are lassi�ed into the
2 − jet ategory. The jet multipliity in the √

s = 7 TeV data is ompared to thesimulation in Fig. 6.17.The expeted BEH boson signal e�ieny and yields are summarized in Table6.19 for an integrated luminosity of 4.8 fb−1. The numbers are given for di�erentBEH masses and for di�erent prodution proesses, the last olumn shows the totalnumber of expeted events summed up over all the proesses. The signal yieldsfor events produed by gluon-gluon fusion are orreted to take into aount thedestrutive interferene with the gg → γγ, leading to a redution of the prodution



160 Chapter 6. H → γγ Analysis

Jet Multiplicity
0 1 2 3 4 5 6 7 8 9

E
nt

rie
s 

(n
or

m
al

iz
ed

 to
 u

ni
ty

)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
2011 Data
γγ
-jetγ

j Uncertaintyγ+γγ
j Uncertaintyγ

=125 GeV
H

ggF m
=125 GeVHVBF m

ATLAS Preliminary

 = 7 TeVs

-1
 Ldt = 4.8 fb∫

Figure 6.17: Jet multipliity in the √
s = 7 TeV data ompared to simulation. The

γγ omponent is simulated with SHERPA, while the γ-jet omponent is simulatedwith ALPGEN, and the small jet-jet and Drell-Yan omponents are negleted. Thetwo omponents are normalized suh that the �nal sample has a diphoton purity of
80% as measured on data. The unertainties on the bakground omponents takeboth the statistial unertainties of the simulation samples and the unertaintiesfrom the data-driven bakground deomposition into aount. The distributionsare normalized to unit area to allow for a omparison of the shapes of data andbakground simulation, and of bakground and signal simulation. Events from dataand bakground simulation are taken from the mass range between 100 and 160GeV [174℄.rate by 2 − 5% depending on the BEH mass and the ategory (as done for theCounil's analysis).Table 6.20 shows the expeted signal events per ategory, for MH = 126.5GeV. The perentage of events produed by gg → H, V BF , WH, ZH and ttH arealso given for eah ategory.The signal modeling is similar to the one used for the Counil 2011. How-ever several studies were made to hose the optimal bakground modeling. Di�er-ent parametrizations are hosen for the di�erent ategories in a way to ahieve aompromise between limiting the size of a potential bias introdued by the hosenparametrization and retaining good statistial power. More details will be given inhapter 7. Table 6.21 list the di�erent analyti funtions used depending on theategory: an exponential funtion in the low statistis ategories, a fourth-order



6.3. Improved Analysis of 2011 data
MH [GeV℄ gg → H V BF WH ZH ttH Total

ε(%) Nevt ε(%) Nevt ε(%) Nevt ε(%) Nevt ε(%) Nevt Nevt110 37.3 71.7 37.9 5.2 33.5 2.8 33.6 1.5 33.7 0.4 81.6115 39.5 73.8 40.1 5.5 34.9 2.8 35.5 1.5 34.9 0.3 83.9120 40.9 73.5 42.1 5.8 37.0 2.6 37.0 1.4 35.9 0.3 83.7125 42.0 70.9 43.8 5.8 38.1 2.4 38.4 1.3 37.2 0.3 80.7130 43.1 66.3 44.8 5.7 39.3 2.1 39.9 1.2 37.8 0.3 75.6135 43.1 59.8 46.9 5.3 40.7 1.8 40.8 1.0 38.7 0.2 68.3140 45.2 51.7 48.7 4.8 41.9 1.5 42.3 0.9 39.5 0.2 59.1145 45.8 42.3 49.8 4.1 42.5 1.2 43.6 0.7 40.5 0.2 48.4150 45.8 31.6 49.7 3.1 44.1 0.9 44.7 0.5 40.7 0.1 36.2Table 6.19: Expeted BEH boson signal e�ieny (for the gluon-gluon fusion pro-ess, the numbers inlude the e�et of the destrutive interferene with the bak-ground gg → γγ) and event yield assuming a luminosity of 4.8 fb−1 for the √
s = 7TeV data. Results are given for di�erent prodution proesses.Category Nevt gg → H [%℄ V BF [%℄ WH [%℄ ZH [%℄ ttH [%℄Inlusive 79.4 87.8 7.3 2.9 1.6 0.4Unonverted entral, low pTt 10.5 92.9 4.0 1.8 1.0 0.2Unonverted entral, high pTt 1.5 66.5 15.7 9.9 5.7 2.4Unonverted rest, low pTt 21.6 92.8 3.9 2.0 1.1 0.2Unonverted rest, high pTt 2.8 65.4 16.1 10.8 6.0 1.8Converted entral, low pTt 6.7 92.8 4.0 1.9 1.0 0.2Converted entral, high pTt 1.0 66.6 15.3 10.0 5.7 2.5Converted rest, low pTt 21.1 92.8 3.8 2.0 1.1 0.2Converted rest, high pTt 2.7 65.3 15.9 11.0 5.9 1.8Converted transition 9.5 89.4 5.2 3.3 1.7 0.32-jet 2.2 22.5 76.7 0.4 0.2 0.1Table 6.20: Number of expeted signal events for √

s = 7 TeV obtained fromsimulation with MH = 126.5 GeV. The numbers are normalized for 4.8 fb−1. Theperentage of events in eah prodution proess is also given.Bernstein polynomial or an exponential funtion of a seond-order polynomial oth-erwise. The systemati unertainty due to the hoie of the parametrization isalso given, it is estimated from the omparison between the given funtion and thebakground model based on SHERPA for the diphoton omponent. The largestdi�erene observed over the full mass range is taken as a systemati unertainty.This unertainty is equally applied to all the BEH mass hypothesis. Table 6.22summarizes the number of �tted bakground events (using a bakground-only �t)and the number of observed events in a window ontaining 90% of the expetedsignal yields around MH = 126.5 GeV. It also gives the values of the parametersharaterizing the signal resolution funtion: σCB and FWHM. The numbers aregiven for the inlusive sample and the di�erent ategories. The 2-jet ategory hasthe better ratio of S/B and the ategory �Unonverted entral, high pTt� gives the



162 Chapter 6. H → γγ Analysisbest FWHM.Category Parametrization Unertainty [Nevt]Inlusive 4th order pol. 7.3Unonverted entral, low pTt Exp. of 2nd order pol. 2.1Unonverted entral, high pTt Exponential 0.2Unonverted rest, low pTt 4th order pol. 2.2Unonverted rest, high pTt Exponential 0.5Converted entral, low pTt Exp. of 2nd order pol. 1.6Converted entral, high pTt Exponential 0.3Converted rest, low pTt 4th order pol. 4.6Converted rest, high pTt Exponential 0.5Converted transition Exp. of 2nd order pol. 3.22-jet Exponential 0.4Table 6.21: Systemati unertainty on the number of signal events �tted due to thebakground parametrization, given in number of events for 4.8 fb−1 of √
s = 7TeV data. Three di�erent bakground parametrizations are used depending onthe ategory, an exponential funtion, a fourth-order Bernstein polynomial and theexponential of a seond-order polynomial.Category σCB FWHM Window [GeV℄ Observed S B S/BInlusive 1.63 3.84 122.94 - 129.28 2653 71.5 2557.6 0.028Unonverted entral, low pTt 1.45 3.41 123.8 - 128.61 161 9.4 154.9 0.061Unonverted entral, high pTt 1.37 3.22 123.96 - 128.48 7 1.3 7.2 0.181Unonverted rest, low pTt 1.57 3.71 123.36 - 128.85 700 19.5 669.7 0.029Unonverted rest, high pTt 1.43 3.36 123.68 - 128.65 57 2.5 37.7 0.066Converted entral, low pTt 1.63 3.84 123.12 - 128.83 166 6 136.4 0.044Converted entral, high pTt 1.48 3.48 123.58 - 128.66 2 0.9 6.4 0.141Converted rest, low pTt 1.79 4.23 122.53 - 129.43 986 18.9 967.3 0.02Converted rest, high pTt 1.61 3.8 123.12 - 129.11 48 2.5 51.2 0.049Converted transition 2.27 5.52 120.24 - 131.55 709 8.5 703.9 0.0122-jet 1.52 3.59 123.26 - 129.03 12 2 8.7 0.23Table 6.22: Number of �tted bakground events (using a bakground-only �t) (B)and the number of observed events (Observed) in a window ontaining 90% of theexpeted signal yields (S) around MH = 126.5 GeV for √

s = 7 TeV data. Thevalues of the parameters haraterizing the signal resolution funtion are given by
σCB and FWHM. The numbers are given for the inlusive sample and the di�erentategories.The unertainty on the invariant mass peak position is shown in Table 6.23.These are due to the unertainty on the presampler sale (5% in the barrel, 10% inthe EC) and to the material e�ets when extrapolating the eletron energy saleto photons. The �rst olumn shows the impat of the multiple small unertainties



6.3. Improved Analysis of 2011 datagenerated spei�ally from the in-situ alibration method.
Category Method [%] Mat (|η| < 1.8 [%]) Mat (|η| > 1.8) [%] PS Barrel [%] PS EC [%]Unonverted entral, low pTt ±0.30 ±0.30 0 ±0.10 0Unonverted entral, high pTt ±0.30 ±0.30 0 ±0.10 0Unonverted rest, low pTt ±0.30 ±0.50 0.10 ±0.20 0Unonverted rest, high pTt ±0.30 ±0.50 0.10 ±0.30 0Converted entral, low pTt ±0.30 ±0.10 0 0 0Converted entral, high pTt ±0.30 ±0.10 0 0 0Converted rest, low pTt ±0.30 ±0.20 0.10 ±0.10 0Converted rest, high pTt ±0.30 ±0.20 0.10 ±0.10 0Converted transition ±0.40 ±0.60 0 0 ±0.102-jet ±0.30 ±0.30 0 ±0.10 0Table 6.23: Systemati unertainties due to the energy sale e�et on the invariantmass peak position [175℄.The systemati unertainties on the expeted signal yields are summarized inthe following, for more details see [174℄:
• Luminosity: The unertainty on the integrated luminosity has dereased to
±1.8%;

• Trigger: The unertainty on the trigger e�ieny is ±1% per event;
• Photon Identi�ation: The unertainty of the neural net photon identi�ationis ±8.4% per event;
• Isolation ut e�ieny: The di�erene of the isolation ut e�ieny betweendata and MC for Z → e+e− events is taken as an unertainty and found tobe ±0.4%;
• Pileup: The impat of the pileup has been evaluated by omparing a samplewith < µ > < 10 and < µ > > 10 and is found to be ±4%;
• Photon energy sale: the unertainty on the photon energy sale leads to a
±0.3% unertainty on the H → γγ yield;

• Theory: The theoretial unertainties on the BEH prodution ross setion aretaken per prodution proess from [73, 77℄. The unertainty on the branhingratio is taken as ±5% per event.Other systemati unertainties on the expeted signal yields are due to migrationof signal events between ategories:
• BEH kinematis: this unertainty is estimated by varying the sales and PDFsused in HqT, it leads to an unertainty on the population of the di�erentategories: 1.1% in the low-pT ategories, 12.5% in the high-pT ategories and

9% in the 2-jet ategory;
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• Pileup: The impat of the pileup on the population of the onverted andunonverted ategories is estimated by omparing a sample with < µ > < 10and < µ > > 10. The di�erene in population between these two samplesis found to be 3% for ategories with unonverted photons, 2% for ategorieswith onverted photons and 2% for the 2-jet ategory;
• Material desription: The fration of events in the di�erent ategories has beenompared between a nominal MC and a MC with a distorted geometry. Theassigned systemati amounts to 4% for ategories with unonverted photonsand 3.5% for ategories with onverted photons;
• PV seletion: The quantity ∑ p2

T has been varied by an amount larger thanthe di�erene between data and MC: the e�et on the signal yield is found tobe less than 0.1% and it is therefore negleted;
• Jet energy sale and resolution: it is estimated by varying the jet energysales within their unertainties. The unertainty is estimated for the di�erentprodution proesses and di�erent ategories, it is up to 19% in the 2-jetategory and 4% otherwise. The e�et on the expeted signal yield of theunertainty on the jet energy resolution was found to be negligible;
• Jet binning: The perturbative unertainty on the gluon-gluon fusion ontribu-tion to the 2-jet ategory is treated independently from the total ross setionunertainty following the idea of I. Stewart and F. Takmann [225℄: it is foundto be 25% [226℄ from the gluon-gluon fusion proess in the 2-jet ategory byvarying the renormalization and fatorization sales in MCFM [227℄ between

MH/2 and 2MH ;
• Underlying event: It is estimated by omparing di�erent UE tunes in thesimulation, it was taken as 30% in the 2-jet ategory for events produed bygluon-gluon fusion and 6% for those produed by VBF.The systemati unertainties on the mass resolution are brie�y summarized in thefollowing:
• Unertainty on the onstant term: It is taken onservatively equal to the oneused in the previous analyses as ±12%;
• Eletron to photon extrapolation: It is also taken as in the previous analysesas ±6%;
• Pileup: It is evaluated by omparing the FWHM of the signal peak for eventswith a < µ > < 10 and others with < µ > > 10 and it is was taken as
±4%;

• PV seletion: The quantity ∑ p2
T has been varied by an amount larger thanthe di�erene between data and MC: the e�et on the resolution is found tobe less than 0.2% and it is therefore negleted.



6.4. Analysis of 2012 dataTable 6.24 shows a summary of all the onsidered systemati unertainties onthe expeted signal yields, mass resolution, and from the bakground modeling. Formore details, see [174℄.6.4 Analysis of 2012 dataThe analysis presented at the CERN seminar of July 4th 2012 [221℄ and later atICHEP 2012 [174℄, published in [222℄, is based on the 2012 data taking, with aenter-of-mass energy of 8 TeV and a total integrated luminosity of 5.9 fb−1. Thegluon-gluon fusion ross setion inreases by about 27% and the VBF ross setionby about 31% going from √
s = 7 TeV to √

s = 8 TeV. The analysis strategy is thesame as the one used for the improved 2011 analysis desribed above, sine it was�xed before unblinding the data. However some of the seletion uts and systematisare di�erent. I will summarize them brie�y in the following:
• Trigger: the threshold on the transverse energy is raised from 20 to 35 GeVfor the leading photon and to 25 GeV for the subleading photon;
• PV seletion: The seletion of the PV is done almost like for the 2011 re-analysis. However the onversion vertex is not used in the likelihood for theonverted photons sine there was a small bug in the 2012 �nal proesseddataset. In addition, there is a small di�erene wrt to the PV seletion betweenwhat was presented at ICHEP [174℄ and what was published afterwards in[222℄. In [174℄, the error from the onversion vertex has been introdued inthe likelihood biasing the seletion of the PV. This was orreted for the paper[222℄ (see also [224℄). Fig. 6.18 shows the omparison of the invariant massdistrubutions for di�erent algorithms used to determine the longitudinal vertexposition of the hard-sattering event. Fig. 6.19 shows the e�ieny of �ndinga reonstruted primary vertex within 0.2 mm of the true hard interationvertex as a funtion of the number of reonstruted verties;
• Jet seletion: the jet seletion is desribed above however the ut on pjetT israised from 25 to 30 GeV in the pseudorapidity range 2.5 < |ηjet| < 4.5. 25%(1%) of the seleted VBF (gluon-gluon fusion) events are lassi�ed into the

2 − jet ategory;
• Photon energy sale: the photon energy is orreted in data by a set of energysales omputed from the 2012 data as disussed in setion 4.3;
• Photon Identi�ation: a ut-based seletion, tuned against pileup e�ets, isused (Tight2012);
• The dead FEBs have been repaired in 2012.After this seletion, 35251 diphoton andidates are observed in the invariantmass between 100 and 160 GeV. The expeted signal e�ieny and event yields are
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6.4. Analysis of 2012 datagiven in Table 6.25 for di�erent prodution proesses and normalized to 5.9 fb−1.Table 6.26 shows the expeted signal events per ategory, for MH = 126.5 GeV. Theperentage of events produed by gg → H, V BF , WH, ZH and ttH are also givenfor eah ategory.The modeling for signal is the same as for previous analyses. The FWHM ofthe BEH mass distribution at MH = 126.5 GeV in the inlusive sample is 3.88GeV and it varies between the various ategories from 3.24 (�Unonverted entral,high pTt�) to 6.10 (�Converted transition�). The robustness of the invariant massresolution against pileup is shown in Fig. 6.20 for µ up to 20. The bakgroundmodeling is the one used for the 2011 improved analysis. The orrespondingsystemati unertainties are the ones listed in Table 6.21 resaled by the ratio ofluminosities (5.9/4.8) and by a fator of 1.2 to take into aount the inreasingbakground between 7 and 8 TeV. Table 6.27 summarizes the number of �ttedbakground events (using a bakground-only �t) and the number of observed eventsin a window ontaining 90% of the expeted signal yields around MH = 126.5GeV. It also gives the values of the parameters haraterizing the signal resolutionfuntion: σCB and FWHM. The numbers are given for the inlusive sample andthe di�erent ategories. The 2-jet ategory has the better ratio of S/B and theategory �Unonverted entral, high pTt� gives the best FWHM.
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Figure 6.20: Stability of the invariant mass resolution with pileup [174℄.The systemati unertainties on the expeted signal yields and the massresolution are evaluated the same way as diussed above for 2011 data. However,beause of the larger pileup in 2012, the systematis due to pileup are estimatedomparing samples with < µ > < 18 and < µ > > 18. An additional systemation the expeted signal yields is onsidered, it is due to the hoie of the JVF and it



168 Chapter 6. H → γγ Analysishas an impat on the migration of events between ategories. This was estimatedomparing JVF e�ienies between data and MC on Z+2jets events. It was takenas 13% in the 2-jet ategory and as 0.3% otherwise.Table 6.28 shows a summary of all the onsidered systemati unertainties onthe expeted signal yields, mass resolution, and from the bakground modeling.When ombining 2011 and 2012, the systemati unertainties are treated as fullyorrelated exept for the unertainty on the luminosity.
6.5 ConlusionIn onlusion, the analysis used in the searh of the H → γγ has undergone majorimprovements during the data taking between 2010 and 2012. Several studies weremade to improve the expeted sensitivity to a potential BEH signal with a split ofthe dataset into ategories, going from 5 ategories at the time of EPS 2011 to 9 forCounil 2011 and �nally to 10 ategories for ICHEP 2012. In addition, the higherstatistis aumulated for ICHEP 2012 has lead to the introdution of the 2-jetategory whih has a VBF-like signature. Another important improvement was theneural-network based photon identi�ation used for the analysis of the 2011 datasetand the tuned, against pileup, ut-based seletion used for the analysis of the 2012data. Many studies were done as well on the bakground modeling in order to havea good ompromise between a better expeted sensitivity and a less possible intro-dued bias. This was optimized using the full 2011 dataset and di�erent analytifuntions were used for ICHEP 2012 depending on the ategories. The systematisstudies on the signal yields and on the mass resolution were taken onservativelyin all the published analyses. The PV seletion based on the pointing and later onthe ombined likelihood has shown a very good robustness against pileup. Finally,the energy sales alibration has been evolving sine 2010, �ner bins are used and abetter understanding is ahieved for ICHEP 2012. These improvements (and others)in the analysis yield to a remarkable progress in the searh for the H → γγ throughthese years. These results will be the subjet of the next hapter.



6.5. ConlusionSoure Value [%]Signal event yieldPhoton identi�ation ±8.4E�et of pileup on photon re/ID ±4Photon energy sale ±0.3Photon Isolation ±0.4Trigger ±1BEH boson ross setion (perturbative) gg → H: +12
−8 , VBF: ±0.3,WH: +0.2

−0.8, ZH: +1.4
−1.6, ttH: +3

−9

gg → H + 2 jets: ±25BEH boson ross setion (PDF+αs) gg → H: +8
−7, VBF: +2.5

−2.1,VH: ±3.5, ttH: ±9BEH boson branhing ratio ±5BEH boson pT modeling low pTt: ±1.1, high pTt: ∓12.5, 2-jets: ∓9Underlying Event (2-jet) VBF: ±6, Others: ±30Luminosity ±1.8Signal ategory migrationMaterial Unonv: ±4, Conv: ∓3.5E�et of pileup on photon re/ID Unonv: ±3, Conv: ∓2,2-jets: ±2Jet energy sale low pTt

gg → H: ±0.1, VBF: ±2.6,Others: ±0.1high pTt

gg → H: ±0.1, VBF: ±4,Others: ±0.12-jets
gg → H: ∓19, VBF: ∓8,Others: ∓15Jet-vertex-fration -Primary vertex seletion negligibleSignal mass resolutionCalorimeter energy resolution ±12Eletron to photon extrapolation ±6E�et of pileup on energy resolution ±4Primary vertex seletion negligibleSignal mass positionPhoton energy sale see Table 6.23Bakground modeling see Table 6.21Table 6.24: Summary of systemati unertainties on the expeted signal and theinvariant mass resolution used for the analysis of √s = 7 TeV data. The valuesgiven are the relative unertainties on these quantities from the various souresinvestigated for a BEH boson mass of 125 GeV, exept for the ase of bakgroundmodeling, where the unertainties are provided in Table 6.21 in terms of the numberof events. The sign in the front of values for eah systemati unertainty showsorrelations among ategories and proesses.
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MH [GeV℄ gg → H VBF WH ZH ttH Total

ε(%) Nevt ε(%) Nevt ε(%) Nevt ε(%) Nevt ε(%) Nevt Nevt110 33.7 100.3 34.4 7.3 29.8 3.7 29.4 2.1 27.2 0.6 114.0115 35.5 103.5 36.1 7.9 30.5 3.6 32.3 2.0 27.8 0.6 117.6120 37.1 103.3 38.0 8.2 32.5 3.4 32.8 2.0 29.3 0.6 117.4125 38.2 100.0 39.5 8.2 33.8 3.1 34.1 1.8 29.7 0.5 113.7130 39.0 93.8 41.1 8.0 35.1 2.8 35.8 1.6 31.0 0.5 106.7135 40.4 84.9 42.2 7.5 35.6 2.4 36.6 1.4 32.1 0.4 96.7140 40.9 73.7 42.9 6.8 36.8 1.2 36.7 1.2 32.3 0.3 84.0145 41.5 60.4 43.2 5.7 37.8 1.6 38.3 0.9 33.5 0.3 68.8150 41.6 45.1 44.6 4.4 38.1 1.1 39.0 0.7 34.0 0.2 51.6Table 6.25: Expeted BEH boson signal e�ieny and event yield assuming aluminosity of 5.9 fb−1 for the √
s = 8 TeV data. Results are given for di�erentprodution proesses.

Category Nevt gg → H [%℄ V BF [%℄ WH [%℄ ZH [%℄ ttH [%℄Inlusive 111.9 87.9 7.3 2.7 1.6 0.5Unonverted entral, low pTt 14.2 94.0 4.3 1.7 1.0 0.3Unonverted entral, high pTt 2.5 73.5 14.3 7.0 4.3 2.4Unonverted rest, low pTt 30.9 93.7 4.2 2.0 1.1 0.2Unonverted rest, high pTt 5.2 72.9 14.0 7.9 4.7 1.7Converted entral, low pTt 8.9 94.0 4.3 1.7 1.0 0.3Converted entral, high pTt 1.6 73.8 13.6 7.2 4.2 2.3Converted rest, low pTt 26.9 93.8 4.2 2.0 1.1 0.2Converted rest, high pTt 4.5 72.1 14.1 8.5 4.8 1.8Converted transition 12.8 90.1 5.9 3.1 1.8 0.42-jet 3.0 30.8 69.3 0.4 0.2 0.2Table 6.26: Number of expeted signal events for √
s = 8 TeV obtained fromsimulation with MH = 126.5 GeV. The numbers are normalized for 5.9 fb−1. Theperentage of events in eah prodution proess is also given.
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Category σCB FWHM Window [GeV℄ Observed S B S/BInlusive 1.64 3.88 123.14 - 129.12 3649 100.7 3584.8 0.028Unonverted entral, low pTt 1.46 3.44 123.78 - 128.68 237 12.7 224.7 0.057Unonverted entral, high pTt 1.37 3.24 123.98 - 128.59 16 2.3 13.6 0.169Unonverted rest, low pTt 1.58 3.73 123.42 - 128.8 1141 27.8 1122.5 0.025Unonverted rest, high pTt 1.52 3.57 123.66 - 128.76 75 4.7 68.3 0.069Converted entral, low pTt 1.64 3.86 123.16 - 128.95 207 8 186.6 0.043Converted entral, high pTt 1.5 3.53 123.61 - 128.74 13 1.5 9.7 0.155Converted rest, low pTt 1.89 4.45 122.57 - 129.36 1311 24.2 1299.9 0.019Converted rest, high pTt 1.65 3.9 123.18 - 129.09 71 4 71.3 0.056Converted transition 2.59 6.1 121.36 - 130.88 849 11.5 821.2 0.0142-jet 1.59 3.74 123.38 - 129.01 19 2.7 13.3 0.203Table 6.27: Number of �tted bakground events (using a bakground-only �t) (B)and the number of observed events (Observed) in a window ontaining 90% of theexpeted signal yields (S) around MH = 126.5 GeV for √
s = 8 TeV data. Thevalues of the parameters haraterizing the signal resolution funtion are given by

σCB and FWHM. The numbers are given for the inlusive sample and the di�erentategories.



172 Chapter 6. H → γγ AnalysisSoure Value [%]Signal event yieldPhoton identi�ation ±10.8E�et of pileup on photon re/ID ±4Photon energy sale ±0.3Photon Isolation ±0.5Trigger ±1BEH boson ross setion (perturbative) gg → H: +7
−8, VBF: ±0.2,WH: +0.2

−0.6, ZH: +1.6
−1.5, ttH: +4

−9

gg → H + 2 jets: ±25BEH boson ross setion (PDF+αs) gg → H: +8
−7, VBF: +2.6

−2.8,VH: ±3.5, ttH: ±8BEH boson branhing ratio ±5BEH boson pT modeling low pTt: ±1.1, high pTt: ∓12.5, 2-jet: ∓9Underlying Event (2-jet) VBF: ±6, Others: ±30Luminosity ±3.6Signal ategory migrationMaterial Unonv: ±4, Conv: ∓3.5E�et of pileup on photon re/ID Unonv: ±2, Conv: ∓2,2-jet: ±12Jet energy sale low pTt

gg → H: ±0.1, VBF: ±2.3,Others: ±0.1high pTt

gg → H: ±0.1, VBF: ±4,Others: ±0.12-jet
gg → H: ∓18, VBF: ∓9,Others: ∓13Jet-vertex-fration 2-jet: ±12, Others:∓0.3Primary vertex seletion negligibleSignal mass resolutionCalorimeter energy resolution ±12Eletron to photon extrapolation ±6E�et of pileup on energy resolution ±4Primary vertex seletion negligibleSignal mass positionPhoton energy sale see Table 6.23Bakground modeling see Table 6.21 (×(5.9/4.8) × 1.2)Table 6.28: Summary of systemati unertainties on the expeted signal yields andinvariant mass resolution for the analysis of √s = 8 TeV data. The values given arethe relative unertainties on these quantities from the various soures investigatedfor a BEH boson mass of 125 GeV, exept for the ase of bakground modeling, wherethe unertainties are provided in Table 6.21 in terms of the number of events (to beresaled by the quoted ratio). The sign in the front of values for eah systematiunertainty shows orrelations among ategories and proesses.



Chapter 7Observation of a BEH-like partile
Contents7.1 Evolution of the H → γγ searh . . . . . . . . . . . . . . . . . 1737.2 BEH-like partile deaying to a pair of photons . . . . . . . 1787.2.1 Statistial proedure . . . . . . . . . . . . . . . . . . . . . . . 1787.2.2 Bakground modeling . . . . . . . . . . . . . . . . . . . . . . 1847.2.3 Observation Results . . . . . . . . . . . . . . . . . . . . . . . 1857.3 BEH-like partile in the ombined hannels . . . . . . . . . 198During the seminar on July 4th 2012, CERN has announed the disovery of anew partile that is ompatible with the prodution and deay of the long-searhedSM BEH boson. The disovery of this new partile within the ATLAS detetorwas based on the analysis of the full 2011 dataset, orresponding to an integratedluminosity of 4.8 fb−1 with √

s = 7 TeV, and a dataset olleted in 2012, with anintegrated luminosity of 5.9 fb−1 with √
s = 8 TeV [222℄. This analysis ombinedindividual searhes in the hannels H → γγ, H → ZZ(∗) → 4l and H → WW (∗) →

eνµν from √
s = 8 TeV data; previously published results of searhes in the hannels

H → ZZ(∗), WW (∗), bb̄ and τ+τ− for the 7 TeV data; and the improved analysesof the H → γγ and H → ZZ(∗) → 4l for the 7 TeV data. The results showan exess of events with a signi�ane of 5.9σ and provide a onlusive evidenefor the disovery of a new partile with a mass of 126.0 ±0.4 (stat) ±0.4 (sys)GeV. This exess is driven by the two hannels with the highest mass resolution
H → γγ and H → ZZ(∗) → 4l, and the equally sensitive but low-resolution hannel
H → WW (∗) → lνlν.In the following hapter, I will fous on the observation of the new partile inthe searh for H → γγ. First, I will reall the path of previously published resultsbased on the analysis of 2010 and 2011 data. In the seond part, I will present thelatest H → γγ results and �nally the results for the ombined hannels.7.1 Evolution of the H → γγ searhAt the time of Aspen 2011, the thoughts were oriented towards a projetion into a
1 fb−1 of data. Fig. 7.1 shows the exlusion sensitivity as a funtion of the BEHmass for 1 fb−1 based on the analysis desribed in setion 6.1.1. No systematiunertainties on the signal yields or mass resolution are inluded in the likelihood.



174 Chapter 7. Observation of a BEH-like partileThe normalization and the shape of the bakground are onsidered as the onlynuisane parameters. The CLs+b method was used to set these exlusion limits.The dashed line shows the deterioration of the sensitivity if one smears the photonenergy to take into aount very pessimisti unertainties on the onstant term. Theexpeted sensitivity ranges between 3.2 and 4.2 times the SM ross setion in the
110 − 140 GeV mass range.

 [GeV]HM

105 110 115 120 125 130 135 140 145

)/
S

M
 @

 9
5%

 C
L

γ γ 
→

 x
 B

R
 (

H
 

σ

0

2

4

6

8

10

12

ATLAS Preliminary
-1

L dt = 1 fb∫
Median smeared

Median

σ1 

σ2 

Figure 7.1: The estimated limit, using the CLs+b method, on the SM signal rosssetion at 95% C.L. as a funtion of the BEH mass by projeting to 1 fb−1. Thedashed urve orresponds to the exlusion after degrading the photon energy resolu-tion with pessimisti assumptions on the onstant term. The green (yellow) bandsorrespond to the expeted exlusion in the ase of a 1σ (2σ) �utuation of thebakground.In Moriond 2011, observed exlusion limits were published for the �rst time basedon the analysis of the full 2010 dataset orresponding to an integrated luminosityof 38 pb−1. Fig. 7.2 shows the upper bound on the exlusion limit at the 95% C.L.,in units of the SM BEH boson ross setion, as a funtion of the BEH mass. Thestatistial method shown here is the CLs, although the baseline at that time up toPLHC was the PCL method (modi�ed CLs+b). In the mass range 110 < MH < 140GeV, the expeted upper limit is about 25 times the SM ross setion. The observedexlusions range from ∼ 15 times the SM predition at 127 GeV to ∼ 40 times at 116GeV. The systemati unertainties are taken into aount and degrade the exlusionlimit by about 10%.The �rst analysis of the 2011 dataset was published at PLHC 2011 using adataset with an integrated luminosity of 209 pb−1. Fig. 7.3 shows the exlusionlimits, using the CLs method, in units of SM signal ross setion, as a funtion ofthe BEH mass. The expeted exlusion limits at 95% C.L. range between 7 to 8times the SM ross setion in the mass range 110−140 GeV. The observed exludedross setion ranges between 6 and 16 times the SM ross setion. A slight exess
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2.7 times the SM ross setion in the mass range 110− 150 GeV. The observed 95%C.L. upper limit on the ross setion relative to the SM ross setion is between 0.86and 3.6 over the full mass range. A SM BEH boson is exluded at 95% C.L. in themass ranges of 113−115 GeV and 134.5−136 GeV. Fig. 7.6 shows the probability ofthe bakground-only hypothesis, p0, used to quantify disovery signi�ane. Beforeonsidering the energy sale unertainty on the mass peak position, the minimun
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Figure 7.3: Exlusion limits, using the CLs method, on the prodution ross setionrelative to the SM ross setion as a funtion of the BEH mass hypothesis. The bandaround 1 shows the theoretial unertainty on the predited SM ross setion. Theseresults orrespond to the analysis of a 2011 dataset with an integrated luminosityof 209 pb−1 [206℄.

 [GeV]Hm

110 115 120 125 130 135 140 145 150

)/
S

M
 @

 9
5%

 C
L

γγ
→

B
R

(H
×σ

0

2

4

6

8

10

12

14

16
 limitsObserved CL
 limit

s
Expected CL

σ 1±
σ 2±

ATLAS  γγ →H 
 = 7 TeVsData 2011,  

-1
Ldt = 1.08 fb∫

Figure 7.4: 95% C.L. upper limits on a SM BEH boson prodution ross setionas a funtion of the BEH boson mass hypothesis for the analysis of a 2011 datasetwith an integrated luminosity of 1.08 fb−1 [211℄.loal p0 is obtained at 126.5 GeV orresponding to a loal signi�ane of 2.9σ.When this unertainty is taken into aount using pseudo-experiments, the loalsigni�ane at 126.5 GeV beomes 2.8σ. When onsidering the look-elsewhere e�et



7.1. Evolution of the H → γγ searhfor the mass range 110 − 150 GeV, this signi�ane beomes 1.5σ. These resultsprovide an indiation of a new partile around a mass of 126.5 GeV.
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178 Chapter 7. Observation of a BEH-like partile7.2 BEH-like partile deaying to a pair of photonsThe piture has been ompleted at the time of ICHEP 2012, when the analysisombined the 2012 dataset orresponding to an integrated luminosity of 5.9 fb−1and the full 2011 dataset. The analyses were desribed separately in setions 6.3and 6.4.The invariant mass distribution of the ombined 2011 and 2012 datasets summedoverall the ategories is shown in Fig. 7.7 for the mass range 100 − 160 GeV (Theplots per year and per ategory an be found in the appendix). The result of asignal+ bakground (S+B) �t is superimposed. The signal omponent is �xed to
MH = 126.5 GeV and the bakground omponent (dashed line) is desribed bya fourth-order Bernstein polynomial. In order to quantify the signi�ane of thevisible exess, a statistial proedure is needed. This is desribed in the following.
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7.2. BEH-like partile deaying to a pair of photonssignal strength fator µ. The nuisane parameters inlude the bakground on-tribution and the systemati unertainties. Furthermore, the di�erent ategoriesare treated independently, a simultaneous �t is then performed to extrat the results.The full likelihood is therefore written as:
L (µ,θ) =

ncat∏

c=1

Lc(µ,θc) (7.1)where ncat is the number of ategories and θc are the nuisane parameters used todesribe the model in ategory c. Lc is the likelihood for ategory c given by:
Lc(µ,θc) = e−(µNsig,c+Nbkg,c)

Nc∏

k=1

Lc(Mγγ(k);µ,θc) (7.2)where Nsig,c and Nbkg,c are the �tted numbers of signal and bakground events inategory c and Nc is the total number of events in ategory c. The index k runs overthe events, and Mγγ(k) is the invariant mass value for event k. Lc is the per-eventlikelihood given by:
Lc(Mγγ ; µ,θc) = Nsig,c(µ,θnorm

c ) fsig,c(Mγγ ; θ
shape
c )+Nbkg,c fbkg,c(Mγγ ; θ

bkg
c ) (7.3)with fsig,c and fbkg,c the signal and bakground probability density funtions(PDFs) for ategory c; and θ

norm
c , θ

shape
c and θ

bkg
c are the nuisane parametersassoiated to the signal normalization, the signal shape and the bakgroundparametrization. θc is therefore θ

norm
c ∪ θ

shape
c ∪ θ

bkg
c ∪ {Nbkg,c}.In the following, I will de�ne �rst the terms of the likelihood for the 2011 analysis,then I will reall the di�erenes for the 2012 analysis.The signal normalization an be written as:

Nsig,c (µ,θnorm
c ) = µ

[
NggH
c (θggH) + NVBF

c (θVBF) + NWH
c (θWH) + NZH

c (θZH) + N tt̄H
c (θtt̄H)

]

× exp

(√
log(1 + σ2

BR) θBR

)
exp

(√
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lumi)θlumi

)

exp

(√
log(1 + σ2

eff) θeff

)
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(√
log(1 + σ2

iso)θiso

)

exp
(√

log(1 + σ2
pileup)θpileup

)
(1 + σpileup_mig,c θpileup)

(1 + σmat_mig,c θmat_mig) exp

(√
log(1 + σ2

PES) θPES

)

+ σSS,c θSS,c



180 Chapter 7. Observation of a BEH-like partilewith
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N tt̄H

2−jet

(
θ

tt̄H
)

= N tt̄H,SM
2−jet exp

(√
log(1 + σ2

tt̄H scale
) θtt̄H scale

)

(1 + σgg PDF_tt̄H θgg PDF) exp

(√
log(1 + σ2

XHUE) θUE

)

(1 + σXHJES_mig θJES_mig)for the 2-jet ategory (c = 10).
NX,SM
c are the expeted number of events in the SM for prodution proess

X in ategory c (given in Table 6.19 for 7 TeV data and in Table 6.25 for 8 TeVdata), σ aounts for the values of the systemati unertainties (given in Table 6.24for 7 TeV data and in Table 6.28 for 8 TeV data) and θ represents the orrespondingnuisane parameter. The systemati unertainties follow a gaussian (1 + σθ) ora log normal exp
(√

log(1 + σ2)θ
) depending on their soures. If the systematiunertainty represents an e�et on the expeted signal yield, a log normal is usedto avoid negative tails and if it represents a migration between ategories it ismodelized by a gaussian.In the following, I reall brie�y the meaning of these unertainties:

• σBR: unertainty on the H → γγ branhing ratio (1 nuisane parameter θBR);
• σlumi: unertainty on the integrated luminosity (1 nuisane parameter θlumi);
• σeff : unertainty on the signal e�ieny, inluding trigger e�ieny (1 nuisaneparameter θeff);
• σiso: unertainty on the e�ieny of the isolation ut (1 nuisane parameter

θiso);
• σpileup: unertainty due to pileup e�et on the signal yields (1 nuisane pa-rameter θpileup);
• σpileup_mig,c: unertainty due to pileup e�et on the migration of events be-tween ategories, it takes di�erent values depending on the ategory (the samenuisane parameter θpileup);
• σmat_mig,c: unertainty due to the amount of material in front of the alorime-ter on the migration between di�erent ategories, it is not applied in the 2-jetategory (1 nuisane parameter θmat_mig );
• σPES: unertainty due the photon energy sale on the expeted signal yields(1 nuisane parameter θPES);
• σSS,c: unertainty due to the hoie of bakground modeling representing thespurious signal term, it is estimated per ategory and the values are given in



182 Chapter 7. Observation of a BEH-like partileTable 6.21 for 7 TeV data and must be saled by ×(5.9/4.8) × 1.2 for 8 TeVdata (10 nuisane parameters θSS,c);
• σX scale, for X = ggH, V BF , WH, ZH and tt̄H: systemati unertaintyon the prodution ross-setion evaluated from sale variations (4 nuisaneparameters θX′ scale with X ′ = ggH, V BF , V H and tt̄H);
• σggH, 2−jet: systemati unertainty on the signal yields due to the fration of

ggH prodution in the 2-jet bin. Similar e�ets in the other prodution modesare negleted (1 nuisane parameter θggH, 2−jet);
• σgg PDF_ggH,tt̄H and σqq̄ PDF_VBF,WH,ZH: systemati unertainties on the pro-dution ross-setion due to gg and qq̄ PDF unertainties respetively (2 nui-sane parameters θgg PDF and θqq̄ PDF);
• σXH,VBF,UE: unertainty due to the underlying event ativity in the 2-jetategory, it has di�erent values for the VBF prodution mode and for theothers (1 nuisane parameter θUE);
• σpmodel

T ,c: unertainty on the diphoton pT spetrum in the ggH produtionmode (1 nuisane parameter θpmodel
T

);
• σX JES_mig: jet energy sale unertainty applied in the 2-jet ategory and hasdi�erent values depending on the prodution proess (1 nuisane parameter

θJES_mig).The signal PDF is represented as a sum of a Crystal Ball (CB) lineshapedesribing the ore of the Mγγ distribution (see equation 6.1) and a Gaussian (G)desribing the outlier omponent,
fsig,c

(
Mγγ ; θ

shape
)

= φCBCB(Mγγ , Mpeak,c,

σCB,c exp
(√

log(1 + σ2
res) θres

)
, αc, n)

+ (1 − φCB)G(Mγγ , Mpeak,c, Rc σCB,c exp
(√

log(1 + σ2
res) θres

)
).The parameter Mpeak,c is the ommon peak position of the Crystal Ball and theGaussian shapes. Rc is the ratio of the Gaussian width to the ore width σCB,c ofthe Crystal Ball. n is �xed to 10 for all ategories. σres is the systemati unertaintyon the photon energy resolution applied to both the CB and the Gaussian widths.

θres is the orresponding nuisane parameter (1 nuisane parameter).If taking into aount the energy sale unertainties, the signal PDF is expressed by:
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fsig,c

(
Mγγ ; θ

shape
)

= φCBCB(Mγγ , Mpeak,c(1 + σescale,c θescale)

(1 + σMAT_LOW,c θMAT_LOW)(1 + σMAT_HIGH,c θMAT_HIGH)

(1 + σPS_B,c θPS_B)(1 + σPS_EC,c θPS_EC),

σCB,c exp
(√

log(1 + σ2
res) θres

)
, αc, n)

+ (1 − φCB)G(Mγγ , Mpeak,c(1 + σescale,c θescale)

(1 + σMAT_LOW,c θMAT_LOW)(1 + σMAT_HIGH,c θMAT_HIGH)

(1 + σPS_B,c θPS_B)(1 + σPS_EC,c θPS_EC),

RcσCB,c exp
(√

log(1 + σ2
res) θres

)
).where σescale,c, σMAT_LOW,c, σMAT_HIGH,c, σPS_B,c, σPS_EC,c are the sys-temati unertainties due to the e�et of the photon energy saleon the mass peak position, their values were given in Table 6.23.

θescale, θMAT_LOW, θMAT_HIGH, θPS_B, θPS_EC are the orresponding nuisaneparameters (5 nuisane parameters)For the bakground, the normalization terms Nbkg,c in the likelihood are treatedas nuisane parameters (10 nuisane parameters). The bakground PDFs in eahategory are taken to be as follows (the justi�ation for the hoie of these PDFs isdetailed in the next setion):
• ategories 2, 4, 6, 8, 10: an exponential form

fbkg,c

(
Mγγ ; θ

bkg
c = {ξc}

)
= Ae−ξc Mγγ ;

• ategories 1, 5, 9: the exponential of a quadrati polynomial
fbkg,c

(
Mγγ ; θ

bkg
c = {a1,c, a2,c}

)
= Aea1,c ((Mγγ−100)/100)+a2,c ((Mγγ−100)/100)2 ;

• ategories 3, 7 : a fourth-order Bernstein polynomial
fbkg,c

(
Mγγ ; θ

bkg
c = {Bi,c}1≤i≤4

)
= A

(
1 +

∑4
i=1 Bi,cbi,n(u)

)with bi,n(u) = Ci
nu

i(1 − u)n−i and u = (Mγγ − Mmin
γγ )/(Mmax

γγ − Mmin
γγ ).where A is a normalization onstant. The slopes ξc (5 nuisane parameters), theoe�ients ai,c (6 nuisane parameters) and Bi,c (8 nuisane parameters) are variedfreely in the �t.In total, we ount for 2011 statistial analysis 57 nuisane parameters and

62 nuisane parameters if we take into aount the photon energy sale systemati(ESS) unertainties on the mass peak position.In 2012, an additional term is added to Nsig,c (µ,θnorm
c ) to take into aount theunertainty on the jet vertex fration i.e exp

(√
log(1 + σ2

JVF_mig,c) θJVF_mig,c

)



184 Chapter 7. Observation of a BEH-like partileleading to 58 nuisane parameters (or 63 if ESS is taken into aount).When ombining 2011 and 2012 datasets, the systemati unertainties on theexpeted signal yields and on the mass resolution are taken as fully orrelated,exept for the luminosity. However the shape of the bakground is taken asunorrelated. The total number of nuisane parameters is therefore 78 (or 83 iftaken into aount the ESS).Among these nuisane parameters, those related to the bakground shape areunonstrained parameters. However the remaining nuisane parameters are on-strained with a Gaussian distribution exept for the 4 nuisane parameters θX′ scalefor whih the assigned σX scale take asymmetri values, these are onstrained bybifurated gaussians.7.2.2 Bakground modelingThe hoie of the bakground modeling has been examined arefully before unblind-ing the 2012 data. It has been made in a way to minimize a possible introduedbias while retaining good statistial power. The biases were estimated using threedi�erent sets of high statistis bakground-only MC models. The prompt diphotonbakground is obtained from the three generators RESBOS [228℄, DIPHOX andSHERPA [229℄, while the same reduible bakground is used for all three models,based on SHERPA for the gamma-jet omponent and on PYTHIA6 for the jet-jetbakground. The Drell-Yan omponent is also taken into aount. Detetor e�etsare inluded whenever possible. The proportions of the di�erent MC bakgroundomponents are estimated from data and normalized to the total number of eventsobserved in the data.A variety of funtional forms were onsidered for the bakground parametriza-tion: single and double exponential, Bernstein polynomials up to seventh order,exponentials of seond and third-order polynomials, and exponentials with modi�edturn-on behaviour. The potential bias for a given parametrization is estimated byperforming a maximum likelihood �t in the mass range 100 − 160 GeV using thesum of a signal (the signal shape is taken from the SM BEH parametrization andthe normalization is �oating) and the bakground parametrization to all three setsof bakground-only simulation models for eah ategory. The ategories mainlya�eted by bakground parametrization bias are the high statistis ategories,whih also have a lower signal to bakground ratio. Parametrizations that exhibitproblems with �t onvergene are disarded. Parametrizations for whih theestimated potential bias is smaller than 20% of the unertainty on the �tted signalyield or where the bias is smaller than 10% of the expeted signal events for eahof the bakground models are seleted. Among these seleted parametrizations,the one with the best expeted sensitivity at MH = 125 GeV is seleted as thebakground parametrization. The largest bias in eah ategory of the full massrange is taken as a systemati unertainty, σSS,c.



7.2. BEH-like partile deaying to a pair of photonsFig. 7.8 shows the omparison of di�erent bakground parametrizations interms of expeted p0 values. The double exponential funtion and the exponentialof a third-order polynomial are exluded beause of �t problems. Among theonsidered models, the model: exponential funtion for ategories 2, 4, 6, 8, 10;exponential of a quadrati polynomial for ategories 1,5,9; and a fourth orderBernstein polynomial for ategories 3,7; denoted by �Exp/X2/B4�, gives the bestexpeted p0 and is hosen as a referene model for the analysis.
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Figure 7.9: Comparison of the expeted and observed apped loal p0 values ob-tained for the Counil 2011 analysis and the improved analysis of the √
s = 7 TeVdata.

110 − 150 GeV. The expeted CLs limit in the absene of a SM BEH boson signalranges from 1.3 to 2.5 times the SM expetation for 7 TeV data and from 1.1 to 2.1times the SM expetation for 8 TeV data. A SM BEH boson is exluded in the massrange 113.0− 121.3 GeV in the 7 TeV data and from 117.5− 123.2 and 138− 142.5GeV in the 8 TeV data. Fig. 7.11 shows the results for 95% C.L. exlusion limits onthe BEH boson prodution ross setion obtained in the mass range 110− 150 GeVfor the ombined 7 and 8 TeV data. The expeted CLs limit in the absene of a SMsignal ranges from 0.8 to 1.6 times the SM expetation. The analysis is already sen-sitive to an exlusion of a SM BEH boson in the range 110.0−140.5 GeV. The atualobserved exlusion ranges between 112.0 − 123.0 GeV and 132.0 − 143.5 GeV. Thenon-exluded region between 123 and 132 GeV is due to an exess in this mass range.To quantify its disovery signi�ane, Fig. 7.12 shows the bakground-only p0for the ombined 2011 and 2012 datasets, along with the p0 for the √
s = 7 TeVand √

s = 8 TeV analyses. The minimal p0-values observed in the mass range
110−150 GeV for the √s = 7 TeV and the √s = 8 TeV data samples are 2.2×10−4and 4.8 × 10−4, respetively. They are found at MH = 126.2 GeV and 127.1 GeVand orrespond to loal signi�anes of 3.5σ and 3.3σ. For a SM BEH boson,the expeted p0 values would be 5.4 × 10−2 and 3 × 10−2 at these hypothesizedmass values, orresponding to loal signi�anes of 1.6σ and 1.9σ, respetively.
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Figure 7.11: Expeted and observed CLs limit on the normalized signal strengthas a funtion of the hypothesized BEH boson mass for the ombined 2011 and 2012datasets.The positions of the two minima are ompatible within their unertainties. Theminimal observed p0-value of the ombined datasets is 1.7 × 10−6 at MH = 126.5GeV orresponding to a loal signi�ane of 4.6σ. This is redued to 4.5σ wheninluding the energy sale systemati unertainty using pseudo-experiments. Theexpeted loal signi�ane at MH = 126.5 GeV for a SM BEH boson is 2.5σ. Afterorretion to the look-elsewhere e�et, the observed global signi�ane is 3.6σ inthe mass range 110 − 150 GeV.Fig. 7.13 shows the expeted and observed loal p0 omparing the analysisusing 10 ategories, an analysis using 9 ategories (without the 2-jet ategory)and a fully inlusive analysis (without dividing the dataset into ategories) forthe ombined 7 and 8 TeV data. The exess has a maximum loal signi�ane at
MH = 126.5 GeV for the inlusive analysis of 2.7σ (expeted 1.2σ) for 7 TeV data,
2.2σ (expeted 1.4σ) at MH = 127 GeV for 8 TeV data and 3.3σ (expeted 1.9σ) at
MH = 126.5 GeV for the ombined 7 and 8 TeV data. For the 9 ategories analysis,the exess has a maximum loal signi�ane at MH = 126 GeV of 3.0σ (expeted
1.5σ) for 7 TeV data, 2.9σ (expeted 1.8σ) at MH = 127 GeV for 8 TeV data and
4.1σ (expeted 2.4σ) for the ombined 7 and 8 TeV data. Therefore the analysisused, with 10 ategories, improves the expeted p0 at MH = 126.5 GeV by ∼ 30%ompared to the inlusive analysis, and by ∼ 4% with respet to the 9 ategories
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∑
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s = 8 TeV data [222℄.where µ̂ is the �tted signal strength parameter and σ represents the error on µ̂. iruns overs all the ategories (or hannels).Thus, the �tted signal strength µ̂ of the ombined ategories is given by the sumoverall the ategories of the �tted strength in eah ategory weighted by σ2/σ2
i .Sine the signi�ane is given by Z = µ̂/σ, one an write:

Z =
∑

i

µ̂iσ

σ2
i

=
∑

i

Ziσ

σiThe signi�ane in the ombined ategories is given by the sum of signi�anes ineah ategory weighted by σ/σi. In addition, for µ̂i = 1 (SM), Z =
∑

i σ/σ2
i , thusthe expeted ontribution from eah ategory to the ombined is propotional to thesquare of the onsidered weight σ/σi.Moreover, from [230℄ we have:

µmedup = σΦ−1(1 − α/2) (7.4)where µmedup is the upper expeted limit, Φ is the normal umulative distribution, and
1 − α is the on�dene level. Φ−1(1 − α/2) is onsidered as a fator of proportion-ality and therefore the weight of the signi�ane an be rather written as µmedup /µmedup,i .
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7.2. BEH-like partile deaying to a pair of photonsFig. 7.16 (Fig. 7.17) shows the observed (zoomed) weighted signi�ane forthe 7 and 8 TeV analyses separately. Fig. 7.18 (Fig. 7.19) shows the observed(zoomed) weighted signi�ane for the ombined 7 and 8 TeV analyses. The weightis de�ned as the ratio of the expeted upper median limit in the ombined �t tothis limit in eah ategory. The right side bar in the �gures displays the square ofthe weights whih translates into the expeted weight of eah ategory under theSM assumption.The best �t value of the signal strength µ is shown separately for 7 and 8 TeVdata in Fig. 7.20 and for the ombined datasets in Fig. 7.21. At MH = 126.5GeV, the best �t value is µ̂ = 2.1 ± 0.7 for 7 TeV analysis, µ̂ = 1.7 ± 0.6 for 8 TeVanalysis, and µ̂ = 1.8 ± 0.5 for the ombined analyses. This orresponds to about
350 signal events and deviates by 1.6σ from the SM hypothesis. The best �t valuesof µ at MH = 126.5 GeV for the ombined 7 and 8 TeV analyses obtained from�ts to the individual ategories is shown in Fig. 7.22. The µ̂ values are ompatibleamong ategories with the SM hypothesis within the statistial unertainty.Another explanation of the di�erene with respet to the SM hypothesis (µ = 1)is a possible bias on µ̂ introdued by looking at the largest deviation from thebakground to estimate the best �t value of µ rather than to the true BEH bosonmass [231℄. It has been shown, using pseudo-experiments, that injeting a SMsignal µ = 1 at MH = 125 GeV will indue a bias on the estimation of µ̂ at 126.5GeV of about 8% [232℄.Moreover, the ontributions from the di�erent prodution modes have been stud-ied. A signal strength parameter µi is de�ned by prodution mode. µggH and µtt̄Hhave been grouped together as they sale with the tt̄H oupling in the SM andare denoted by µggH+tt̄H . Similarly, µV BF and µV H have been grouped together asthey sale with the WWH/ZZH oupling in the SM, and are denoted by µV BF+V H .In order to determine the values of (µggH+tt̄H , µV BF+V H) that are simultaneouslyonsistent with the data, the following pro�le likelihood is used:

λ(µi, µj) =
L(µi, µj ,

ˆ̂
MH(µi, µj),

ˆ̂
θ(µi, µj))

L(µ̂i, µ̂j , M̂H , θ̂)
(7.5)where ˆ̂

MH and ˆ̂
θ are the onditional maximum likelihood estimates of MH and θwith µi(µggH+tt̄H) and µj(µV BF+V H) �xed.The resulting likelihood ontours at 68% and 95% C.L. are shown in Fig. 7.23for MH = 126 GeV, along with the best �t to the data (µ̂ggH+tt̄H , µ̂V BF+V H)as well as the SM expetation. These inlude the theoretial unertaintiesas well as the branhing ratio fator BR/BRSM where BR is the branhing ra-tio for H → γγ. The data are ompatible with the SM expetation at the 1.5σ level.
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Figure 7.16: Weighted loal signi�anes observed for the √
s = 7 TeV and √

s =

8 TeV analysis separately as a funtion of the BEH boson mass. It shows theontribution of the individual ategories (olored urves) to the ombined result(blak). The squared weights are shown in the right side bar.
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Figure 7.17: Weighted loal signi�anes observed for the √
s = 7 TeV and √

s =

8 TeV analysis separately as a funtion of the BEH boson mass. It shows theontribution of the individual ategories (olored urves) to the ombined result.The squared weights are shown in the right side bar.
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Figure 7.18: Weighted loal signi�anes observed for the ombined analysis of the√
s = 7 TeV and √

s = 8 TeV data as a funtion of the BEH boson mass. It showsthe ontribution of the individual ategories (olored urves) to the ombined result(blak). The squared weights are shown in the right side bar.
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Figure 7.19: Weighted loal signi�anes observed for the ombined analysis of the√
s = 7 TeV and √

s = 8 TeV data as a funtion of the BEH boson mass. It showsthe ontribution of the individual ategories (olored urves) to the ombined result.The squared weights are shown in the right side bar.
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7.3 BEH-like partile in the ombined hannelsThe disovery of the new partile is not limited to the H → γγ hannel. An exessof 3.6σ at MH = 125 GeV is observed in the H → ZZ(∗) → 4l searh for theombined 7 (improved analysis) and 8 TeV data. This exess is on�rmed as well inthe highly sensitive but low-resolution hannel H → WW (∗) → lνlν in a ombinedanalysis of 7 TeV data and of H → WW (∗) → eνµν updated for 8 TeV data. It hasa signi�ane of 2.8σ at MH = 125 GeV.Fig. 7.24 shows the observed and expeted loal p0 for the H → γγ,
H → ZZ(∗) → 4l and H → WW (∗) → lνlν for the ombined datasets.The ombination of individual searhes in these three hannels with previouslypublished results of searhes in the hannels H → ZZ(∗), WW (∗), bb̄ and τ+τ− forthe 7 TeV data gives a maximum loal observed signi�ane of 6σ for a SM BEHboson mass hypothesis of MH = 126.5 GeV. The expeted loal signi�ane in thepresene of a SM BEH boson signal is 4.9σ at this mass. This is shown in Fig. 7.25for the low mass range 110 − 150 GeV.When inluding the unertainties on the energy resolutions and energy sales forphotons and eletrons (the e�et of the muon energy sale systemati unertaintiesis negleted), the maximum loal signi�ane redues to 5.9σ. The global signi�-ane in the mass range 110 − 600 GeV is estimated to be 5.1σ, inreasing to 5.3σin the mass range 110 − 150 GeV.The best �t value of the strength parameter is µ̂ = 1.4 ± 0.3 for MH = 126GeV whih is onsistent with the SM BEH boson within 1.3σ. It is µ̂ = 1.4 ± 0.6for H → ZZ(∗) → 4l and µ̂ = 1.3± 0.5 for H → WW (∗) → lνlν at MH = 126 GeV.Fig. 7.26 shows the summary of the individual and ombined best-�t values of thestrength parameter for a SM BEH mass of 126 GeV.Another important result to quote is the SM BEH exlusion at 95% C.L. formass ranges 112 − 122 GeV and 131 − 559 GeV and at 99% C.L. for massranges 113 − 114 GeV, 117 − 121 GeV and 132 − 527 GeV. The expeted exlu-sion ranges from 110 to 582 GeV at 95% C.L. and from 113 to 532 GeV at 99% C.L..More information about the three main hannels is provided in Table 7.1.In order to test whih values of the strength parameter and mass of a signalhypothesis are simultaneously onsistent with the data, the pro�le likelihood ratio
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Figure 7.20: Best �t value for the signal strength as a funtion of the hypothesizedBEH mass for the √
s = 7 TeV and √

s = 8 TeV analyses.
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Figure 7.21: Best �t value for the signal strength as a funtion of the hypothesizedBEH mass for the ombined analysis of √s = 7 TeV and √
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H → ZZ(∗) → 4l

7TeV 125.0 2.5 1.6 1.7 ± 1.18TeV 125.5 2.6 2.1 1.3 ± 0.87 & 8TeV 125.0 3.6 2.7 1.4 ± 0.6 124-164, 176-500 131-162, 170-460
H → γγ

7TeV 126.0 3.4 1.6 2.2 ± 0.78TeV 127.0 3.2 1.9 1.5 ± 0.67 & 8TeV 126.5 4.5 2.5 1.8 ± 0.5 110-140 112-123, 132-143
H → WW (∗) → lνlν

7TeV 135.0 1.1 3.4 0.5 ± 0.68TeV 120.0 3.3 1.0 1.9 ± 0.77 & 8TeV 125.0 2.8 2.3 1.3 ± 0.5 124-233 137-261Combined 7TeV 126.5 3.6 3.2 1.2 ± 0.48TeV 126.5 4.9 3.8 1.5 ± 0.47 & 8TeV 126.5 6.0 4.9 1.4 ± 0.3
110-582 111-122, 131-559113-532 (*) 113-114, 117-121, 132-527 (*)Table 7.1: Charaterization of the exess in the H → γγ, H → ZZ(∗) → 4l and H →

WW (∗) → lνlν hannels and the ombination of these hannels with H → ZZ(∗), WW (∗), bb̄and τ+τ− hannels from 7 TeV data. The mass value Mmax for whih the loal signi�aneis maximum, the maximum observed loal signi�ane Zl and the expeted loal signi�ane
E(Zl) in the presene of a SM BEH boson signal at Mmax are given. The best �t valueof the signal strength parameter µ̂ at MH = 126 GeV is shown with the total unertainty.The expeted and observed mass ranges exluded at 95% C.L. (99% C.L., indiated by a *)are also given, for the ombined √

s = 7 TeV and √
s = 8 TeV data [222℄.

λ(µ, MH) is used. It is given by:
λ(µ, MH) =

L(µ, MH ,
ˆ̂
θ(µ, MH))

L(µ̂, M̂H , θ̂)
(7.6)



202 Chapter 7. Observation of a BEH-like partilewhere ˆ̂
θ(µ, MH) is the onditional maximum likelihood estimate with µ and MH�xed.In the presene of a strong signal, it will produe losed ontours around thebest-�t point (µ̂, M̂H), while in the absene of a signal the ontours will be upperlimits on µ for all values of MH . Asymptotially the test statisti −2lnλ(µ, MH)is distributed as a χ2 distribution with two degrees of freedom. The asymptotiitywas expliitly validated using pseudo-experiments.Fig. 7.27 shows the resulting 68% and 95% C.L. ontours for the H → γγ,

H → ZZ(∗) → 4l and H → WW ∗ → lνlν hannels inluding unertainties on theenergy sale and resolution.To assess the onsisteny in mass of the two narrow resonanes observed in
H → γγ and H → ZZ(∗) → 4l, the pro�le likelihood ratio −2lnλ(Mγγ

H , M4l
H ) isonsidered with Mγγ

H and M4l
H varying indepently. λ(Mγγ

H , M4l
H ) is given by:

λ(Mγγ
H , M4l

H ) =
L(Mγγ

H , M4l
H , ˆ̂µγγ , ˆ̂µ4l,

ˆ̂
θ)

L(M̂γγ
H , M̂4l

H , µ̂γγ , µ̂4l, θ̂)
(7.7)Then, the hypothesis Mγγ

H = M4l
H is tested. This is done by replaing in the nu-merator of the above pro�le likelihood ratio Mγγ

H and M4l
H by MH . µγγ and µ4l areallowed to vary independently and are pro�led in the numerator of the above pro�lelikelihood ratio. The san of this likelihood is performed as a funtion of MH andthe minimum is found to be at µ = 3.03. This minimum follows a χ2 distributionwith one degree of freedom if repeating the same experiment an in�nite numberof times. The probability of a single BEH-like partile to produe resonant masspeaks in the H → γγ and H → ZZ(∗) → 4l hannels separated by more than theobserved mass di�erene, allowing signal strengths to vary independently, is aboutProb(3.03, 1) = 8%.The mass of the observed new partile is estimated from the two hannels withthe highest mass resolution H → γγ and H → ZZ(∗) → 4l using the pro�le likeli-hood ratio λ(MH) given by:

λ(MH) =
L(ˆ̂µ, MH ,

ˆ̂
θ(MH))

L(µ̂, M̂H , θ̂)
(7.8)where ˆ̂µ and ˆ̂

θ(MH) are the onditional maximum likelihood estimates of µ and θwith MH �xed.The signal strength is allowed to vary independently in the two hannels, althoughthe result is essentially unhanged when restriting to the SM hypothesis µ = 1.The leading soures of systemati unertainties ome from the eletron and photonenergy sales and resolutions. The value of MH maximizing the likelihood λ(MH)is the resulting mass estimate of the new partile. The unertainties on the massare determined from −2lnλ(MH) = 1 for 1σ band and −2lnλ(MH) = 4 for 2σ. The



7.3. BEH-like partile in the ombined hannelsresulting estimate for the mass of the new partile is:
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV (7.9)The mass estimate from the H → γγ hannel alone is 126.65 ±0.39 (stat) ±0.52(sys) GeV for the ombined 7 and 8 TeV analyses. It was estimated to be 126.63

±0.5 (stat) ±0.6 (sys) GeV for the 2011 dataset and 127.1 ±0.6 (stat) ±0.5 (sys)GeV for the 2012 dataset.The disovery of a new partile with a mass of 126.0 ±0.4 (stat) ±0.4 (sys)GeV was presented. The new partile is ompatible with the SM BEH boson. Thesignal strength parameter µ has a value of 1.4 ± 0.3 at the �tted mass onsistentwith µ = 1. The new partile is a neutral boson sine it deays to a pair of vetorbosons whose net eletri harge is zero (ZZ, γγ). It is not a spin-1 partile sineit deays into a pair of photons [233, 234℄. It is more likely a spin-0 partile, sine aspin-2 partile will obviously have di�erent prodution rates than those of the SM.For what onerns the CP, more than 3σ separation per experiment between 0+and 0− using 4l angular distributions is expeted for 30 fb−1 at √
s = 8 TeV (see[235, 236℄), it will be hopefully reahed by the end of this year. Preliminary studiesof oupling properties of this new partile have already started, however solid resultsare expeted for a longer time sale. More data is needed to assess the nature ofthis new partile in detail. The omparison between ATLAS and CMS results willbe the subjet of the next hapter.
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Figure 7.24: The observed loal p0 as a funtion of the hypothesized BEH bosonmass for the H → ZZ∗ → 4l, H → γγ and H → WW ∗ → lνlν hannels. Thedashed urves show the expeted loal p0 under the hypothesis of a SM BEH bosonsignal at that mass. Results are shown separately for the √
s = 7 TeV data (darkblue), the √

s = 8 TeV (light, red) and their ombination (blak) [222℄.
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ZZ∗ → 4l and H → WW ∗ → lνlν hannels, inluding all systemati unertainties.The markers indiate the maximum likelihood estimates (µ̂, M̂H) in the orrespond-ing hannels (the maximum likelihood estimates oinide for the H → ZZ∗ → 4land H → WW ∗ → lνlν hannels) [222℄.





Chapter 8ATLAS-CMS omparison
The announement by CERN of a new partile disovery is based on the ompati-ble results obtained by both ATLAS and CMS experiments. As for ATLAS, CMSobserved an exess of events around 125 GeV. This exess was quanti�ed by ana-lyzing the full 2011 dataset orresponding to an integrated luminosity of 5.1 fb−1and a 2012 dataset with an integrated luminosity of 5.3 fb−1 for the ombined de-ay hannels: γγ, ZZ, WW , bb̄, τ+τ−[237℄. Its signi�ane was found to be 5.0σwhih permits a statement of disovery. The mass of the new partile as measuredin CMS is 125.3 ± 0.4 (stat) ±0.5 (sys) GeV. In this hapter, I will reall brie�ythe searh of the H → γγ in the CMS detetor published in [238℄. A omparison of
H → γγ searh results between ATLAS and CMS is disussed in setion 8.2. TheCMS results for the ombined hannels [237℄ are ompared to those of ATLAS [222℄in setion 8.3.8.1 Observation of the BEH-like partile deaying intoa pair of photons with the CMS detetorThe searh of the salar boson deaying into two photons with the CMS detetorwas based on the analysis of the full 2011 dataset orresponding to an integratedluminosity of 5.1 fb−1 and a 2012 dataset with an integrated luminosity of 5.3 fb−1.In CMS, photon andidates are reonstruted from lusters in the eletromagnetialorimeter hannels around a signi�ant energy deposit, these lusters are thenmerged to superlusters. In the barrel, �ve rystal-wide strips in η entered onthe most energeti rystal are used to de�ne the superlusters together with avariable extension in φ. In the EC, matries of 5 × 5 in x × y rystals aroundthe most energeti rystal are merged if they lie within a narrow road in η. Theraw superluster energy is added to the energy reorded in the preshower detetor(|η| > 1.65). The energy is then orreted for the ontainment of the shower inthe lustered rystals and for loss in the material upstream of the alorimeter.These orretions are omputed using a multivariate regression tehnique basedon the boosted deision tree (BDT) implementation in TMVA. The alibration ofthe CMS eletromagneti alorimeter uses π0 → γγ, W → eν and Z → e+e− deays.An important ontribution to the invariant mass resolution omes from theknowledge of the primary vertex. The primary vertex loation is determined froma BDT based on kinemati properties of the assoiated traks and their orrelationwith the diphoton kinemati properties. The variables used are: ∑tracks p2

T ; and



210 Chapter 8. ATLAS-CMS omparisontwo variables quantifying the pT balane with respet to the diphoton system:
−∑(~pT · ~pγγ

T

|~pγγ
T

|); (
|∑ ~pT | − pγγT

)
/
(
|∑ ~pT | + pγγT

); where pT is the transversemomentum of the assoiated trak and pγγT the transverse momentum of thediphoton system. In addition, the diretion of the onverted photon is determinedby ombining the onversion vertex position and the superluster position in theeletromagneti alorimeter. In this ase, an additional variable is added to themultivariate system estimated for eah vertex |zconv−zvtx|
σconv

.The vertex-�nding e�ieny is de�ned as the e�ieny to loate the vertex to within
10 mm of its true position and is measured with Z → µµ events for the events withunonverted photons. The muon traks are removed from the olletion of traksused in the vertex reonstrution algorithm to mimi the topology of a BEH bosondeaying into two unonverted photons. For onverted photons, γ+jet events areused. The ratio of the vertex identi�ation e�ieny between data and simulation islose to unity. The remaining di�erene is applied as a orretion to the BEH bosonsignal model. The overall vertex-�nding e�ieny for MH = 120 GeV, integratedover its pT spetrum, is found from simulation to be 83.0 ± 0.2(stat) ± 0.4(sys)%in the 7 TeV sample and 79.0 ± 0.2(stat)% in the 8 TeV sample. The systematiunertainty omes from the statistial unertainty on the e�ieny measure-ment from Z → µµ (0.2%) and the unertainty on the BEH boson pT spetrum(0.3%). The worse e�ieny in the 8 TeV sample is due to the larger pile-up in 2012.The diphoton andidates are triggered with asymmetri transverse energythresholds (at least 10% lower than the �nal seletions) and two di�erent photonseletions:

• loose shower-shape based identi�ation and very loose isolation;
• high R9, where R9 is de�ned as the energy sum of 3 × 3 rystals entered onthe most energeti rystal in the superluster divided by the energy of thesuperluster, used to identify the onversion status of the photon andidate(low R9 values for onverted photons).The trigger e�ieny is found to be 99.5% for all seleted events.The photon andidates have to pass the following seletion riteria:
• Both photons have to lie within the eletromagneti alorimeter �duial region
|η| < 2.5, exluding the barrel-EC transition region 1.44 < |η| < 1.57;

• pγ1T > Mγγ/3 and pγ2T > Mγγ/4, where pγ1T denotes the transverse momentumof the leading photon and pγ2T that of the subleading photon;
• BDT photon identi�ation having the following variables as input:� Shower topology variables orreted for di�erenes between simulationand data;



8.1. Observation of the BEH-like partile deaying into a pair ofphotons with the CMS detetor� Isolation variables based on the partile �ow algorithm;� Superluster pseudorapidity η;� the event energy density per unit: to orret for pile-up dependene inthe isolation variables.The photon identi�ation BDT output retains more than 99% of the signalevents and removes 27% of the data events in the range 100 < Mγγ < 180GeV.
• A diphoton BDT is trained on Monte Carlo bakground and signal BEH eventsto give a high output value for signal-like events with good diphoton invariantmass resolution based on the following observables:� Kinemati harateristis: the relative transverse momenta of both pho-tons: p

γ1,2

T /Mγγ , their pseudorapidities ηγ1,2 and the diphoton openingangle cos(φγ1 − φγ2);� Photon identi�ation BDT output value for both photons;� Relative diphoton mass resolution: σright
M /Mγγ assuming the knowledgeof the orret primary vertex;� In addition, the relative diphoton mass resolution omputed under theassumption of a wrong primary vertex is used sine the orret primaryvertex is not always seleted. The signal events are weighted in thetraining based on signal-to-bakground ratio being inversely proportionalto the mass resolution. This weight is related to the probability of �ndingthe orret vertex within 10 mm from the true vertex.Futhermore, to enhane the sensitivity of the analysis, the diphoton andidateevents are separated into mutually exlusive ategories of di�erent expetedsignal-to-bakground ratios. The lassi�ation of the diphoton events not satisfyingthe dijet seletion is based on the output of the BDT with ategory boundariesoptimized for sensitivity to a SM BEH boson. Events in the ategory withthe smallest expeted signal-to-bakground ratio (lowest BDT output sore) arerejeted, leaving four ategories of events. Dropping this ategory translates into adrop of 76% of diphoton data events in the mass range 100 < Mγγ < 180 GeV and

22% of the BEH boson events.Events passing the dijet tag, seleting preferentially VBF prodution proess,are analysed separately. The additional lassi�ation of events into dijet-taggedlasses improves the sensitivity of the analysis by about 10%. One single lass ofdijet-tagged events is used for the √
s = 7 TeV analysis and two lasses de�nedusing the dijet invariant mass in the √

s = 8 TeV analysis. Dijet-tagged eventswith BDT sores smaller than the threshold for the fourth ategory are also rejeted.The diphoton andidates events for the dijet-tagged lasses have the sameseletion requirements imposed on the photons as for the other lasses with



212 Chapter 8. ATLAS-CMS omparisonthe exeption on the pT threshold on the leading photon whih is inreased to
pγ1T > Mγγ/2. The jets have to pass the following seletion riteria:

• Two jets within the pseudorapidity region |η| < 4.7 and pT > 30 GeV. Forthe loose dijet lass used in the 8 TeV analysis, the pT of the subleading jet isrequired to be greater than 20 GeV;
• Jet separation ∆ηjj > 3.0;
• Dijet invariant mass Mjj > 500 GeV. For the loose dijet lass used in the√

s = 8 TeV analysis, this requirement is hanged to Mjj > 250 GeV;
• |(ηjet1 + ηjet2)/2 − ηγγ | < 2.5;
• |∆φjj−γγ | > 2.6.Fig. 8.1 shows the number of expeted signal events from a SM BEH bosonwith a mass MH = 125 GeV as well as the estimated bakground for the di�erentategories separately for the 7 and 8 TeV datasets. The fration of eah produtionproess as well as the mass resolution, measured both by σeff

1 and by FWHM, arealso shown.

Figure 8.1: Expeted number of SM BEH boson events (MH = 125 GeV) andestimated bakground (at MH = 125 GeV) for all the event lasses of the 7 and
8 TeV datasets. The omposition of the SM BEH boson signal in terms of theprodution proess and its mass resolution is also given [238℄.For the dominant gluon-gluon fusion proess, the BEH boson transverse mo-mentum has been reweighted to the NNLL + NLO distribution omputed by theHqT program. The gluon-gluon fusion proess ross-setion is redued by 2.5% forall values of MH to take into aount for the interferene between the gluon fu-sion signal and the gg → γγ bakground proess [218℄. The simulated events are1Half the minimum width ontaining 68.3% of the signal events.



8.1. Observation of the BEH-like partile deaying into a pair ofphotons with the CMS detetorreweighted to math the distribution of the mean number of interations in data.Fig. 8.2 summarizes the soures of systemati unertainty on the signal onsideredin the analysis.

Figure 8.2: Soures of systemati unertainties onsidered for the √
s = 8 TeVanalysis. The magnitude of the variation of the soure that has been applied to thesignal model is shown [238℄.The bakground is estimated from data by �tting the diphoton invariant massdistribution in eah of the ategories in the range 100 < Mγγ < 180 GeV. Thehoie of the funtion used to model the bakground and of the �t range are madebased on a study of the possible bias on the measured signal strength. An aeptablemaximum bias on the �tted signal strength has been taken as �ve times smaller thanthe statistial auray. Polynomial funtions are seleted with a degree rangingfrom 3 to 5.Fig. 8.3 shows the loal p-value for the 7 and 8 TeV datasets separately as wellas for the ombined datasets. The loal p0 orresponding to the largest upward



214 Chapter 8. ATLAS-CMS omparison�utuation of the observed limit at 125 GeV has been omputed to be 1.8 × 10−5i.e 4.1σ. Taken into aount the LEE, the probability under the bakground-onlyhypothesis of observing a similar or larger exess in the full analysis mass range
110 < MH < 150 GeV is 7.2 × 10−4 orresponding to a global signi�ane of 3.2σ.The best �t signal strength is 1.56 ± 0.43 times the SM BEH boson ross setion.

Figure 8.3: Observed loal p0 as a funtion of MH for the ombined 7 and 8 TeVanalyses and for the √
s = 7 TeV and √

s = 8 TeV separately. The expeted loal
p0 is also shown in dashed line for the ombined 7 and 8 TeV analyses [238℄.
8.2 ATLAS-CMS omparison in the H → γγ hannelIn the following, I will summarize the main di�erenes between ATLAS and CMS
H → γγ analyses published respetively in [222℄ and [238, 237℄. For more details,see [239, 240℄.Table 8.1 shows the main di�erenes in the analyses between ATLAS and CMS.CMS analysis is MVA-based (6 di�erent MVA are used). The systemati unertaintyon the photon seletion e�ieny in CMS (0.8% in the barrel and 2.2% in the EC)is smaller than in ATLAS (around 5%).Table 8.2 shows the omparison of the bakground modeling used to �t the invariantmass distribution in data.Table 8.3 shows the omparison of the number of expeted signal events, estimatedbakground events, purity and mass resolution between ATLAS and CMS. Thenumber of expeted signal events is similar, the number of bakground events issmaller by ∼ 30% in CMS thanks in partiular to the diphoton BDT. The invariantmass resolutions are similar for the inlusive distributions. However, due to thebetter intrinsi energy resolution of the rystal alorimeter in CMS, the resolutionin the best ategory is better in CMS. Taking into aount the tails omparing σeff ,



8.2. ATLAS-CMS omparison in the H → γγ hannelATLAS is slightly better due to the smaller onstant terms and the more robustdetermination of the primary vertex.Table 8.4 shows the omparison for the �nal results between ATLAS and CMS.The sensitivity is similar in both experiments (slightly better in CMS), the massis slightly higher in ATLAS than in CMS but ompatible within the statistialunertainty. The observed signi�ane and the �tted signal strength value are higherin ATLAS. ATLAS CMSLuminosity 4.8 fb−1 at 7 TeV 5.1 fb−1 at 7 TeV
5.9 fb−1 at 8 TeV 5.3 fb−1 at 8 TeVCalibration MC-based MVA-basedPhoton Kinematis pγ1T > 40 GeV pγ1T > Mγγ/3

pγ2T > 30 GeV pγ2T > Mγγ/4

|η| < 2.37 |η| < 2.5(exluding 1.37 − 1.52) (exluding 1.44 − 1.57)
Jet Seletion pjetT > 25 GeV pjetT > 30 GeV(pjetT > 30 GeV for |η| > 2.5 for 8 TeV) (pjet2T > 20 GeV for the loose dijet lass)

JV F > 0.75 |(ηjet1 + ηjet2)/2 − ηγγ | < 2.5

|η| < 4.5 |η| < 4.7

∆ηjj > 2.8 ∆ηjj > 3.0

Mjj > 400 GeV Mjj > 500 GeV(Mjj > 250 GeV for the loose dijet lass)
|∆φjj−γγ | > 2.6 |∆φjj−γγ | > 2.6PV seletion Likelihood MVA(alorimeter pointing + traking + onversion) (traking + pT balane + onversion)Identi�ation Neural network and ut based MVA based(NN2011 for 7 TeV and Tight2012 for 8 TeV)Isolation Topoluster-based Partile-�ow(inluded in photon Id BDT)Categorization 9 ategories 4 ategories(onversion, η, pTt) (based on diphoton BDT)2-jet 2-jet (2 lasses for 8 TeV tight and loose)Table 8.1: Comparison between ATLAS and CMS analyses for the H → γγ hannel.

ATLAS CMSAeptane Criteria Spurious signal < 20% Bias < 20%of the �tted signal unertainty of the �tted signal unertaintyOr spurious signal < 10%of the �tted signal yieldParametrizations Bernstein Polynomial 4th order Polynomials 3rd - 5th orderExponential of 2nd order polynomialExponentialTable 8.2: Comparison between ATLAS and CMS bakground modeling used to �tthe diphoton invariant mass distributions.



216 Chapter 8. ATLAS-CMS omparisonATLAS CMSExpeted signal events for MH = 125 GeV (per fb−1) 17 (7 TeV) 15 (7 TeV)
19 (8 TeV) 19 (8 TeV)Bakground events at a mass of 125 GeV (per GeV per fb−1) 100 70Purity 80 ± 4% (7 TeV)

72%
75 + 3 − 2% (8 TeV)Inlusive mass resolution at MH = 120 GeV (FWHM/2.35) 1.61 GeV (7 TeV) 1.35 GeV (7 TeV)
1.65 (8 TeV) 1.57 GeV (8 TeV)(FWHM/2.35) for the best ategory at 120 GeV 1.31 GeV (7 TeV) 1.07 GeV (7 TeV)
1.32 (8 TeV) 1.21 GeV (8 TeV)Inlusive σeff
1.75 GeV (7 TeV) 1.76 GeV (7 TeV)
1.73 (8 TeV) 2.06 GeV (8 TeV)Table 8.3: Comparison between ATLAS and CMS for the expeted signal yields,observed bakground in data, purity and invariant mass resolution.ATLAS CMSFitted signal strength (µ̂) 1.8 ± 0.5 at MH = 126.5 GeV 1.6 ± 0.4 at MH = 125 GeVExpeted median limit 95% C.L 0.8 SM at MH = 125 GeV 0.76 SM at MH = 125 GeVExpeted exlusion 95% C.L 110 − 139.5 GeV 110 − 145 GeVObserved exlusion 95% C.L 112 − 123 GeV 114 − 121 GeV

132 − 143.5 GeV 129 − 132 GeV and 138 − 149 GeVExpeted loal signi�ane 2.5σ at MH = 126.5 GeV 2.7σ at MH = 125 GeVObserved loal signi�ane 4.5σ at MH = 126.5 GeV 4.1σ at MH = 125 GeVObserved global signi�ane 3.6σ for 110 < MH < 150 GeV 3.2σ for 110 < MH < 150 GeVMass measurement 126.7 ± 0.4 (stat) ±0.5 (sys) GeV 125.1 ± 0.4 (stat) ±0.6 (sys) GeV [241℄Table 8.4: Comparison between ATLAS and CMS for the haraterization of theobserved exess in the H → γγ hannel.8.3 ATLAS-CMS omparison in the ombined hannelsThe searh for the SM salar boson in CMS is performed in the �ve deay modes:
γγ, ZZ, WW , τ+τ− and bb̄. For all these hannels, the full 2011 √

s = 7 TeVdataset orresponding to a luminosity of 5.1 fb−1 and the 2012 √
s = 8 TeVdataset with an integrated luminosity of 5.3 fb−1 are analyzed. The BEH bosonis exluded at 95% C.L. in the mass ranges 110 − 121.5 GeV and 127 − 600 GeV.An exess has been observed with a loal signi�ane of 5.0σ at a mass around

125 GeV, indiating the presene of a new partile. The ontribution to theexess originates mainly from the two deay modes with the best mass resolution
γγ and ZZ. Fig. 8.4 shows the loal p0 values as a funtion of MH for the�ve deay modes and the overall ombination for the ombined 2011 and 2012datasets. Fig. 8.5 shows the best �t signal strength values at MH = 125.5 GeVfor the ombined hannels and for the �ve hannels separately. The best �t val-ues are ompatible with the SM hypothesis µ = 1 within the statistial unertainties.A omparison between ATLAS and CMS of the harateristis of the ob-served exess is shown in Table 8.5 for the deay modes ZZ, γγ and WW



8.3. ATLAS-CMS omparison in the ombined hannels

Figure 8.4: Observed loal p0 as a funtion of MH for the �ve deay modes andthe overall ombination for the ombined 7 and 8 TeV analyses in CMS. The dashedline shows the ombined expeted loal p0 for a SM BEH boson with a mass MH[237℄.separately along with the ombined hannels. The exess is ompatible in terms ofsigni�ane in the separate hannels as well as for the ombination between bothexperiments within the statistial unertainties. The better ombined expetedsigni�ane in CMS originates from the better expeted signi�ane in the ZZdeay mode (due in partiular to the use of the angular distributions) and to theupdate of the bb̄ and τ+τ− analyses with the √
s = 8 TeV datasets.The ombined best-�t mass is 125.3 ± 0.4 (stat) ±0.5 (sys) GeV whih isompatible with the mass quoted by ATLAS 126.0 ± 0.4 (stat) ±0.4 (sys) GeV.Again, the results are onsistent with a SM BEH boson although more data isneeded for on�rmation.
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Figure 8.5: Best �t signal strength at MH = 125.5 GeV for the ombined hannels(solid vertial line) and for individual hannels. The vertial band shows the overall
µ̂ value 0.87 ± 0.23. The horizontal bars indiate the ±1σ unertainty (inludingboth statistial and systemati unertainties) on the best �t values for individualmodes [237℄.

Searh hannel Collab Mmax [GeV℄ Zl [σ] E(Zl) [σ] µ̂

H → ZZ(∗) → 4l
ATLAS 125.0 3.6 2.7 1.4 ± 0.6 for MH = 126 GeVCMS 125.6 3.2 3.8 0.7 + 0.4 − 0.3 for MH = 125.6 GeV

H → γγ
ATLAS 126.5 4.5 2.5 1.8 ± 0.5 for MH = 126 GeVCMS 125.0 4.1 2.7 1.6 ± 0.4 for MH = 125 GeV

H → WW (∗) → lνlν
ATLAS 125.0 2.8 2.3 1.3 ± 0.5 for MH = 126 GeVCMS 125.0 1.6 2.4 0.6 ± 0.4 for MH = 125 GeVCombined ATLAS 126.5 6.0 4.9 1.4 ± 0.3 for MH = 126 GeVCMS 125.5 5.0 5.8 0.9 ± 0.2 for MH = 125.5 GeVTable 8.5: Charaterization of the exess in the H → γγ, H → ZZ(∗) → 4l and H →

WW (∗) → lνlν hannels and the ombination of these hannels with H → ZZ(∗), WW (∗),
bb̄ and τ+τ− hannels from √

s = 7 TeV data for ATLAS and 7+8 TeV data for CMS.The mass value Mmax for whih the loal signi�ane is maximum, the maximum observedloal signi�ane Zl and the expeted loal signi�ane E(Zl) in the presene of a SM BEHboson signal at Mmax are ompared. The best �t value of the signal strength parameter µ̂is shown with the total unertainty for both ATLAS and CMS analyses.



Conlusion
During the last three years, the LHC has shown an outstanding performane. Theenergy has inreased from √

s = 900 GeV to √
s = 8 TeV. The total integratedluminosity olleted has reahed ∼ 10 fb−1 before the tehnial stop in June 2012.Both ATLAS and CMS experiments have analyzed and published historial resultsafter the seminar of July 4th 2012 at CERN, thanks to the work of thousands ofpeople for the last twenty years. Both detetors have shown very good performaneand the analyses have undergone major improvements.In partiular, the H → γγ analysis in ATLAS has remarkably evolved thelast three years. With the data taking, we ahieved a better understanding ofthe detetor, in partiular of the eletromagneti alorimeter. This allowed anamelioration of the photon reonstrution and identi�ation. A neural networkbased identi�ation was developed for the improved analysis of the full 2011 dataset.The energy alibration has also known important progress. The onstant term asmeasured in the data is of the order of 1% exept in the region 1.5 < |η| < 2.8where it is 2.5%. In addition, the energy response shows a remarkable stabilitywith time and inreasing pile-up.The isolation method used to determine isolated photons is improved as well. Threedimensional noise suppressed topologial lusters are used. The new isolation showsa very nie stability with respet to pile-up.In addition, a very important improvement was implemented dealing with thealgorithm used to loate the primary vertex. A global likelihood ombines the�pointing� diretion of the photons, the average beam spot position and the sum∑

p2
T of the traks assoiated with eah reonstruted vertex. The onversionvertex is also used in the likelihood for onverted photons. This method shows avery good robustness with the inreasing pile-up. The diphoton invariant massresolution omputed using the likelihood method for the primary vertex seletionwas ompared using H → γγ Monte Carlo samples to the ase where the truevertex is used. Only a 3% room of improvement remains.The omparison of shower shape variables between data and Monte Carlo simulationwas subjet of many disrepanies. The most important part of these di�ereneswas understood and orreted for in the simulation.A muh better understanding of the bakground has lead to a higher diphotonpurity. This purity is estimated to be 80% ±4% in the √

s = 7 TeV dataset and
75 + 3 − 2% in the √

s = 8 TeV dataset.Sine an unbinned likelihood is used in the H → γγ analysis, an analyti funtion is�tted on the data and taken as a bakground modeling. The hoie of the analytifuntion was subjet of di�erent studies. It was deided to hoose parametrizations



ii Conlusionfor whih the estimated bias is smaller than 20% of the unertainty on the �ttedsignal yield or where the bias is smaller than 10% of the expeted signal events.The �nal hoie between parametrizations was based on the expeted p0 values.Finally, a set of polynomials, exponentiated polynomials and exponential funtionswere seleted.The ategorization of the analyses was also made more aurate. 10 ategories were�nally seleted following the photon positions in the alorimeter, their onversionstatus, the value of pTt. The 10th ategory is a 2-jet ategory with a VBF-likesignature.The systemati unertainties on the signal yields and on the mass resolution wereaurately evaluated and pessimisti values were adopted in the analysis.The analysis of the full 2011 dataset orresponding to an integrated luminosityof 4.8 fb−1 at √
s = 7 TeV and of a 2012 dataset with an integrated luminosity of

5.9 fb−1 at √s = 8 TeV inludes all these improvements. As a result, an exess ofevents over the bakground is observed at a mass of 126.5 GeV with a signi�aneof 4.5σ. The �tted signal strength parameter is found to be 1.8 ±0.5. This valueexeeds the Standard Model hypothesis by less than 2σ. However sine the error isdominated by the statistial unertainty, more data is needed before making anyassumption.A ombination of the analyses of individual searhes in the hannels H → γγ,
H → ZZ(∗) → 4l and H → WW (∗) → eνµν from √

s = 8 TeV data; previouslypublished results of searhes in the hannels H → ZZ(∗), WW (∗), bb̄ and τ+τ− forthe 7 TeV data; and the improved analyses of the H → γγ and H → ZZ(∗) → 4lfor the 7 TeV data is published. The results show an exess of events for a massof 126.5 GeV with a signi�ane of 5.9σ and provide a onlusive evidene for thedisovery of a new partile. The mass of the new partile was measured from thetwo hannels with the highest mass resolution, H → γγ and H → ZZ(∗) → 4l,and is found to be: 126.0 ±0.4 (stat) ±0.4 (sys) GeV. If this partile is theStandard Model BEH boson with a mass of 126 GeV, it will be partiular suited forstudies at the LHC sine it deays to many �nal states that an be experimentallyreonstruted.This disovery opens a new hapter in the history of Partile Physis. The majorgoal now is to establish the nature of this partile by determining its properties.These inlude the preise measurement of the mass, the width, the spin/CP quantumnumbers, the ross-setion, the branhing ratio and the ouplings to fermions andvetor bosons.
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Appendix
In the following are listed the invariant mass distributions of the seleted diphotonevents. The full 7 TeV dataset orresponding to an integrated luminosity of 4.8 fb−1and the 8 TeV dataset orresponding to 5.9 fb−1 are shown separately. The analyseswere desribed in setions 6.3 and 6.4. The distributions are given per ategory:�Unonverted entral, low pTt�, �Unonverted entral, high pTt�, �Unonvertedrest, low pTt� and �Unonverted rest, high pTt�, �Converted entral, low pTt�,�Converted entral, high pTt�, �Converted rest, low pTt� and �Converted rest, high
pTt�, �Converted transition� and �2-jet�. A bakground-only �t is overlaid. TheBEH boson expetation for a mass hypothesis of 126.5 GeV orresponding to theSM ross setion is also shown.

100 110 120 130 140 150 160

E
ve

nt
s 

/ 2
 G

eV

0

20

40

60

80

100

120

140

160

180

200

Data 2011

Exp. of 2nd order polynomial fit

 = 126.5 GeV (MC)
H

SM Higgs boson m

Tt
Unconverted central, low p

-1
 Ldt = 4.8 fb∫ = 7 TeV, s

ATLAS

 [GeV]γγm

100 110 120 130 140 150 160

D
at

a 
- 

B
kg

-20

0

20
100 110 120 130 140 150 160

E
ve

nt
s 

/ 2
 G

eV

0

50

100

150

200

250
Data 2012

Exp. of 2nd order polynomial fit

 = 126.5 GeV (MC)
H

SM Higgs boson m

Tt
Unconverted central, low p

-1
 Ldt = 5.9 fb∫ = 8 TeV, s

ATLAS

 [GeV]γγm

100 110 120 130 140 150 160

D
at

a 
- 

B
kg

-20

0

20Figure 6: Bakground-only �ts to the diphoton invariant mass spetra for ategories�Unonverted entral, low pTt�, for √s = 7 TeV data sample on the left and √
s =

8 TeV data sample on the right. The bottom inset displays the residual of thedata with respet to the bakground �t. The BEH boson expetation for a masshypothesis of 126.5 GeV orresponding to the SM ross setion is also shown [222℄.



xxii Appendix . Appendix

100 110 120 130 140 150 160

E
ve

nt
s 

/ 4
 G

eV

0

5

10

15

20

25

Data 2011

Exponential fit

 = 126.5 GeV (MC)
H

SM Higgs boson m

Tt
Unconverted central, high p

-1
 Ldt = 4.8 fb∫ = 7 TeV, s

ATLAS

 [GeV]γγm

100 110 120 130 140 150 160

D
at

a 
- 

B
kg

-10

0

10 100 110 120 130 140 150 160

E
ve

nt
s 

/ 4
 G

eV

0

5

10

15

20

25

30

35

40

Data 2012

Exponential fit

 = 126.5 GeV (MC)
H

SM Higgs boson m

Tt
Unconverted central, high p

-1
 Ldt = 5.9 fb∫ = 8 TeV, s

ATLAS

 [GeV]γγm

100 110 120 130 140 150 160

D
at

a 
- 

B
kg

-5

0

5

100 110 120 130 140 150 160

E
ve

nt
s 

/ G
eV

0

50

100

150

200

250

300

350

Data 2011

4th order polynomial fit

 = 126.5 GeV (MC)
H

SM Higgs boson m

Tt
Unconverted rest, low p

-1
 Ldt = 4.8 fb∫ = 7 TeV, s

ATLAS

 [GeV]γγm

100 110 120 130 140 150 160

D
at

a 
- 

B
kg

-46

-23

0

23

46 100 110 120 130 140 150 160

E
ve

nt
s 

/ G
eV

0

50

100

150

200

250

300

350

400

450

500

Data 2012

4th order polynomial fit

 = 126.5 GeV (MC)
H

SM Higgs boson m

Tt
Unconverted rest, low p

-1
 Ldt = 5.9 fb∫ = 8 TeV, s

ATLAS

 [GeV]γγm

100 110 120 130 140 150 160

D
at

a 
- 

B
kg

-50

0

50

100 110 120 130 140 150 160

E
ve

nt
s 

/ 2
 G

eV

0

5

10

15

20

25

30

35

40

45

50

Data 2011

Exponential fit

 = 126.5 GeV (MC)
H

SM Higgs boson m

Tt
Unconverted rest, high p

-1
 Ldt = 4.8 fb∫ = 7 TeV, s

ATLAS

 [GeV]γγm

100 110 120 130 140 150 160

D
at

a 
- 

B
kg

-20

0

20 100 110 120 130 140 150 160

E
ve

nt
s 

/ 2
 G

eV

0

10

20

30

40

50

60

70

80

90

100

Data 2012

Exponential fit

 = 126.5 GeV (MC)
H

SM Higgs boson m

Tt
Unconverted rest, high p

-1
 Ldt = 5.9 fb∫ = 8 TeV, s

ATLAS

 [GeV]γγm

100 110 120 130 140 150 160

D
at

a 
- 

B
kg

-20

0

20

Figure 7: Bakground-only �ts to the diphoton invariant mass spetra for ategories�Unonverted entral, high pTt�, �Unonverted rest, low pTt� and �Unonverted rest,high pTt�, for √
s = 7 TeV data sample on the left and √

s = 8 TeV data sampleon the right. The bottom inset displays the residual of the data with respet to thebakground �t. The BEH boson expetation for a mass hypothesis of 126.5 GeVorresponding to the SM ross setion is also shown [222℄.
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