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RÉSUMÉ

Recherche de la production standard de quatre quarks top dans l'état final avec deux leptons de même signe ou plusieurs leptons en collisions proton-proton à sqrt(s) = 13 TeV avec le détecteur ATLAS Cette thèse présente les résultats sur la recherche de la production de quatre quarks top dans le canal deux leptons de même signe ou multilepton. L'analyse utilise l'ensemble des collisions proton-proton du Run 2 du LHC à sqrt(s)=13 TeV collecté avec le détecteur ATLAS, ce qui correspond à une luminosité de 139 fb⁻¹. Les événements avec deux leptons de même signe ou au moins trois leptons avec de nombreux jets en particulier provenant de quarks b sont considérés.

Les événements sont sélectionnés en région de signal et régions de contrôle avec une modélisation du bruit de fond appropriée. Un arbre de décision boosté (BDT), qui est une méthode multivariée, est alors utilisé pour augmenter la séparation entre le signal et le bruit de fond. Enfin un ajustement par maximum de vraisemblance est effectué sur la sortie du BDT simultanément sur les régions de signal et de contrôle pour mesurer la section efficace de production de quatre quarks top et la force du signal (définie comme le rapport entre la section efficace mesurée et la prédiction du modèle standard). La section efficace mesurée est :

δ tttt =24+5-5(stat)+5-4(syst)fb=24+7-6 fb, ce qui est compatible avec la prédiction du modèle standard à 1.7 déviations standard. La force du signal correspondante est :
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Overview

During the past few decades, elementary particle physics has undergone great development both theoretically and experimentally. The Standard Model (SM) is a successful theoretical model, which provides a unified description of elementary particles and their interactions. The Large Hadron Collider (LHC) established at CERN, is the world's leading collider at the energy frontier of experimental particle physics. The Higgs field is responsible for the mass generation of elementary particles, and the Higgs boson is regarded as the last piece of the Standard Model for decades before its discovery. After the discovery of the Higgs boson by ATLAS [1] and CMS [2] experiments in 2012 , the Standard Model is finally completed.

Although SM is successful, some rare but important processes have not been observed experimentally yet. Furthermore, there are still several issues which cannot be explained, such as the hierarchy problem, neutrino mass, dark matter origin etc. Therefore, searches for Beyond Standard Model (BSM) scenarios are important. For these reasons, four-top-quark production [3][4][5][6][7] is of particular interest. It is a rare process predicted by the SM but not observed yet. It is also sensitive to various BSM models owing to its large energy scale.

This thesis presents the latest search results for the SM four-top-quark production in the same sign di-lepton and multi-lepton (SSML) channel, using a dataset corresponding to an integrated luminosity of 139 fb -1 collected with the ATLAS detector. Events with two same sign leptons or three or more leptons, plus multiple jets and b-tagged jets are used. Further event and kinematic selections are performed in separate signal and background control regions with proper background modelling. A multi-variate analysis method with Boosting Decision Tree (BDT) discriminant is used to optimize on signal and background separation. Finally, a combined fit using the BDT output is performed across all the signal and background control regions to measure the four-top-quark production cross section and the signal strength. The signal strength is defined as the ratio of the measured cross section over the SM prediction.

The thesis is organized as follows: Chapter 2 presents the theory overview and Chapter 3 is an introduction of the LHC project and the ATLAS detector. Object reconstruction criteria is introduced in Chapter 4. The main analysis description starts from Chapter 5, which summarizes the data and Monte Carlo simulation samples used in the analysis. Chapter 6 introduces the event selections. Background modelling is discussed in Chapter 7, which provides the validation of the background estimation. Finally, Chapter 8 summarizes the systematic uncertainties considered in this analysis. Chapter 9 describes the multivariate analysis, which is performed to enhance the signal and background separation and measurement sensitivity. Chapter 10 provides the statistical method and the final results. Finally, Chapter 11 presents the conclusion and the outlook.

Chapter 2 Introduction

The particle physics theory called the Standard Model (SM) is very successful. All of the SM predictions of new particles have been discovered and their properties have been precisely measured by experiments. The level of agreement between the experiment measurements and theory predictions is remarkably good.

The Standard Model

The Standard Model provides a unitary description of elementary particles and their interactions [1].

Elementary particles

There are in general two types of particles, namely fermions and bosons. Fermions are particles with spin -1/2, which make up the concrete matter in our daily life. Fermions consist of 3 generations of leptons, quarks and neutrinos, together with their anti-particle partners. Anti-particles are those particles which have an opposite electric charge to the particles, with the other properties remaining the same. The 1 st generation particles are stable, while the 2 nd and 3 rd generation particles will decay to the 1 st generation particles in a very short time scale. Bosons are particles with integer spin. They play the role of force carriers and the propagation mediators in particles' interactions. Bosons consist of photon, which is the mediator of electromagnetic interactions, weak bosons ( Z, W + , W -), which are the mediators of weak interactions, gluons, which are the mediators of strong interactions, and the newly discovered Higgs boson, of which the associated Higgs field accounts for the mass generation of particles. The gravitational force is not included in the SM, as it is very small compared to the other forces. Elementary particles in the SM [2] are summarized in The Standard Model is based on Quantum Field Theory (QFT). In QFT, the vacuum is composed of various fields in the ground state, and particles are excitations of these ground state fields.

Let's consider the Lagrangian of a particle field ) (x  [3], which is expressed as a function of the field and the first derivative with respect to space and time:

) , ( ) (      L x L , 2.1
then the principle of least action can be written as:

0 ) , ( 4          xL d S , 2.2
and the Euler-Lagrangian equation can be derived:

0 ) ) ( (             L L . 2.3
Let's consider the Dirac Lagrangian for a free fermion of mass m:

) ( ) )( ( x m i x L Dirac         , 2.4
where ) (x  represents the fermion field, and   are the Dirac gamma matrices. After applying the Euler-Lagrange equation, we can get the equation of motion for a free fermion:

0 ) ( ) (    x m i     .

2.5

According to gauge theory, the underlying physics should remain unchanged under local gauge transformation of certain Lie groups. The free QED Lagrangian needs to remain invariant under the local gauge transformation of the U(1) group,

) ( ) ( ) ( ) ( x e x U x x i       , 2.6
while the initial form doesn't satisfy this requirement. To achieve this, the partial derivative   is replaced by the covariant derivative  D , which is defined as:

) (x iqA D       . 2.7
Here q is the electric charge, and A(x) transforms as:

) ( q 1 ) ( ) ( x x A x A        . 2.8
After replacing the partial derivative with the covariant derivative, the local gauge invariance of U(1) transformation is achieved, and the Lagrangian can be written as:

) ( ) )( ( x m D i x L        ) ( ) ( ) ( x x A x q L Dirac        . 2.9
Here the second term describes the interaction between the fermion and the vector field A(x). In order to comply with the formalism of Maxwell, a kinetic term is added to the Lagrangian, ) ( ) ( 4

1 x F x F L Kin     , 2.10
where

     A A F    
is the electromagnetic strength tensor.

Finally, the QED Lagrangian can be written as:

) ( ) ( 4 
1 ) ( ) ( ) ( x F x F x x A x q L L Dirac QED           . 2.11
This Lagrangian is invariant under U(1) transformation. However, a mass term such as

  A A m 2 2
1 is prohibited. So the photon is predicted to be massless.

Quantum Chromodynamics (QCD)

Quarks are triplets of colour under the SU(3) group. The quark field can be represented in the vector form:

                    B f G f R f f B f G f R f f q q q q q q q q , , , .
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Similar with QED, the Lagrangian for free quarks can be written as:

    f f f f q m i q L ) (    . 2.13
Again, in order to satisfy local gauge invariance under the SU(3) transformation, the covariant derivative is introduced to replace the partial derivative in the Lagrangian:

) ( 2 x G ig D a a s        , 2.14
where gs is the strong coupling constant, and 

c b abc a s a a G f g G G           1 .
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Finally, adding the kinetic term of gluons, the final version of QCD Lagrangian is:

         a a f a f a f s f f f f QCD G G G q q g q m i q L        4 1 ) 2 ( ) ( , 2.16 
where

c b abc s a a a G G f g G G G            
is the gluon tensor field, and fabc provides the SU(3) structure constants. The second term in the Lagrangian represents the interaction between quarks and gluons, which is similar as in QED. However, in the third term, we have quadratic component which is the kinetic term of gluons, and we also have cubic and quartic component which represents self-interaction between gluons.

ElectroWeak Unification

Experiments have shown that weak interactions violate parity, which means only left-handed fermions and right-handed anti-fermions couple to the  W bosons. This fact requires us to separate the two components when we express the fermion field involved in weak interactions. We will consider the left-handed fermions to be doublets, while the right-handed partners will be singlets. Then the fermion fields can be represented as:

i R i R i L i L i L ' '              .
2.17

The simplest form to represent doublets is the SU(2) group, and since we want to include electromagnetic (EM) interactions as well, we also consider the U(1) group. Thus the electroweak (EW) interactions are described by the 

        l q i i R i R i R i R i i free EW i i L i L L , 3 1 , ) ' ' (              , 2.18
where the summation is over 3 generations of quarks and leptons. The covariant derivative is defined as:

) ( 2 ) ( 2 ' x W ig x B Y ig D a a          , 2.19
where B(x) is the gauge field corresponding to the U(1) group, and W(x) is the gauge field corresponding to the SU(2) group.

The left-handed doublet component transforms as:

) ( ) ( 1 2 2 1 x e x Y i i a a        , 2.20
while the right-handed singlet component transforms as:

) ( ) ( 2 2 x e x iY     . 2.21
Finally, strength tensors are introduced to complete the EW Lagrangian:

         a a j j j EW W W B B x D x L 4 1 4 1 ) ( ) ( i 3 1      , , , c b abc a a a W W g W W W B B B                       2.22
where εabc is an anti-symmetric tensor which provides the structure constants of the SU(2) group.

After expanding the covariant derivative in the Lagrangian, we can get the interaction term between fermions and gauge bosons:

j j j a a Y B g W g L                 3 1 1 1 int 2 ' 2 .
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If we make a simple mathematical transformation of:

, 2 , 2 2 1 2 1       iW W W iW W W      2.24 then the  W ,  
W can be identified as the  W bosons, and we can separate the Lagrangian into the charge current and neutral current components. For the neutral current part, we have the following relationship:

                                  A Z B W W W W W cos sin sin cos 3 , 2.25
where  Z and  A are physical 0 Z boson and photon, and W  is the weak mixing angle.

W

 is directly related to the coupling constants:

2 2 2 2 ' ' sin , ' cos g g g g g g W W       , 2.26
where g is the SU(2) coupling constant and g' is the U(1) coupling constant.

Spontaneous Symmetry Breaking (SSB)

The gauge symmetry is important because it guarantees the theory to be renormalizable so that perturbation theory can be used to make predictions. However, from the previous section, we know that local gauge invariance forbids any mass terms in the Lagrangian, so all the gauge bosons as well as fermions are predicted to be massless. But this only holds true with photon and gluons. This problem can be dealt with by introducing the Higgs mechanism of Spontaneous Symmetry Breaking (SSB).

Let's consider a doublet of complex scalar fields

                         ) ( 2 1 ) ( 2 1 ) ( ) ( ) ( 4 3 2 1 0        i i x x x , 2.27
and the corresponding Lagrangian written as:

2 2 ) ( ) (                 D D L Higgs , 2.28 where ) ( 2 ) ( 2 ' x W ig x B Y ig D a a         
is the covariant derivative defined in the EW theory. Here μ is the Higgs mass parameter and λ is the self-coupling constant.

Let's use the potential to express the second and third terms in the Lagrangian:

2 2 ) ( ) (            V .

2.29

In order to enable the potential to have a minimum value, λ > 0 is required. When μ 2  0, the potential will take a simple minimum at

         0 0 0 
. When μ 2 < 0, the potential takes its minimum at:

2 2 | | 2 0 v       , 2.30 where   2   v
is called the vacuum expectation value (vev). In this case, the potential has infinite ground states which are symmetric under a U(1) phase transformation.

  i e v 2 0  . 2.31
However, choosing a particular solution  will spontaneously break the symmetry. For simplicity, we will choose the ground state to be:

         v 0 2 1 0 
, because particles are understood to be excitation on the ground state field, we will expand the field in the vicinity of the ground state using perturbation theory, which will result in:

                            )] ( [ 2 1 0 ) ( ) ( 2 1 ) 
( i (x) ) ( ) ( 2 3 2 1 x H v e x i x H v x x x v i a a       . 2.32
Due to SU(2) invariance, it's possible to choose θ(x)=0. Then after taking ) (x  back to the Lagrangian, we are able to extract the mass terms of the  W and 0 Z bosons:

2 2 ' 2 1 , 2 1 g g v m vg m Z W    , 2.33
while the photon remains massless. The final form of the Lagrangian is written as:

4 3 2 2 2 2 2 2 4 ) cos 8 4 ( ) ( 2 1 H vH H v Z Z g W W g H v H H L W Higgs                     ,2.34
from which we can obtain the Higgs mass:

  2 2 2 v m H    .

2.35

Fermions can also have masses by introducing Higgs Yukawa couplings. Let's take the first generation of fermions as a simple example, where the Yukawa Lagrangian is written as:

) )( ( 2 1 3 2 1 e e c u u c d d c H v L Yukawa      , 2.36
and the corresponding mass terms are:

2 , 2 , 2 3 e 2 1 v c m v c m v c m u d    . 2.37
Finally, the SM Lagrangian is the summation of the different components:

Yukawa Higgs EW QCD SM L L L L L     . 2.38

Top quark physics

The top quark is the heaviest particle in the SM, and was first observed in 1995, by the CDF 

Figure 2.3 Feynman diagram of the top quark decay

Recent ATLAS inclusive t t cross section measurements [7] give the following results: At a center of mass energy of s =13 TeV, the measured inclusive t t production cross section is

t t  19.5pb 6 . 3 4 . 826    .
Apart from the previous measurements, there are also a lot of other interesting studies related to top quarks, such as charge asymmetry [8], spin correlation [8], and Flavor Changing Neutral Currents (FCNCs) [9] etc.

Higgs boson physics

The Higgs boson plays an essential role in the SM as its couplings explain how particles acquire masses. But it has not been observed in previous experiments until it was discovered at LHC in year 2012, by both ATLAS [12] and CMS [13] experiments .

Higgs production mechanisms

At LHC, the Higgs Boson can be produced through four major mechanisms. Gluon-gluon fusion (ggF), vector boson fusion (VBF), associated production with a gauge boson (VH) and associated production with a top anti-top quark pair ( H t t ). Examples of Feynman diagrams for each production mode are shown in Figure 2.5.

Figure 2.5 Feynman diagrams for the four dominant SM Higgs boson production mechanisms at the LHC: (a) gluon fusion (ggF); (b) vector boson fusion (VBF); (c) associated production with a gauge boson (VH); (d) associated production with a top quark pair ( H t t ).

Among the four production modes, gluon fusion is the dominant one in the proton-proton collision environment, followed by vector boson fusion, which is an order of magnitude smaller than ggF. Associated production with a gauge boson (VH) comes next. Finally, associated production with a top quark pair is a very rare case, and also occurs in low mass Higgs cases. However, this production mode is very important as it provides a direct way to measure the top Yukawa coupling strength.

Theoretical Higgs production cross-section [10] is shown in Figure 2.6. 

Higgs Decays

The Higgs boson has a very short life time and will decay to other particles immediately when they are produced. There are several decay channels of the Higgs boson, and the corresponding branching ratio as a function of the Higgs mass [11] is shown in Figure 2.7. 

Figure 2.7 Branching ratios of the SM Higgs boson as a function of its mass

Discovery of the Higgs boson

On the 4 th of July 2012, ATLAS and CMS announced the discovery of a newly found SM Higgs-like particle with the mass around 125 GeV [12] [13]. The excess over background was compatible with the SM prediction. The discovery was based on the combined results of different search channels, while H->γγ, H->ZZ->4l and H->WW->lvlv channels offered the dominant contribution in terms of the sensitivity.

The combined observed significance around MH = 125 GeV was 5.9σ for ATLAS and 5.0 for CMS (shown in Figure 2.8), both reaching the five sigma threshold for the discovery announcement.

Figure 2.8 The observed local p value as a function of the SM Higgs boson mass from ATLAS(left)

and CMS(right) respectively

Properties of the Higgs boson

After the discovery, different measurements of the new particle were made in order to test the agreement with the SM prediction.

The latest result of the Higgs mass measurement by the ATLAS experiment is shown in Figure 2.9 [14].

Figure 2.9 Summary of the measurements of the SM Higgs boson mass

The Higgs mass is measured to be 0.24GeV, 124.97   H M combining ATLAS Run1 and Run2 dataset. The measured signal strengths (the ratio between the observed cross section and the predicted cross section) in different Higgs production modes are shown in Figure 2. 10 [15]. The results show that the measured Higgs production cross section times branching ratio is in good agreement with the SM prediction. Besides, the Higgs Yukawa coupling to other particles is also a quantity of interest. The measured universal coupling strength scale factors κV (for all the vector bosons) and κF (for all the fermions) are shown in Figure 2.11 [15]. For a given production process or decay mode j, the corresponding coupling strength scale factor is defined as κj 2 = σj / σj SM , or κ = Γj / Γj SM , where σ is the production cross section and Γ is the partial decay width. 0.09. 1.05 0.04, 1.05

    F V   f F f V   , Figure 2.

Negative log-likelihood contours at 68% and 95% CL in the plane for the individual decay modes and their combination

The best fitted values are:

Top Yukawa coupling and ttH production

The Higgs Yukawa coupling strength is proportional to the fermion's mass, and since the top quark is the heaviest particle in the SM, its Yukawa coupling is predicted to be close to unity. Precise measurement of this coupling is important not only as a test of the SM, but also a probe to new physics. However, currently the measurement of this coupling [16] relies on the indirect top quark contribution to gluon-gluon fusion production and diphoton decay loops, assuming no BSM contribution. Since the top quark is heavy and very sensitive to BSM physics, the assumption of no BSM contribution may not be reliable, and the coupling of the top quark to other particles may also contribute in the indirect measurement. Therefore, a direct measurement of the top Yukawa coupling is needed in order to provide a more precise result and also reduce the model dependence in the extraction of the top Yukawa coupling.

The associated production of the Higgs boson and a top quark pair ( H t t ) is the process which provides a direct probe of the top quark Yukawa coupling. This is a tree-level process at lowest order in perturbation theory.

Example of tree-level Feynman diagrams for H t t process are shown in Figure 2.12. At the LHC, the production cross section of H t t is two orders of magnitude lower than the inclusive Higgs production, but this process can still be searched for due to the distinctive features of top quark final state. The 

H t t

process was discovered experimentally by ATLAS [17], using a dataset which corresponds to an integrated luminosity of 79.8fb -1 . The results were based on the combination of different Higgs boson decay channels, including H->bb, H->WW,H->ττ,H->γγ and H->ZZ. The observed significance is 5.8 standard deviations, compared with an expected significance of 4.9 standard deviations. CMS also reported discovery of the H t t production [18] with an observed (expected) significance of 5.2 (4.2) standard deviations.

The ATLAS measurement of the H t t production cross section at 13 TeV gives:

fb syst stat H .) ( .) ( 90 670 110 100 tt     
, which is in agreement with the SM prediction.

Four-top-quark production

As previously shown, top quark physics is a rich physics field. It plays an important role in the SM precision measurements, and is also a good probe to physics beyond the Standard Model. Among all the studies related to the top quark, four-top-quark production is the one with the highest system energy, and is thus of particular interest.

Four-top-quark production is predicted by the SM with an extremely small cross section. The latest SM prediction [19] for the four-top-quark production cross section gives:

t t t t  18% 21% - 11.97   fb at s =13 TeV, in which the leading order component is t t t t  % 64 36% - 7.59   fb.
Recent analysis [20] reported an observed (expected) upper limit on the SM 4 top production cross section of 69 (29) fb. An example of Feynman diagram for the SM 4 tops production [21] is shown in Figure 2.13.

Figure 2.13 Example of Feynman diagram for the Standard Model four-top-quark production

Apart from that, the four-top-production cross section is enhanced in and thus sensitive to many BSM scenarios, such as Effective Field Theory [22], where the t t t t production cross section is 926.3 fb for the contact interaction coupling constant [18] CMS Collaboration, Observation of H t t The LHC [1] is the representative of the high energy frontier in experimental particle physics. It is actually the last piece of a large accelerator system at CERN. The whole procedure starts with the production of the protons, which is achieved with a small hydrogen bottle. The original protons are injected into the LINAC 2 for the first step of acceleration, where the beam energy can be raised up to 50 MeV. Then the protons will travel successively through a circular Proton Synchrotron Booster (PSB) and a Proton Synchrotron (PS), where the beam energy will be increased to 1.4 GeV and 25 GeV respectively. Finally, the Super Proton Synchrotron (SPS) increases the beam energy to 450 GeV, and transfers the protons in bunches to both LHC rings, where the protons are accelerated to reach the nominal energy of 6.5 TeV per beam.

The LHC is installed in a tunnel which is around 26.7 km in circumference and lies around 100 meters underground. It is designed to operate at center of mass energy (CME) of 14 TeV, which corresponds to 7 TeV for each proton beam. Because of this extremely high energy environment, it is only feasible by superconducting techniques. Therefore, the LHC is composed of thousands of superconducting Niobium-Titanium magnets, together with superconducting resonant-frequency (RF) cavities. The magnets system is used to steer and focus the particle beams, while the resonant-frequency cavities are designed to boost the beam to higher energies.

There are several interaction points (IPs) in different regions of the tunnel, where two beam pipes are merged into a single pipe. 4 detectors are built around these specific interaction points. Namely, they are ATLAS (A Toroidal LHC ApparatuS) at IP1, ALICE (A Large Ion Collider Experiment) at IP2, CMS (Compact Muon Solenoid) at IP5 and LHCb (Large Hadron Collider beauty) at IP8. Among the four detectors, ATLAS and CMS are general purpose detectors which are designed for various types of physics analyses. ALICE is a specialized detector for the dedicated study of heavy ion physics. LHCb is also a specialized detector for dedicated study of b-quark physics. ATLAS is a multi-purpose detector [2][3] with 25m in height, 44m in length and approximate 7000 tons in weight. The sub-detector systems of ATLAS include: the inner detector (ID) composed of various tracking devices, the calorimeters for energy measurement and the muon spectrometer for muon detection. A magnet system is installed for momentum measurement and charge identification. In addition, there is a trigger and data acquisition (TDAQ) system which is meant to collect LHC data with high performance and reasonable rate.

The ATLAS detector

ATLAS uses a right-handed coordinate system, of which the center is located at the nominal interaction point. The beam line is the z-axis and the x-y plane (the transverse plane) is perpendicular to the beam line. Transverse plane is very important in physics analysis, because the initial momentum of the collision system is 0 along the transverse plane in the lab rest frame, thus the momentum conservation law can be applied within that plane. is often used in analysis instead of the original polar angle. This is because that the differences in pseudo-rapidity are invariant under boosts along z-axis, so that one can perform a Lorentz boost on the data by just translating the directional distribution along the η axis. In the η-ϕ coordinate space, a distance defined as

2 2       R
is commonly used to measure the spatial distance between two particles. The required resolution and the η coverage for the different detector components are shown in Table 3.1 [2]:

Detector component Required resolution η coverage Measurement Trigger

Tracking

σpT / pT = 0.5%pT⊕1% ±2.5

EM calorimeter (barrel and end-cap) σE / E = 10% / E ⊕0.7% ±3.2 ±2.5

Hadronic CAL (barrel and end-cap) Hadronic CAL (forward)

σE / E = 50% / E ⊕3% σE / E = 100% / E ⊕10% ±3.2 3.1 < | η | < 4.9
Muon spectrometer σpT / pT = 10% at pT = 1 TeV ±2.7 ±2.4

Table 3.1 Designed performance goals for different components of the ATLAS detector 

Inner detector

Calorimeter

Figure 3.5 Illustration of the ATLAS calorimeters [4]

The ATLAS calorimeters [2] are sampling detectors, which means that they contain layers of sensitive medium alternating with layers of dense absorber material. Particles lose energy through interactions with the absorber medium, and then the sensitive medium generates signal which is proportional to the energy loss.

The innermost layer of the calorimeter system is composed of one EM calorimeter in the barrel (EMB), one EM calorimeter (EMEC) and one hadronic calorimeter (HEC) at each endcap, together with a forward calorimeter (FCal) which covers regions closest to the beam line. The outer layer of the system is formed by the hadronic TileCal calorimeter. The TileCal is composed of one central barrel and two extended barrels on each side. Generally, the calorimeters can provide energy and topology measurements over the range | η | < 4.9.

The EM calorimeter

The EM calorimeter uses liquid argon as active material and lead plates as absorber. The lead-LAr layers have accordion shaped geometry, which can provide complete ϕ symmetry without any azimuthal gaps.

In the barrel region, the EMB calorimeter covers regions of | η | < 1.475. In the end-caps, the EMEC calorimeter is divided into an outer wheel which covers regions of 1.375 < | η | < 2. 

The hadronic calorimeter

The hadronic calorimeter is composed of the TileCal in the barrel and the HEC in the end-caps. Generally, the hadronic calorimeter has around 10-19 interaction lengths, which can provide full containment of the hadronic showers produced in the LHC collisions. The TileCal uses plastic scintillator as active material, alternating with steel plates as absorber, and has a coverage of | η | < 1.7, while the extended barrels cover 0.8 < | η | < 1.7. The HEC uses copper plates as absorber medium, interleaved with the LAr gaps, used as the active material, in a flat-plate design topology. The HEC has a coverage of 1.5 < | η | < 3.2. Finally, the forward calorimeter (FCal) has a depth of approximately 10 interaction lengths and further extends the coverage of the calorimeter system up to | η | < 4.9. The typical energy resolution of the hadronic calorimeter is

E  % 3 / % 50 /   E E
. The intrinsic resolution of the hadronic calorimeters is much worse than the EM calorimeters, because much of the energy is lost to the inelastic scattering of nucleons. In the barrel region, chambers are arranged in three cylindrical layers around the beam, while in the endcap region, layers are arranged to be perpendicular to the beam. The MDT and the CSC are designed for precision measurements of the muon momentum. The MDT covers regions of |η| < 2.7, and the CSC covers regions of 2.0 < |η| < 2.7. The small coverage of the CSC is compensated by the capability of coping with higher background rate. The RPC and the TGC are designed to provide fast and robust readout, to be used by the trigger system, in the regions of |η| < 1.05 and 1.05 < |η| < 2.4, respectively.

The Muon spectrometer

The Trigger system

The ATLAS trigger system is composed of three levels, namely, the level-1 Trigger (L1), the level-2 Trigger (L2) and the Event Filter (EF).

Figure 3.8 Illustration of the ATLAS Trigger and Data acquisition system [5]

The level-1 trigger is based on hardware, which is designed to reduce the event rate from the initial around 20 MHz bunch collision rate to about 75-100 kHz within 2.5μs. The L1 trigger consists of L1Calo and L1Muon, which have direct access to the detector and rely on the information of the calorimeter and the muon spectrometer respectively. The L1 trigger also defines several Regions-of-Interest (ROIs). These are typically small areas containing high energies. The typical ROI are defined using η-φ positions of the identified objects, information of the types of identified features and the passed thresholds.

The level-2 trigger is based on software, while it can also search for information from the inner detector to help its decision making. The L2 trigger is designed to further reduce the event rate from around 75 kHz (L1 output) to around 3.5kHz within 40 ms. The L2 trigger only selects information which is needed for its decision making, and normally the interesting information is around the ROIs defined by the L1 trigger. So, with this ROI approach, only 2-6% of the total data volume will be accessed by the L2 system.

Once the event passes the L2 trigger, the information which were temporarily stored in the Readout Buffers will be collected, the full event is built, and after that, the built event will be accessed by the Event Filter (EF). The EF is designed to finally reduce the event rate to around 200-300 Hz, within 4s. Due to this large available processing time, the standard ATLAS reconstruction and analysis algorithms, which are adapted to the online environment, can be performed for the event selection at the EF stage. If the event fails the EF selection, it will be discarded. The final accepted event will be categorized into different streams, namely, Muons, EGamma, JetTauEtMiss and MinBias, according to the identified features in the event. These events will be permanently stored at CERN Computing Center for offline analysis. identification criteria with different levels of background rejection and signal efficiency. The identification criteria depend on the shapes of the electromagnetic showers in the calorimeter as well as on the track-to-cluster matching quantities. They are based either on independent cuts on these quantities or on a single cut on the output of a likelihood function taking these quantities as input.

Electron reconstruction

Standard ATLAS electron reconstruction [3] consists of three steps: cluster reconstruction in the EM calorimeter, track reconstruction in the ID, and the matching procedure between the two.

The η-φ space of the EM calorimeter system is divided into a grid of Nη×Nφ = 200 × 256 towers of size Δη tower ×Δφ tower = 0.025 × 0.025, corresponding to the granularity of the EM calorimeter middle layer. The energy of the cells is summed to get the tower energy. In order to reconstruct the EM clusters, seed clusters of longitudinal towers with a total cluster transverse energy above 2.5 GeV are searched for by a sliding-window algorithm. The window size is 3 × 5 towers in the η-φ space.

Track reconstruction proceeds in two steps: pattern recognition and track fit. First of all, the seed track requires 3 hits in different silicon detector layers, and more hits are included to form the full track. The standard pattern recognition [4] uses the pion hypothesis for the energy loss at material surfaces. This has been complemented with a modified pattern recognition algorithm based on a Kalman filter-smoother formalism [5] which allows at most 30% energy loss at each material surface to account for possible bremsstrahlung. If using the pion hypothesis does not succeed to extend the track seed to a full track, the new pattern recognition using an electron hypothesis for energy loss is retried. Track candidates are then fitted either with the pion hypothesis or the electron hypothesis (according to the hypothesis used in the pattern recognition) using the ATLAS Global Track Fitter [6]. The fitted tracks need to pass additional requirements on Δη and Δφ, and the number of tracker hits in order to be considered as loosely matched to an EM cluster.

An electron is reconstructed if at least one track is matched to a seed cluster. There can be more than one track associated to a cluster, but only the best matched one is chosen as the primary track which is used to determine the kinematics and charge of the electron and to calculate the electron identification decision. Tracks with at least one hit in the Pixel detector are preferred in order to favor the primary electron track and to avoid random matches between nearby tracks in case of cascades due to bremsstrahlung. If more than one associated track has pixel hits, a dedicated selection criterion is then applied to choose the primary track. All seed clusters together with their matching tracks are treated as electron candidates. Several calibration and correction procedures are performed before the cluster energy are eventually determined.

Electron Identification

Not all objects built by the electron reconstruction algorithm are real prompt electrons. There could be several sources of contamination such as hadronic jets, photon conversions, etc. A likehood based method [3] is used for the electron identification, in order to reject as much fake or non-prompt backgrounds as possible while keeping a high real electron efficiency. Five working points [7] are supported for LH based electrons, which are VeryLooseLH, LooseLH, LooseAndBLayerLH, MediumLH and TightLH. The electrons in the LAr crack region (1.37 < | η | < 1.52) are rejected in order to reduce background from non-prompt and fake leptons.

Apart from that, for channels sensitive to electron charge mis-identification, the electron charge identification selector [8] (ECIDS) is further applied to reduce background from electrons with a wrong charge. ECIDS is a Boosted Decision Tree discriminant built using the following electron input variables: pT, η, q×d0 , E/p, scaled re  2 

(angle between the cluster position in the second calorimeter layer and the extrapolated track) and the average charge of the tracks weighted by the number of SCT hits. Here d0 is the transverse impact parameter, which is defined as the shortest distance between a track and the beam line in the transverse plane.

Electron isolation

Electron isolation requirement is applied in order to further reject hadronic jets mis-identified as electrons. Detailed definitions of electron isolation working points can be found in reference [9]. An isolation working point is defined as a fixed cut on both calorimeter and track isolation variables. Details of the electron isolation definitions can be found in reference [3].

Muons

In the ATLAS experiment, muons reconstruction mainly uses information in the MS and ID, and sometimes requires the information in the calorimeter.

Muon reconstruction

The ID track reconstruction of muons is similar to that of electrons. The MS track reconstruction starts from processing the raw data to obtain drift circles in the MDT and clusters in the CSC, and then track segments are formed from these signal units. Finally, the full track candidates are reconstructed from the track segments.

According to the different information obtained from the detector system, muons can be categorized into four different types. Namely, they are:

• Combined (CB) muons: CB muons are muons of the standard quality. The muon tracks are separately reconstructed in the MS and ID, and the muon candidates are reconstructed through a successful matching between the MS track and the ID track.

• Segment-tagged (ST) muons: Due to low muon transverse momentum or the limited detector acceptance, some muons will only leave trajectory in part of the layers of MDT or CSC, thus only track segments can be reconstructed in the MS. In this case, muon candidates are reconstructed by extrapolating the ID tracks to the MS track segments.

• Calorimeter-tagged (CT) muons: An ID track is reconstructed as a muon if the track is associated with some energy deposit in the calorimeter corresponding to the deposit of a minimum ionizing particle. This type of muon is only used in the region | η | < 0.1, where the MS is not well instrumented.

• Stand-alone (SA) muons: The muon track is only reconstructed in the MS, while the properties of the muon like the direction and the impact parameter are determined by extrapolating the MS track back to the beam line, considering the muon energy loss in the calorimeter. Stand-alone muons are used in the region 2.5 < | η | < 2.7, where the ID is not covered.

Muon identification

After the muon candidates are reconstructed, the identification is performed in order to suppress backgrounds from sources like pion and kaon decays. Background muons are expected to have a worse track fit quality and different pT signature.

Basic requirements for combined muons include: at least 1 pixel hit, at least 5 SCT hits, less than 3 holes and at least 10% of TRT hits included in the final fit in the region 0.1 < | η | < 0.9. In addition, several muon identification quality working points are defined for different analysis goals:

• Medium: This is the standard quality for physics analysis. Only combined and stand-alone muons are selected.

• Loose: This is the quality used to maximize the identification efficiency. All muon types are included in this quality.

• Tight: This is the quality used to maximize the purity of the muons. Only combined muons are considered.

• HighPt: This is the quality used to maximize the muon momentum resolution for muons with pT > 100 GeV.

The corresponding efficiencies for these working points are around 95%, 97%, 90% and 80%, respectively, with a fake muon rate around 1%. Details of the selection criteria for different working points can be found on reference [10].

Muon isolation

Muons originating from the decay of heavy particles, such as W, Z, or Higgs bosons, are often produced isolated from other particles. Unlike muons from semileptonic decays, which are usually embedded in jets, these muons are well separated from other particles in the event. The measurement of the detector activity around a candidate object, referred to as isolation, is therefore a powerful tool for background rejection in many physics' analyses [10]. Since muon isolation is the topic of my ATLAS qualification task, and I've made significant contributions on the muon isolation tool (software) development and muon isolation scale factor (see definition on next page) calculation, more details about it are shown below.

Both track-based and calorimeter-based isolation variables are defined to assess muon isolation.

The track-based isolation variable, pT varcon30 , is defined as the scalar sum of the transverse momenta of the tracks with pT > 1 GeV in a cone of size ΔR = min(10GeV/pT μ ,0.3) around the muon of transverse momentum pT μ , excluding the muon track itself. The cone size is chosen to be pT-dependent to improve the performance for muons produced in the decay of particles with a large transverse momentum.

The calorimeter-based isolation variable, ET topocone20 , is defined as the sum of the transverse energy of topological clusters [11] in a cone of size ΔR = 0.2 around the muon, after subtracting the contribution from the energy deposit of the muon itself and correcting for pile-up effects. Contributions from pile-up and underlying event are estimated using the ambient energy-density technique [12] and are corrected on an event-by-event basis.

The isolation selection criteria are determined using relative isolation variables, which are defined as the ratio of the track-or calorimeter-based isolation variables to the transverse momentum of the muon. The distribution of the relative isolation variables is shown in Figure 4.2, with the data to simulation ratio shown in the bottom panel. Muons included in the plot are from Z->μμ events. They also satisfy the Medium identification criteria and are well separated from the other muon from the Z boson (ΔRμμ > 0.3).

There are in total seven isolation working points defined, each optimised for different physics analyses. Detailed definitions of these working points are listed in Table 4.1.

Table 4.1 Definitions of all the muon isolation working points

The efficiencies for the seven isolation working points are measured in both data and Z->μμ simulation samples using the tag-and-probe method. The measured isolation efficiencies for Medium muons as a function of the muon pT for the LooseTrackOnly, Loose, GradientLoose and FixedCutLoose working points are shown in Figure 4.3, with the data-to-Monte Carlo ratios (scale factors) shown in the bottom panel. The systematic uncertainties of the SFs are included in the error bar. Various sources of the systematics are considered, which include: variation of the di-muon invariant mass selection window, the isolation of the tag muon, the minimum quality of the probe muon, the opening angle between the two muons, and the ΔR between the probe muon and the closest jet.

Isolation WP Discriminating variable(s) Definition

LooseTrackOnly pT varcone30 /pT μ 99% efficiency constant in η and pT Loose pT varcone30 /pT μ ,ET topocone20 /pT μ 99% efficiency constant in η and pT Tight pT varcone30 /pT μ ,ET topocone20 /pT μ 96% efficiency constant in η and pT Gradient pT varcone30 /pT μ ,ET topocone20 /pT μ ≥ 90 (99)% efficiency at 25 (60) GeV GradientLoose pT varcone30 /pT μ ,ET topocone20 /pT μ ≥ 95 (99)% efficiency at 25 (60) GeV FixedCutTightTrackOnly pT varcone30 /pT μ pT varcone30 / pT μ < 0.06 FixedCutLoose pT varcone30 /pT μ ,ET topocone20 /pT μ pT varcone30 /pT μ < 0.06,ET topocone20 /pT μ < 0.30 

Jets

Jets are the experimental signatures of quarks and gluons, and they are the most commonly produced objects in a proton-proton collision environment at the LHC. Quarks and gluons are colored objects which participate in the strong interaction. Due to property of colour confinement, single quark cannot exist alone on the time scale of the detector measurement. When quarks and gluons are emitted, hadronization will take place, in which they convert into bound states of colorless hadrons. The majority of the hadrons are charged and neutral pions.

Figure 4.4 provides a schematic overview of jet reconstruction procedure in ATLAS [13]. The standard ATLAS jet reconstruction uses the anti-kt jet algorithm [14] with a distance parameter of R = 0.4. This algorithm has been shown to be infrared and collinear safe [15], which means that the physical quantities of the jets are not sensitive to low energy, small angle radiative divergences. Jets can be reconstructed from different inputs, such as truth-level particles, detector tracks, or clusters of energy depositions in calorimeters. Topological clusters (topo-clusters) [16] are the most widely used inputs for jet reconstruction in ATLAS.

Figure 4.4 Schematic plot of ATLAS jet reconstruction procedure

The topological clustering procedure starts with a seed cell, which has a signal-to-noise ratio above certain threshold (typically 4). The noise usually includes the pile-up noise and the measured detector electronic noise. The ratio threshold is estimated as the absolute value of the energy deposited in the calorimeter cell divided by the RMS of the energy distribution measured respectively from ZeroBias data (random filled bunch crossing triggered proportionally to luminosity) and Monte Carlo simulation. Neighboring cells with high signal-to-noise ratio are iteratively added to the cluster until no neighboring cell meets the requirement.

After the jets are reconstructed, the jet cleaning procedure is performed in order to reduce the fake background. The main sources of the background jets include Beam Induced Background (BIB), cosmic-ray shower and electronic calorimeter noise.

In addition, to reduce the jets coming from pile-up, a specific Jet Vertex Tagger (JVT) is used [17]. It mainly relies on a ratio, where the numerator is the sum of the pT of all the tracks associated to the jet from the primary vertex, and the denominator is either the sum of the pT of all the tracks associated to the jet or the reconstructed jet pT. JVT achieves ~90% efficiency for signal jets and retains ~1% of fake jets.

By default, the energy of reconstructed topo-cluster jets is measured at the EM scale, which is the correct energy scale for EM showers, but not correct for hadronic showers because some of the energy released during the development of a hadronic shower is either invisible or lost in nuclear recoils and dissociation. This problem can be corrected for by applying a hadronic calibration to hadronic objects. This calibration is performed using the local cluster weighting method (LCW) [11], which corrects for non-compensation, energy losses in dead material and out-of-cluster energy depositions, improving the hadronic response of the ATLAS calorimeters.

Finally, a series of jet calibration corrections [18] are performed to further correct the jet energy calculation and improve the jet energy resolution.

b-tagged jets

Jets originating from b quarks will produce b-hadrons when they hadronize. These jets are unique due to the relatively long lifetime of the produced b-hadrons, which will generate secondary decay vertices in the detector. This unique property is mainly used to tag the b-jets.

There are various b-tagging methods developed in ATLAS, and the most commonly used b-tagging algorithm is the multivariate algorithm (MV2c10) [19]. It uses a boosting decision tree model, which is trained on simulation samples using b-jets as signal and light-jets as background, to compute a tagging weight for each jet. Different b-tagging working points corresponding to a tagging efficiency of 60%, 70%, 77% and 85% are defined, depending on the cut thresholds of the MV2c10 output score [20]. In this analysis, the working point with 77% b-tagging efficiency is used. The corresponding mis-tag rates for c-jets and light jets are 22.2% and 0.7% respectively.

Missing transverse momentum

Experimentally produced neutrinos don't interact with any detector material, and thus will be reconstructed as missing transverse momentum. Missing transverse momentum ( miss T P ) is defined as the negative vector sum of transverse momenta of all the electrons, muons, jets and soft terms from the tracks which are not associated to any reconstructed objects. The missing transverse energy miss T E is used to represent the magnitude of miss T P .

Chapter 5

Data Sample and Monte Carlo Simulation

Data

The data used in this analysis corresponds to the full Run 2 dataset from 2015 to 2018 collected with the ATLAS detector at s =13 TeV. The corresponding integrated luminosity is 139.0 ± 2.4 fb -1 , measured following a methodology similar to that detailed in Ref [1]. The pile-up effect from soft interactions can be expressed by μ, the average number of additional interactions per bunch crossing. μ ranges from 14 in 2015 to 38 in 2017-2018.

Simulated samples

Monte Carlo (MC) simulation is used for the signal and physics background modeling. Detailed information of simulated samples is listed in is used to compute the production of specific physics processes. In proton-proton environment, the cross section could be divided into a hard scattering part and a soft scattering part. Due to the unique feature of the strong coupling constant αs, in the hard scattering part, αs is small so that perturbative QCD can be used to calculate the cross section, while in the soft scattering part, αs becomes large so that perturbation theory cannot be applied. The energy scale threshold which separates hard scattering and soft scattering is called the factorization scale μF. The inner structure of a proton is provided by the parton distribution function (PDF), which provides the probability of a proton to contain a specific parton with a given fraction of the proton momentum. The initial hard partons will undergo cascade shower process where new gluons or quark-antiquark pairs are emitted. During the parton showering, the interaction scale falls and the strong coupling scale rises, eventually triggering the hadronization process, where partons are bound into colourless hadrons. In the perturbative part, the cross section can be expressed as an expansion of the renormalized coupling constant. The leading order prediction is usually obtained by the Matrix Element (ME) calculation, and corresponds to tree-level Feynman diagrams. Higher order calculation corresponds to more complicated Feynman diagram contributions and usually leads to infinities. Renormalization techniques are introduced to solve the infinity problem. The renormalization scale μR is defined as the energy scale for which these divergences can be absorbed in the coupling constant.

The parton-level information provided by the MC generator is interfaced with specific program (usually Pythia) for parton shower. Specific tunes are then used to model the contamination from the underlying events (UE). Finally, the ATLAS detector is simulated using full simulation (Geant4) [2] or fast simulation (ATLFAST-II) [3].

In the analysis presented in this thesis, the t t t t signal is modelled using the MADGRAPH5_AMC@NLO v2.6.2 [4] generator which provides matrix elements at next-to-leading order (NLO), with the NNPDF3.1NLO [5] , where i runs over all the particles generated from the matrix element calculation [6]. PYTHIA8.230 [7] is used for parton shower and hadronization and the A14 tune [8] is used for underlying event modeling. To avoid negative weights in the Boosted Decision Tree training, an additional t t t t signal sample is produced at LO precision with the same settings. For the estimation of the MC generator uncertainty, an additional t t t t sample is produced at NLO using HERWIG7.04 for parton shower and hadronization. The H7UE set of tuned parameters is used for underlying event modelling, and the MMHT2014LO PDF set is used for this sample.

The production of t t background is modelled with the POWHEGBOX [9-12] v2 generator at NLO with the NNPDF3.0NLO PDF set and the hdamp is set to 1.5 mtop [13]. The hdamp parameter controls the transverse momentum pT of the first additional emission beyond the leading-order Feynman diagram in the parton shower, and therefore regulates the high pT emission against which the t t system recoils. PYTHIA8.230 is used for parton shower and hadronization and A14 is used for underlying event modeling.

The productions of single top related processes are simulated with the POWHEGBOX [10][11][12]14,15,16] v2 generator at NLO with NNPDF3.0NLO(nf4) PDF set, interfaced with PYTHIA8.230 using the A14 tune.

The production of Z t t /γ* is modelled using the MADGRAPH5_AMC@NLO v2. 

t decay modes

This thesis focuses on the search for Standard Model t t t t production in the same sign dilepton and multilepton channel (SSML). The total branching ratio of this channel is around 12.5%, which is small compared to other channels, but it also benefits from a lower level of background contamination.

Events considered in this analysis need to satisfy trigger requirement, object overlap removal and kinematic requirement, as well as a loose pre-selection requirement. These are discussed below.

trigger list

In the SSML analysis, in order to increase the signal acceptance, a logical OR of the single lepton triggers and the dilepton triggers are used. The list of the specific triggers used for each data taking year is shown in Table 6.1 and 6. 

List of dilepton triggers used in the analysis for each data period

The triggers are named following certain naming conventions. Take e26_lhtight_nod0 _ivarloose for instance: e indicates an electron trigger, 26 indicates the transverse energy threshold, lhtight indicates that it is a likelihood based trigger with tight requirement, nod0 indicates that no transverse impact parameter cuts are required and ivarloose indicates a variable sized cone isolation requirement. L12EM10VH indicates that the L1 trigger is seeded from 2 EM clusters with energy threshold of 10 GeV, and detailed selections include variable thresholds (V) and hadronic isolation (H). The trigger efficiency for the signal is measured in a region similar to the pre-selected signal region (see section 6.3), except that the trigger requirement is removed. The trigger efficiency is measured by calculating the fraction of events passing the trigger requirement in 2015-2016 data samples. The measured trigger efficiencies are 97.51% for the same sign di-lepton channel and 98.95% for the multi-lepton channel respectively.

Object overlap removal and definition

The requirements on the object identification and the selection criteria are summarized in Table 6.3. Here FCTight indicates the FixedCutTight isolation working point. Detailed information about the working points shown in the table can found in section 4.2-4.5.

After object reconstruction and identification, the same particle going through the detector could possibly be reconstructed as different physics objects. The procedure of overlap removal is used to remove this kind of double counting. In the analysis, the overlap removal procedure corresponds to the following steps:

• An electron candidate track overlapping with another electron is removed.

• A calorimeter muon sharing a track with an electron is removed.

• If ΔR between a jet and a baseline electron is smaller than 0.2, the jet is dropped. In case of multiple jets fulfilling this criteria, only the jet with the smallest ΔR is removed.

• A jet with fewer than three tracks associated to it is removed if it has a muon inner-detector track ghost-matched to it.

• The muon is removed if the distance between a jet and the baseline muon is ΔR < 0.4.

• The muon is removed if the distance between a remaining jet and the baseline muon is ΔR < 0.4 + 10 GeV/pTμ, where pTμ is the transverse momentum of the muon. 

Electrons

Event pre-selection and categorization

The pre-selection criteria for the SSML channel [1] requires the event to have at least two same sign leptons. The events are further separated into seven sub-channels depending on the lepton flavor. Namely, they are same sign ee, eμ, μμ, eee, eeμ, eμμ and μμμ channels. In the eee, eeμ, eμμ and μμμ channels, events with the invariant mass of two opposite sign leptons within 81 < Mll < 101 GeV are vetoed (Z-veto) in order to reduce background from Z decays. A Z-veto is also applied in the same sign ee channel in order to reduce the possible charge mis-identification background. The ECIDS requirement (see section 4.2.2) is applied in the same sign ee and eμ channels in order to further reduce the background originating from the charge mis-identification. For the signal region, the event is required to have at least 6 jets, among which at least 2 are b-jets, and HT > 500 GeV. HT is defined as the scalar sum of the transverse momentum of all the physics objects. Events with lower jet and b-jet multiplicities are defined as control and validation regions, in order to test and validate the quality of the background modelling. A detailed definition of the different control regions is introduced in chapter 7.

Chapter 7 Background Modelling

Background estimation is extremely important in the search for rare signals like t t t t . In the SM t t t t SSML analysis, the background contributions are divided into three categories.

• Prompt physics background. This type of background refers to the physics processes which can produce exactly the same final states as the t t t t signal. In this analysis, prompt physics background includes contributions mainly from W t t , Z t t , H t t and diboson or triboson production together with jets, where events with prompt leptons from the on-shell vector boson (W or Z) decay or Higgs decay can pass our event selections. This type of background is usually estimated using Monte Carlo simulation, since these processes are already well known and can be precisely calculated in theory so that we can trust the results. However, the cross section for W t t production is found to be underestimated in simulation, according to the previous analyses, so the normalization factor of this process is left free floating in a combined fit (see Section 7.2).

• Charge mis-identification background. This type of background is mainly due to the mis-identification of the reconstructed track charge of the lepton, or due to the trident process (see Section 7.1), where an electron is reconstructed with the wrong charge. This type of background is estimated using a data-driven method.

• Non-prompt and fake background. This type of background mainly refers to non-prompt leptons from b-jet decay, c-jet decay or gamma conversions, and fakes which are jets mis-identified as leptons. In this analysis, the non-prompt and fake background is estimated using a template fit method, where the shape of the background is determined with Monte Carlo simulation, and the normalization factors of the different types of fake or non-prompt background are determined by fitting MC to data in specific control regions.

Usually, dedicated validation regions are defined in order to validate that our background estimation is reasonable, so that we can use the estimated background in our signal region to search for the signal.

Since the prompt physics backgrounds (expect for W t t ) are directly estimated from MC simulation, we will mainly discuss about the estimation of the charge mis-identification background and the non-prompt/fake background.

Estimation of the charge mis-identification background

The charge mis-identification background estimation is my major contribution to the analysis. I'm responsible for the calculations of the electron-level charge mis-identification rate as well as the event-level charge mis-identification weight, application of the weight to estimated the yields of charge mis-identication background, systematic implementation of the charge mis-identification rate/weight, and all the relevant validations and checks needed during the study.

There are two ways that the charge of a prompt electron can be mis-identified. The first case is when the transverse momenta of the electron is very large so that a straight trajectory is left in the ID. There is a possibility that the charge of the straight track is wrongly reconstructed. The second case is the so-called trident process, where the initial electron radiates a photon through bremsstrahlung, and the radiated photon is further converted into an electron-positron pair. Charge mis-identification occurs when the electron with the wrong charge is reconstructed by the algorithm. The charge mis-identification is negligible for muons because the probability for a muon to have bremsstrahlung is much smaller than an electron due to the large muon mass. In addition, the large level arm of the muon spectrometer makes the muon track reconstruction more precise. Illustrations of the two ways introducing charge mis-identification are shown in Figure 7.1-7.2. 

Charge mis-identification due to bremsstralung and photon conversion

The charge mis-identification background is an important background component in the same sign di-lepton channel. Lepton pairs from t t or Z decay are originally opposite signed, and could be faked as the signal when one of the leptons' charge is mis-identified. The charge mis-identification background is estimated using a data-driven method. In the nominal case, the electron charge mis-identification rate, which is the probability for an electron to have its charge mis-identified, is measured with events in the Z→ee enriched region in data, as a function of the electron's pT and the electron's |η|. The Z → ee enriched region is selected by requiring the invariant mass of the di-electron pair to be within a mass window of 10 GeV around the on-shell Z mass. The value of the Z mass is obtained by performing a Gaussian fit on the di-electron invariant mass distribution. Different values of Z mass are used for the same sign region and opposite sign region respectively. Results of the Z mass fit are shown in Figure 7.3.

Figure 7.3 Z mass fit on di-electron invariant mass distributions for same sign events (left) and opposite sign events (right) in a data Z→ee enriched region

The peak shift in the same sign di-electron invariant mass distribution is expected. It is mainly due to the energy loss of the system in the photon conversion process, where only one of the electrons in the trident topology is selected.

To validate that the Z → ee enriched region is properly selected, Data/MC comparisons of some kinematic variables' distributions in the Z peak region are shown in Figures 7.4 

Kinematic distributions of opposite sign events (top) and same sign events (bottom) in the Z peak region using 2016 data

It is observed that in the opposite sign region, data and Monte Carlo distributions agree well, while in the same sign region, there are more events in Monte Carlo samples. So the charge mis-identification rates in Z+jets sample is expected to be higher. This is possibly due to the mis-modelling of the calorimeter in which the structure of the calorimeter will impact the photon conversion process.

In the case of the electron charge mis-identification, where the total number of events is large and the charge mis-identification rate is small, a Poisson likelihood can be used to express the probability of observing k charge mis-identified events given the expected value λ:
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The relationship between the expected number of charge mis-identified events and the number of total events is:
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where ij N is the number of total observed events, 1

 and 2  are the charge mis-identification rates respectively for the first and the second lepton. The quadratic term takes into account the case of double counting in the linear terms, as well as the case where two leptons are simultaneously charge mis-identified. It is negligible compared to the linear terms.

If we replace λ with ij ss N , and replace k with ij N , and take the negative logarithm on both sides, we can obtain the final form of the likelihood function:
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where the summation runs over all the parameter bins (usually in lepton's pT and lepton's |η|). The charge mis-identification rates are then extracted by minimizing the likelihood function.

The measured electron charge mis-identification rates as a function of electron's pT and electron's |η| are shown in Figure 7.6, respectively for data and Z+jets MC events.

Figure 7.6 Extracted charge mis-identification rates using the likelihood method in data (left) and Z+jets MC (right) samples as a function of electron's pT and | η |

It is expected that the charge mis-identification rates increase with respect to the electron's pT and electron's |η|. Indeed as the pT of the electron increases, the track of the electron left in the ID will be straighter, so the probability of the track charge mis-identification also increases. The |η| dependency is actually related to the detector structure. Since the detector material in the high |η| region is denser than in the low |η| region, the probability that a radiated photon interacts with the detector material and is then converted into an electron-positron pair is higher in the high |η| region, and therefore the corresponding charge mis-identification rate is higher. The previous measured rates are electron-level, and we need to convert the rates into an event-level charge mis-identification weight so that we can use the weights to estimate the charge mis-identification background yields. The event-level charge mis-identification weight is written as:
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where 1

 and 2

 are the charge mis-identification rates for the first and the second lepton.  is assumed to be 0 if the lepton is a muon.

In order to validate the charge mis-identification rates are properly measured, closure test is then made by applying back the event-level charge mis-identification weights on the opposite sign events in the Z peak region, and compare the weighted distributions with the original same sign event distributions in the Z peak region. It turns out that the agreement between the two is well within the statistical uncertainty, which proves that the measured charge mis-identification rates are reasonable. The disagreement in the Mee distributions between the same sign and the opposite sign electron pairs is understandable. The peak shift of the same sign events' distribution is due to 

Closure test of kinematic distributions in the Z peak region in Z+jets sample with charge mis-identification weights applied on the opposite sign events

In addition to the nominal charge mis-identification rates, there are also requirements for dedicated rates in the W t t control region and the t t conversion control region. These two regions are defined in the template fit method, which is used for the fake estimation in the analysis. The template fit method will be introduced in section 7.2. In the W t t control region, the same electron's pT and electron's | η | binnings are used as in the nominal case. In the conversion control region, the charge mis-identification rates are provided in a three-dimensional format, as a function of electron's pT, electron's | η | and electron's invariant mass at the primary vertex. The extracted rates in these two regions are shown in Figures 7.9 and 7.10.

Figure 7.9 Extracted charge mis-identification rates using a likelihood method in data samples as a function of electron's pT and | η | in the W t t control region Figure 7.10 Extracted charge mis-identification rates using a likelihood method in data samples as a function of electron's pT, | η | and Mee@PV in the conversion control region ( See definition of

Mee@PV in Section 7.2.1)

Estimation of the non-prompt and fake background

The template fit method

Non-prompt and fake backgrounds are estimated using a template fit method. The general idea of the method is that we can define each non-prompt and fake composition with the Monte Carlo truth information so that we can get the shape of the kinematic distributions for each fake component. Then we define several dedicated control regions for these fake components, and the corresponding normalization factors are extracted by fitting the Monte Carlo distributions to the data in these control regions. A data-driven matrix method is used as a cross-check.

Based on the Monte Carlo truth information, there are four main components for the non-prompt and fake backgrounds, with a normalization factor (NF) assigned to each of them. They are:

• NF HF e: The normalization factor for events with one non-prompt electron from heavy flavor decay

• NF HF mu: The normalization factor for events with one non-prompt muon from heavy flavor decay

• NF CO: The normalization factor for events with one non-prompt electron from photon material conversion

• NF Low mass γ*: The normalization factor for events with one non-prompt electron from gamma* internal conversion Apart from that, the non-prompt and fake leptons from light flavor decay correspond to a minor contribution and therefore this contribution is directly taken from Monte Carlo simulation.

Since the measured W t t cross section in previous analyses [1] is found to be higher than the current prediction, it seems that the current simulation of the W t t process is not reliable. So there is a free floating normalization factor for the W t t background. The corresponding control regions (CRs) in which we perform the fits to get the normalization factors are defined below.

The 'CR Conv.' is defined as: two same sign electron or electron-muon with a low value of the invariant mass between the electron and a close-by track pointing to the conversion vertex, at least four jets but less than six, at least one b-jet and 200 < HT < 500 GeV. The invariant mass of the two leptons at the primary vertex is fitted to constrain both NF CO and NF γ*.

The 'CR HF e' is defined as: three leptons with at least two electrons, exactly one b-jet and 100 < HT < 250 GeV, the number of events is used in the maximum likelihood fit.

The 'CR HF μ' is defined as: three leptons with at least two muons, exactly one b-jet and 100 < HT < 250 GeV, the number of events is used in the maximum likelihood fit.. The 'CR W t t ' is defined as: two same sign electron-muon or muons, at least four jets, at least two b-jets, with electron's |η| less than 1.5, orthogonal to the CR Conv region, the sum of the lepton pT is fitted to constrain NF W t t .

A summary of the control region definitions used in the template fit is shown in Table 7.1. Mee@CV (Mee@PV) is defined as the invariant mass between the track associated to the electron and the closest track at the conversion (primary) vertex.

Table 7.1 Summary of the different control regions and the signal region definitions used in the analysis.

In the blinded stage of the analysis, the template fit is performed in the control regions only, and the extracted normalization factors (NFs) and nuisance parameters (NPs) are injected to the full fit model including the signal region, where the expected sensitivity of the analysis can be obtained. In that setup, pseudo-data built with the injected parameters are used in the signal region.

Pre-fit distributions in the signal region are shown in Figure 7.11.

Figure7.11 Pre-fit distributions in the signal region

A summary of the normalization factors for various backgrounds determined from the fit to all the control regions is shown in Table 7. 

The data-driven matrix method

The data-driven matrix method is also used for the fake estimation as a cross check of the template fit method.

The matrix method [2] is based on the definitions of two sets of samples: the Loose sample (L) and the Tight sample (T). The definitions of the Loose leptons and the Tight leptons are the same as the definitions in Section 6.3, except for the additional loose lepton isolation requirement, where FCLoose is used for electrons and FixedCutLoose is used for muons instead of no isolation requirement. This choice is proved to provide a better performance in the closure test. The idea is based on measuring the efficiency of Loose to Tight (L->T) selections for each type of lepton. Once these efficiencies are known, we can estimate the real non-prompt or fake events from the number of observed Loose and Tight events by performing a matrix calculation.

The probabilities r(f) that a prompt (non-prompt/fake) loose lepton passes the tight lepton requirement are measured in data samples, using single lepton events enriched in prompt (non-prompt/fake) leptons. Since the efficiencies need to be measured for leptons with pT down to 28 GeV and must be measured with a sample that is not biased by the trigger isolation requirement, the following trigger menu is added in order to include events from prescaled support triggers.

• 2015 data: HLT_mu20_L1MU15, HLT_e24_lhmedium_L1EM20VH

• 2016 data: HLT_mu24, HLT_e24_lhmedium_nod0_L1EM18VH

• 2017 data: HLT_mu24, HLT_e26_lhmedium_nod0_L1EM20VH

• 2018 data: HLT_mu24, HLT_e26_lhmedium_nod0_L1EM22VH

Events that fire only one of the prescaled triggers are weighted according to the prescale factors when combining them with events that fire a single-lepton unprescaled trigger.

Both r and f are measured separately for events with 0 b-jets and with at least one b-jets. The measured rates are presented as a function of the lepton's pT, the lepton's |η| and the closest distance between the lepton and a jet ΔRmin(l,j). Only pT dependence is considered for the fake estimation.

The selections for the single lepton data control sample are summarized in 7.3 Summary of the selections for the single lepton data control samples used to measure lepton real efficiency and fake rate In each control sample, all of the four (Nbjet, Njet) combinations are considered. Efficiencies measured with at least 1 b-tagged jet are used for the analysis, while efficiencies measured with 0 b-tagged jets are used for validation regions that impose the same requirement. Different requirements on Njet are used to optimize the event pre-selection criteria. mT(W) is defined as the transverse mass of the reconstructed W boson (lepton and missing ET pair).

The measured prompt and fake efficiencies as a function of lepton's pT for each data period are shown in Figures 7.12 

Measured prompt and fake efficiencies as a function of lepton's pT in 2018 data

After the efficiencies are extracted, we can create a matrix equation, and in the dilepton case, it is written as equation 7.5:
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where tt N is the number of events with both of the leptons being tight, t t N is the number of events with the leading lepton being tight and the sub-leading lepton being loose etc. ll rr N is the number of events in the loose sample where both of the leptons are prompt, ll rf N is the number of events in the loose sample where the leading lepton is prompt and the sub-leading lepton is non-prompt/fake etc. r and f denote 1-r and 1-f . This matrix equation is solved event by event, where for a given event, N could be interpreted as the probability of the event to have zero non-prompt/fake leptons, one non-prompt/fake lepton and two non-prompt/fake leptons. In the multilepton case, the idea is similar but the matrix is presented in an 8-dimension form.

The closure test with data/MC comparison plots using the data-driven matrix method fakes in the control region is shown in Figure 7.15. The control region is defined as events passing the pre-selection and either Njet ≤ 5, Nbjet ≤ 2 or HT < 500 GeV.

Figure 7.15 Distributions of different kinematic variables in the control region using data-driven Matrix Method fake estimation

The comparison between the event yields with the template fit fakes and the matrix method fakes is shown in Table 7.5.

Pre-fit and post-fit Data/MC comparison

After the different types of background are properly estimated, further data/MC comparisons in the dedicated control regions are needed in order to test the quality the background modelling.

Figure 7.16 shows the pre-fit and post-fit kinematic distributions in the region with BDT<0 (Detailed information about the BDT study is discuss in Chapter 8). This is used to test the quality of the overall background modelling. 'post-fit' here corresponds to the final data fit (described in Chapter 10).

Figure 7.16 Pre-fit (left) and post-fit (right) kinematic distributions in the region with BDT<0

Data/MC comparison in the Z t t validation region is shown in Figure 7.17. The Z t t validation region is defined as trilepton events failing the Z veto with at least two b-jets, at least six jets and HT > 500 GeV. validation region is based on the fact that W t t is the main process which provides charge asymmetry in the Nbjets ≥ 2 region in the SSML channel. The difference between the number of events with all positively charged leptons and with all negatively charged leptons is a particularly sensitive quantity to the W t t process. Therefore this number difference is built bin by bin for the multivariate discriminant (see Chapter 8) with events with Nbjets ≥ 2 and Njets ≥ 3.

Figure 7.18 Pre-fit and post-fit event yields difference between all positively charged leptons and all negatively charge leptons as a function of the multivariate discriminant Figure 7.19 Post-fit event yields difference between all positively charged leptons and all negatively charge leptons as a function of the number of jets

The post-fit event yields in the signal region are summarized in Table 10.3. From the yields table, a rough estimation of the significance is s / b ≈ 3.27, and the signal efficiency is 60 / ( 11.97 fb * 139.0 fb -1 ) = 3.61 %.

A comparison between the post-fit event yields with template fit and matrix method fakes in BDT > 0 region is shown on Table 7 7. 4 Comparison between the signal and background yields with template fit fakes and matrix method fakes (post-fit) The estimated fake yields between the two methods are compatible. The differences in the yields of other processes arise from the additional requirements in the matrix method that events passing exclusively triggers with isolation are rejected, as well as the FCLoose isolation requirement on top of the existing muon isolation criteria. The uncertainties shown in the table are discussed in detail in Chapter 9.

Chapter 8

Multivariate Analysis

In order to enhance the sensitivity of the t t t t search, a multivariate analysis is performed. A commonly used Boosting Decision Tree (BDT) method is applied in this analysis.

For this part, my contribution to the analysis is the early stage hyper-parameter optimization of the BDT, using the fitted significance as the metric.

The BDT is meant to discriminate the t t t t signal against all of the backgrounds. It is performed in the signal region of the SSML channel (see section 6.3). A train-test-validation procedure is used.

All the events are divided into the training samples, testing samples and validation samples. Training samples are used to train and build the BDT model, and the trained model is then applied on the testing samples to see the prediction accuracy of the model. This procedure can be repeated many times in order to do the hyper-parameter optimization. A hyper-parameter is a parameter of the BDT, which are optimized manually. The final BDT with all the hyper-parameters optimized is applied on validation samples to eventually assess separation power of the model on unseen data. All of the background samples used are produced at NLO accuracy. A LO signal sample is 100% used for the training as we want to avoid the issue of negative weights appeared when we train the NLO signal sample. 80% of the NLO signal sample is used for testing, with the remaining 20% used for validation. For all the background samples, 20% of the events are used for validation. The remaining 80% of the events are divided into two equivalent sub-samples, 40% each, based on the event number being odd or even. The BDT trained with odd events are tested on even events, and the BDT trained with even events are tested on odd events. The illustration of the whole procedure is shown in Figure 8.1.

Figure 8.1 Illustration of the train-test-validation procedure for the BDT analysis

There are several metrics to evaluate the performance of a trained BDT. In this analysis the Receiver Operating Characteristic (ROC) curve is used as metric. The ROC curve is created by plotting the true positive rate against the false positive rate at various BDT threshold values. The true positive rate is the fraction of signal events which are predicted to be signal by the BDT. The false positive rate is the fraction of the background events which are predicted to be signal by the BDT. Usually the Area Under ROC Curve (AUC) is the final value used to evaluate the performance of the model. The AUC actually represents the overall probability of the model to make correct predictions among all the events.

The hyper-parameter optimization is performed by scanning over the entire hyper-parameter phase space and by selecting the point which provides the best performance. There are 6 hyper-parameters to be optimized, and each hyper-parameter has 5 tested values, except for nTrees (number of trees) which has 6 test values. So the hyper-parameter phase space has 6×5 5 = 18750 points to evaluate. The performance is evaluated by the AUC of each BDT. For the odd and even splitting case, we take the average AUC of the two models as the performance metric. An initial set of 21 input variables is used in this step.

A typical ROC curve of a trained model is shown in Figure 8.2.

Figure 8.2 Example of a typical ROC curve for the trained BDT model

The AUC values of the different trained BDTs range from 0.80 to 0.854. The final optimized hyper-parameters are listed in After the optimized hyper-parameters are fixed, an iterative removal (IR) method [1] is used to optimize the input variables list. In the IR method, a variable is removed and the BDT is trained again. The loss on the final separation power due to removal of this variable is then probed. If it is

Figure 8.4 Post-fit data/MC comparison of BDT input variables in the region with BDT<0

The input variables' shape comparison between signal and all the backgrounds is shown in Figure 8.5. It's observed that the

Figure 8.5 Shape comparison between signal and all background for BDT input variables

The unblinded pre-fit and post-fit BDT distributions in the signal region are shown in Figure 8.6.

Figure 8.6 pre-fit (left) and post-fit (right) BDT distributions in the signal region

The data/MC agreement in the post-fit distribution is remarkably good. The excess of data over background is quite signal like. The signal to background ratio in the high BDT region is high, which indicates that the trained BDT has a good separation power between signal and background.

Chapter 9 Systematic Uncertainties

Several sources of systematic uncertainties are considered in the analysis. These systematic uncertainties will be propagated to get their impacts on the final measured t t t t cross section. Therefore a detailed investigation and description of the systematic uncertainties is of great importance.

Generally, the systematic uncertainties can be divided into experimental uncertainties, background modelling uncertainties and signal modelling uncertainties.

Experimental uncertainties

Experimental uncertainties are introduced by the detector and object reconstruction procedure. They also include the uncertainties introduced in the data taking.

• Data-taking. The uncertainty of the integrated luminosity in the full Run2 dataset is 1.7% [1]. It is evaluated using the calibration of the luminosity scale using x-y beam-separation scans, following the methodology described in [2]. The uncertainty of the difference between pile-up conditions in data and MC is considered by applying an uncertainty in the applied MC scale factors so that the MC conditions match the ones in data.

• Leptons. There are 7 systematic uncertainties related to electrons. 2 of them are associated with the energy scale and 1 associated with energy resolution. The remaining 4 are associated to the scale factors of the electron trigger, reconstruction, identification and isolation efficiencies. For muons, there are 13 systematic uncertainties grouped into two categories [3]. The first category contains 1 uncertainty for the ID track smearing, 1 for the MS track smearing, 1 for the charge-independent momentum scale and 2 for charge-dependent momentum scale. The second group contains systematic uncertainties related to the scale factors of the muon trigger, track-to-vertex association, identification and isolation efficiencies, and each of them are further divided into the statistical and systematic components.

• Jets. The uncertainty related to the jet vertex tagging (JVT) is evaluated by varying the JVT cut. The jet energy scale (JES) related uncertainties correspond to a set of 29 nuisance parameters [4]. Among them, 15 are effective nuisance parameters (2 detector related, 4 modeling related, 3 mixing both aspects and 6 statistical related). 4 of them are nuisance parameters related to the η inter-calibration (1 modeling related, 2 for non-closure of high energy and high η and 1 statistical related). 3 nuisance parameters are related to the jet flavour and 3 are related to the pile-up subtraction. There are another 2 parameters related to the treatment of punch-through. 1 related to the non-closure of AFII [5] and 1 related to the single particle response at high pT. The jet energy resolution (JER) is measured separated in data and MC using in-situ techniques [6]. The uncertainties related to JER is considered by 9 nuisance parameters, where 7 of them are effective nuisance parameters resulting from the correlation matrix diagonalization of the JER measurement and 2 of them accounting for the difference between data and simulation (1 for full simulation and 1 for fast simulation).

• Heavy-flavour jets. The uncertainties related to heavy-flavour jets correspond to 85 independent nuisance parameters. These nuisance parameters are obtained by diagonalizing the error matrix across every pair of kinematic bins which are used to calculate heavy-flavour efficiency corrections. 45 of them are related to the b-jets identification efficiency, and two sets of 20 nuisance parameters are related to c-jets and light jets mis-tagging rates, respectively.

• Missing transverse energy. The systematic uncertainty of the missing transverse energy is accounted for by three nuisance parameters, which are related to the soft terms [7]. The uncertainty is estimated in a Z→ee MC sample, where no missing transverse energy is expected, to check the ability of MC to model the soft terms.

Background modelling uncertainties

t t +jets related backgrounds

• Charge mis-identification The systematic uncertainties of the charge mis-identification rates include the following sources:

1) The statistical uncertainty that is taken from the likelihood fit.

2) The difference between the rates obtained with the likelihood minimization method and the truth method performed in a Z+jets sample.

3) The variation of the Z peak mass window size. 8 and 12 GeV window sizes are used to assess the uncertainty, while 10 GeV is used as the nominal window size.

The total systematic uncertainty is the quadratic sum of all the above components.

The results for the total systematic uncertainty and the different systematic components in two-dimensional map of the electron's pT and the electron's |η| are shown in Appendix A.

The systematic uncertainty on the lepton-level charge mis-identification rates needs to be propagated to the event-level weights so that we can assess the impact of the systematics on the background yields estimation. The uncertainty of the event-level charge mis-identification weights takes the following form [8]:
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 stand for the lepton-level charge mis-identification uncertainty of the first lepton and the second lepton, and 12

 stands for the correlation coefficient between 1  and 2  .

When the lepton is a muon, the uncertainty is assumed to be 0. The correlation coefficients between the charge mis-identification rates are directly taken from the likelihood fit.

In the conversion control region, in order to reduce the impact of low statistics, the systematics of the charge mis-identification rates are provided in two-dimensional format, as a function of the electron's pT and the electron's invariant mass at the primary vertex. Detailed results of the systematic uncertainties are shown in Appendix A.

• Non-prompt and Fake lepton 1) Material photon conversion and virtual photon conversion. The normalization factor of this component is determined in the combined fit, so no corresponding normalization uncertainty is assigned. The shape uncertainty is obtained by comparing data with a POWHEG+PYTHIA8 Z->μμ sample in Z(μμ)+γ enriched region.

2) Heavy flavor decay. The uncertainty of this component is estimated from a bin-by-bin comparison between the data and MC prediction, respectively for electrons and muons.

3) Light flavor fakes. Since this part has a minor contribution to the analysis, an ad hoc normalization uncertainty of 100% is assigned, according to previous studies [9].

4) Other fakes. This part mainly refers to jets misidentified as leptons and also has a minor contribution. An normalization uncertainty of 30% is assigned. This value corresponds to some conservative estimations coming from the comparison between data and prediction in loose regions.

An additional uncertainty of 30% is assigned to the t t +jets events with three truth b-jets and a separate 30% uncertainty to the events with four or more truth b-jets. POWHEG is the nominal setting and MADGRAPH5_AMC@NLO is the alternative setting. The uncertainty of the renormalization and factorization scales is assessed by varying the scales by a factor of 2 and 0.5 compared to the nominal value. The uncertainty of the flavour content is considered by assigning an ad hoc 50% uncertainty respectively for events with three truth b-jets and four or more truth b-jets. The uncertainties of Z t t and H t t cross sections are assigned to be 15% for Z t t and 20% for H t t . Since the W t t cross section is measured in the combined template fit, no corresponding uncertainty is assigned. An additional 125% (300%) uncertainty is assigned for W t t in the Njet = 7 (Njet ≥ 8) region to account for the possible mis-modeling in the high jet multiplicity region (see Figure 7.18).

• Production of single top related processes. These mainly include tZ and tWZ processes, since other productions are mainly treated as part of the t t +jets background. According to previous analyses [10], a total uncertainty of 30% is applied.

• Other processes have minor contribution to this analysis. The total uncertainty of the cross-section is 30% for V+jets and 40% for diboson (VV) production respectively, according to previous analysis [10]. The uncertainty of the ttt cross section is 100%. Uncertainties related to the flavor content is assigned to be 50% for events with three truth b-jets and 50% for events with four truth b-jets or more.

Signal modelling uncertainties

The uncertainty of the parton shower and hadronization for the t t t t signal is assessed by the comparing MADGRAPH5_AMC@NLO interfaced with PYTHIA8 and interfaced with HERWIG7. The uncertainty of the factorization and renormalization scale is assessed by varying the scale value by a factor of 2 and 0.5 compared to the nominal value.

The impact of the leading systematic uncertainties on the post-fit signal strength (±1σ variation) is summarized in Table 9.1. The systematics are divided into different categories, and in each category, different systematic sources are ordered by their impact on the fitted signal strength.

Table 9.1 Summary of the impact of the leading systematic uncertainties on the post-fit signal strength

In the above table, the uncertainty of the t t t t theoretical cross section is an artificial uncertainty that does not affect the final measured t t t t cross section, but only the ratio of the measured cross section to the SM expected one (μ, see Chapter 10). Apart from this unique source, the W t t modeling is the dominant systematic among all the other sources, where the uncertainty ranges from -0.27 to 0.26. The second dominant source is the signal modeling, where the uncertainty ranges from -0.09 to 0.15. The uncertainties related to the jets come next. The statistical uncertainty which is comparable to the total systematic uncertainty has a large contribution to the total uncertainty.

Systematic Source

Δμ ( -1σ) Δμ ( +1σ) 
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where ni is the number of observed events, si is the number of expected signal yields and bi is the number of expected background yields in each bin. κ is the background normalization factor. In this analysis, the normalization factors for the W t t process and for the different fake components are left free floating and determined in the fit. The normalization factors for other backgrounds are fixed at 1, which means we completely rely on the MC predictions for these backgrounds. θ are the nuisance parameters, which represent the systematic uncertainties. G(θ) are the Gaussian functions, which are used to add constraints on the nuisance parameters. The product index i runs over all the bins in all of the regions considered, and j runs over all the nuisance parameters.

The profile likelihood ratio is used as test statistics, which is expressed in equation 10.

)) , , ( / ) , , ( where f(qμ,μ) is the probability density function (PDF) of qμ and is usually obtained with toy MC experiments [1]. For the background only hypothesis where μ is 0, the p-value is expressed as:

         L L q   ln( 2 
   obs q dq q f p , 0 0 0 0 ) 0 , ( . 10.4 
p0 could be interpreted as the probability of the background fluctuation to produce the number of events equal to or larger than the observed value. p0 could be translated into the standard deviation of Gaussian significance, where for instance p0 = 2.8 × 10 -7 corresponds to a 5σ significance. 5σ is often used as the threshold to claim discovery of a new physics process, and 3σ provides the evidence for a new physics process. However, if no obvious signal excess is found, the Confidence Levels (CLs) method [2] is used to set upper limit on the signal strength.

The constraint of the nuisance parameters is defined as the ratio of the post-fit to the pre-fit uncertainty, and the pulls are defined as the difference between the best-fit and the input values, normalized to the pre-fit uncertainty [3]. Usually the majority of the post-fit nuisance parameters lies within one standard deviation of their pre-fit values, reflecting the good agreement between The fitted values of the normalization factors and signal strength are shown in Figure 10.4 and the ranking plot of the nuisance parameters is shown in Figure 10.5, both in the case of the plain Asimov fit. From the results, we see that the normalization factors for γ*, HF μ and HF e are close to 1, representing an overall good MC modelling of these processes. The normalization factor for the W t t +jets background is compatible with the observation from the previous analysis [6], where the reference theoretical W t t +jets background cross section was scaled up by 20% to account for extra jet production and EW effects compared to the theoretical cross section used in this analysis. 

         10.6
The measured t t t t production cross section is consistent within (24-11.97)/6 = 2 standard deviations with the SM prediction.

Chapter 11

Conclusion and Outlook

This thesis presents the search for the SM t t t t production in the same sign di-lepton and multi-lepton (SSML) channel. The analysis has been performed using the dataset corresponding to an integrated luminosity of 139 fb -1 , collected by the ATLAS detector at s = 13 TeV. Events with at least two same sign leptons, high jet and b-jet multiplicities and high system energy are selected. A multivariate analysis is performed to further separate signal from background. An excess of signal over background corresponding to an observed (expected) significance of 4. 

0 . 2 ) ( ) ( 0 . 2         syst stat 
. The measured t t t t production cross section is consistent with the SM prediction within 2 standard deviations.

For the future, in order to reach a significance of 5 standard deviations, the uncertainties need to be further reduced. In the current result, it is shown that the statistical uncertainty is still larger than the total systematic uncertainty. The LHC Run 3 data taking is expected to start from year 2022 and operate until year 2024, at a center of mass energy of 14 TeV. The integrated luminosity of the datasets after Run 3 is expected to reach 350 fb -1 . The statistical uncertainty would then be reduced with the larger dataset collected by ATLAS. For the systematic uncertainties, the modeling of

W t t

production is shown to be the dominant source. Therefore a better understanding of the W t t process is essential and more investigation on the W t t modeling is needed. In this analysis, the fake background is estimated with a semi-data-driven template fit method, where the shapes of the fake components are determined by simulation and the normalization factors are obtained in the fit. Since our knowledge about the fake background is limited, a fully data-driven estimation of the fakes would be ideal. More investigation on the data-driven techniques for the fake estimation is needed. Considering all the above aspects, I think that having a 5σ discovery for the SM t t t t production with Run 3 data is quite promising.

In terms of the High Luminosity LHC (HL-LHC), the ultimate goal is to collect a dataset corresponding to an integrated luminosity of more than 3000 fb -1 at a center of mass energy of 14

TeV. It is over 20 times higher than the current integrated luminosity. In that case, the overall statistical uncertainty is expected to be reduced by a factor of 4 to 5, which means the systematic uncertainty will be dominant. Even we take the current systematic uncertainties, we have

fb fb syst stat t t t t 5 4 5 4 1 1 24 ) ( ) ( 24 
        
, which corresponds to 6 sigma for the background-only hypothesis. For the precision measurement, we should try our best to further reduce the systematic uncertainties. Excellence is our pursuit. 

Z peak range variation uncertainties of the electron charge mis-identification rates as a function of electron's pT and | η | in conversion control region

The charge mis-identification rates are set to be 0 in regions with negative Mee@PV values, since there is no truth-level electron information available. As seen in Figure A.11, the difference between the likelihood rates and the truth rates in the first Mee@PV bin is 100%.

Appendix B Extended Abstract in French / Résumé en Français

Au cours des dernières années, la physique des particules a connu de grands développements aussi bien du point de vue théorique qu'expérimental. Le modèle standard (MS) est un modèle théorique à succès qui fournit une description unifiée des particules élémentaires et des interactions. Le grand collisionneur de hadrons (LHC) installé au CERN est le plus grand collisionneur du monde à la frontière en énergie. Le champ de Higgs, responsable de gérer une masse aux particules élémentaires, a été considéré comme la pièce manquante du MS pendant des décennies avant sa découverte. Après sa découverte en 2012 par les expériences ATLAS et CMS, le MS est finalement complet.

Malgré les succès du MS, certains processus rares, mais importants, n'ont pas encore été découverts. De plus plusieurs problèmes restent encore inexpliqués, comme le problème de hiérarchie, la masse des neutrinos ou l'origine de la matière noire. C'est pourquoi rechercher des scenarios de physique au-delà du MS (BSM) est important. Pour ces raisons, la production de 4 quarks top est particulièrement intéressant. Il s'agit d'un processus rare prédit par le MS mais non encore observé. Il est aussi sensible à de nombreux modèle BSM en raison de sa grande échelle d'énergie.

La production de quatre quarks top est prédit dans le MS pour avoir une section efficace extrêmement faible. La dernière prédiction du MS est : L'auteur de cette thèse a travaillé particulièrement sur l'isolation des muons. Les muons provenant de la désintégration de particules lourdes comme les bosons W, Z et de Higgs, sont souvent produits de façon isolés des autres particules. Contrairement aux muons provenant de désintégrations semi-leptoniques des hadrons b par exemple qui se retrouvent généralement à l'intérieur d'un jet, ces muons 'prompts' sont séparés des autres particules de l'événement. La mesure de l'activité autour du muon est appelée isolation et est un outil puissant de rejection du bruit de fond dans de nombreuses analyses.

La variable d'isolation basée sur les traces, pT varcon30 , est définie comme la somme scalaire de l'impulsion transverse des traces de plus de pT > 1 GeV dans un cône de taille : ΔR = min(10GeV/pT μ ,0.3) autour du muon d'impulsion transverse pT μ , en excluant la trace du muon. La taille de ce cône est choisie pour être indépendante de pT pour améliorer les performances de l'isolation pour des muons provenant de désintégration de particules de haut pT.

La variable d'isolation basée sur le calorimètre, ET topocone20 , est définie comme la somme de l'énergie transverse des clusters topologiques dans un cône de taille ΔR = 0. L'estimation du bruit de fond est extrêmement importante dans la recherche de signaux rares comme t t t t . L'analyse a catégorisé les bruits de fonds en trois: les bruits de fond physique, estimés à partir du Monte Carlo, le bruit de fond provenant de charge mal identifiée et le bruit de fond avec de faux leptons ou des leptons non prompts. Ces deux derniers bruits de fond sont estimés directement dans les données. L'auteur de cette thèse a été en charge en particulier de l'estimation du bruit de fond provenant de charge mal identifiée. Cette estimation consiste d'abord à calculer le taux de mauvaise identification pour un électron, puis d'établir un poids correspondant à ce taux par événement et d'appliquer ce poids pour calculer le nombre d'événements de bruit de fond attendu. Ce travail inclue également l'évaluation des erreurs systématiques sur ces estimations et la validation de ces résultats.

Il y a deux manières pour que la charge d'un électron prompt soit mal identifiée. D'abord il peut s'agir d'un électron de très grande impulsion avec une trajectoire presque droite dans le trajectographe. Le deuxième cas provient de processus appelé trident, où l'électron initial radie un photon par bremsstrahlung puis le photon radié se convertit en une paire électron-positron. La mauvaise identification de la charge intervient alors si l'électron de conversion avec la mauvaise charge est reconstruit et identifié comme électron primaire. Cette mauvaise identification de la charge est négligeable pour les muons car la probabilité pour un muon de radier un photon par bremsstrahlung est beaucoup plus faible que pour un électron en raison de sa plus grande masse. De plus le plus grand bras de levier du spectromètre à muon permet de reconstruire la courbure des muons de façon plus précise.

Le bruit de fond provenant de charge mal identifiée est un bruit de fond important dans le canal dilepton de même signe. Les paires de leptons provenant des désintégrations de paires t t ou du boson Z sont à l'origine de signe opposé mais peuvent être prises pour du signal lorsque la charge de l'un des leptons est mal identifiée. La mesure de taux de mauvaise identification de la charge d'un électron est présentée sur la figure B.3 en fonction du pT de l'électron et de sa pseudorapidité |η| dans des événements Z+jets de données ou de simulation. La modélisation du bruit de fond W t t + jets correspond à l'erreur systématique principale de l'analyse. La deuxième source la plus important d'erreur systématique est la modélisation du signal puis les incertitudes systématiques sur la reconstruction des jets. L'erreur statistique est comparable au total des erreurs systématiques.

Après conversion de la force du signal μ en section efficace par multiplication de la section efficace Enfin un ajustement par maximum de vraisemblance est effectué sur la sortie du BDT simultanément sur les régions de signal et de contrôle pour mesurer la section efficace de production de quatre quarks top et la force du signal (définie comme le rapport entre la section efficace mesurée et la prédiction du modèle standard). La section efficace mesurée est : δtttt=24+5-5(stat)+5-4(syst)fb=24+7-6 fb, ce qui est compatible avec la prédiction du modèle standard à 1.7 déviations standard. La force du signal correspondante est : μ=2.0+0.4-0.4(stat)+0.7-0.4(syst)=2.0+0.8-0.6 . La signification statistique observée (attendue) du signal quatre quarks top est 4.3 (2.4) σ, ce qui représente la première mise en évidence de ce processus. Finally, a simultaneous likelihood fit is performed on the BDT discriminant across all the signal and background control regions to measure the four-top-quark production cross section and the signal strength (defined as the ratio of the measured cross section over the SM prediction). The measured four-top-quark production cross section is δtttt=24+5-5(stat)+5-4(syst)fb=24+7-6 fb, which is in consistent with the standard model prediction within 2 standard deviations. The corresponding signal strength is μ=2.0+0.4-0.4(stat)+0.7-0.4(syst)=2.0+0.8-0.6 . The observed (expected) significance of the four-top-quark signal is 4.3 (2.4) σ, which provides the first evidence for the SM four-top-quark production.
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 21 Figure 2.1 Potential V of a scalar field  with 0 2   and 0  

  and D0 Collaboration at Fermilab[4][5]. Recent ATLAS measurement[6] of the top quark mass from direct top quark decay gives :
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 22 Figure 2.2 Summary of the ATLAS measurements of the top quark mass

Figure 2 . 4

 24 Figure 2.4 Summary of ATLAS measurements of the top-pair production cross-section as a function of the centre-of-mass energy compared to the NNLO QCD calculation complemented with NNLL resummation.

Figure 2 .

 2 Figure 2.6 (a) Cross-sections for different SM Higgs production mechanisms at the LHC, as a function of the Higgs mass (b) Total cross-section for SM Higgs production at the LHC, as a function of the Higgs mass (with MH = 125 GeV measured in experiment) As now the Higgs boson is discovered, the Higgs mass is measured to be around 125 GeV.

Figure 2 .

 2 Figure 2.10 Cross sections times branching fraction for different Higgs production mechanisms in each relevant decay mode, normalized to their SM predictions.

Figure 2 .

 2 Figure 2.12 Examples of tree-level Feynman diagrams for the production of the Higgs boson in association with a pair of top quarks.

  Vector-like Quarks (VLQs)[23], Two Higgs Doublet Model (2HDM)[24], Universal Extra Dimension / Real Projective Plane Model (2UED/RPP)[25] e.t.c. Examples of Feynman diagrams for each model are shown in Figure2.14-2.17 . Furthermore, the four-top-production is also a powerful tool to constrain the top Yukawa coupling[26].
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 2 Figure 2.14 Feynman diagram for vector-like T5/3 single (left) and pair production (right).
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 2 Figure 2.15 Example of Feynman diagram of four-top-quark production in Effective Field Theory with contact interaction.

Figure 2 .Figure 2 .

 22 Figure 2.16 Example of Feynman diagram of four-top-quark production in 2HDM 2UED/RPP (Universal Extra Dimension / Real Projective Plane) model
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 31 Figure 3.1 The accelerator complex at CERN CERN(European Organization for Nuclear Research) is located on the border between Switzerland and France. It is a large organization involving tens of thousands of scientists and students from all over the world, which makes it the world's center for experimental high energy physics nowadays.The LHC[1] is the representative of the high energy frontier in experimental particle physics. It is actually the last piece of a large accelerator system at CERN. The whole procedure starts with the production of the protons, which is achieved with a small hydrogen bottle. The original protons are injected into the LINAC 2 for the first step of acceleration, where the beam energy can be raised up to 50 MeV. Then the protons will travel successively through a circular Proton Synchrotron Booster (PSB) and a Proton Synchrotron (PS), where the beam energy will be increased to 1.4 GeV and 25 GeV respectively. Finally, the Super Proton Synchrotron (SPS)
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 32 Figure 3.2 Diagram of the ATLAS detector system[4] ATLAS is a multi-purpose detector[2][3] with 25m in height, 44m in length and approximate 7000 tons in weight. The sub-detector systems of ATLAS include: the inner detector (ID) composed of various tracking devices, the calorimeters for energy measurement and the muon spectrometer for muon detection. A magnet system is installed for momentum measurement and charge identification. In addition, there is a trigger and data acquisition (TDAQ) system which is meant to collect LHC data with high performance and reasonable rate.ATLAS uses a right-handed coordinate system, of which the center is located at the nominal
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 33 Figure 3.3 Illustration of the ATLAS coordinate system ATLAS has a roughly cylindrical symmetric structure, so the cylindrical and polar coordinates are used for mathematical calculation. The radial coordinate R stands for the transverse distances from the beam line. The azimuthal angle ϕ stands for the angle from the x-axis in the x-y plane and the polar coordinate θ is the angle away from z-axis. The pseudo-rapidity )) ln(tan( 2 
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 34 Figure 3.4 Overview picture of the ATLAS inner detector (left) and illustration of the inner detector in the barrel region (right) [4] The Inner Detector (ID) is the innermost layer of ATLAS, which is closest to the interaction point. It is composed of the Insertable B Layer (IBL), the Pixel detector, the SemiConductor Tracker (SCT) and the Transition Radiation Tracker (TRT). The IBL is newly added for Run 2 operation. It is added between a new beam pipe and the previously innermost Pixel layer. The IBL preserves robustness of the tracking quality and the resolution on the impact parameter measurements. The Pixel detector is a silicon pixel precision tracking device placed as the second of the inner detector. It provides a position measurement accuracy of 10 μm 2 (in R-ϕ plane) and of 115 μm (for z in the barrel region and R in the end-cap region). The SCT is the third layer of ATLAS. It is a precision silicon microstrip detector which contains a large number of readout channels. It provides a position measurement accuracy of 17 μm 2 (in R-ϕ plane) and of 580 μm (for z in the barrel region and R in the end-cap region). The TRT is the outermost layer of the ID. It is a straw tube gaseous detector which only provides R-ϕ measurement. The accuracy of the TRT measurement is around 130 μm 2 , which is worse compared to the Pixel and the SCT. However, it has the advantage of a larger number of measurements and longer level arm. The sensitive volume of the TRT covers a large radial range, allowing for significant contributions to momentum measurement.

  5 and an inner wheel which covers regions of 2.5 < | η | < 3.2. In regions of | η | < 2.5, the EM calorimeter is segmented longitudinally into three layers, devoted to precision physics. The first layer is finely segmented in η, which provides accurate position measurement. The second layer has a segmentation of 0.025×0.025 in Δη × Δϕ space. This layer collects the largest fraction of the energy from EM shower. The third layer only collects the tail of EM shower, so it is less segmented in η. The inner layer end-cap wheel (2.5 < | η | < 3.2) is segmented into two sections only. The typical energy resolution of the EM calorimeter is E
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 36 Figure 3.6 Illustration of the ATLAS Muon Spectrometer[4] The Muon spectrometer (MS)[2] is the outermost part of the ATLAS detector. It is designed to detect muons and measure their momentum within |η| < 2.7, as well as triggering them within |η| < 2.4 region. The MS is composed of four subsystems, namely, Monitored Drift Tubes (MDT), Cathode Strip Chambers (CSC), Resistive Plate Chambers (RPC), and Thin Gap Chambers (TGC). In the barrel region, chambers are arranged in three cylindrical layers around the beam, while in the endcap region, layers are arranged to be perpendicular to the beam. The MDT and the CSC are designed for precision measurements of the muon momentum. The MDT covers regions of |η| < 2.7, and the CSC covers regions of 2.0 < |η| < 2.7. The small coverage of the CSC is compensated by the capability of coping with higher background rate. The RPC and the TGC are designed to provide fast and robust readout, to be used by the trigger system, in the regions of |η| < 1.05 and 1.05 < |η| < 2.4, respectively.
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 42 Figure 4.2 Distribution of relative muon isolation variables: track based

Figure 4 . 3

 43 Figure 4.3 Muon isolation efficiencies as a function of muon pT for different working points

  PDF set. The renormalization and factorization scales are set in the form of

  has a signature of several high pT leptons with missing transverse energy and several high pT jets of which at least four are b-jets. Since the top quark exclusively decays to a bottom quark and a W boson, the final states of t t t t production depends on the WWWW decay modes. Branching ratios for the different WWWW decay modes are shown in Figure6.1, where l refers to lepton (electron or muon in the analysis), h refers to hadron, SS refers to same sign lepton pair and OS refers to opposite sign lepton pair.
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 61 Figure 6.1 Branching ratios of the t t t t
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 71 Figure 7.1 Charge mis-identification due to a straight track

  Figure 7.3 Z mass fit on di-electron invariant mass distributions for same sign events (left) andopposite sign events (right) in a data Z→ee enriched region The peak shift in the same sign di-electron invariant mass distribution is expected. It is mainly due to the energy loss of the system in the photon conversion process, where only one of the electrons in the trident topology is selected.To validate that the Z → ee enriched region is properly selected, Data/MC comparisons of some kinematic variables' distributions in the Z peak region are shown inFigures 7.4 and 7.5, for same sign and opposite sign electron pairs respectively.
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 74 Figure 7.4 Data/MC comparison of the di-electron invariant mass distribution for the opposite sign (left) and same sign (right) electron pairs in the Z peak region using 2016 data

Figure 7 .

 7 Figure 7.8 Closure test of kinematic distributions in the Z peak region in Z+jets sample with charge mis-identification weights applied on the opposite sign events

  Low mass γ* NF HF e NF HF μ Value 1.6 ± 0.3 1.6 ± 0.5 0.9 ± 0.4 0.8 ± 0.4 1.0 ± 0.4
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 7 Figure 7.12 Measured prompt and fake efficiencies as a function of lepton's pT in 2015-2016 data

Figure7.

  Figure7.14 Measured prompt and fake efficiencies as a function of lepton's pT in 2018 dataAfter the efficiencies are extracted, we can create a matrix equation, and in the dilepton case, it is written as equation 7.5:
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 7 Figure 7.17 Pre-fit and post-fit BDT distribution in the Z t t control region Data/MC comparison in W t t validation region is shown in Figures 7.18-7.19. The definition of the W t t validation region is based on the fact that W t t

  Figure 7.17 Pre-fit and post-fit BDT distribution in the Z t t control region Data/MC comparison in W t t validation region is shown in Figures 7.18-7.19. The definition of the W t t validation region is based on the fact that W t t

  the likelihood for a given μ. qμ is small when the observation is close to the hypothesized μ. The disagreement between data and the hypothesized μ is quantified by the p-value:

  Pre-fit distributions of kinematic variables in the BDT>0 region are shown in Figures 10.1-10.3.

Figure 10 . 1

 101 Figure 10.1 Pre-fit distributions in the BDT>0 region

Figure 10 . 4

 104 Figure 10.4 Fitted normalization factors and signal strength for the plain Asimov fit.

Figure 10 . 8

 108 Figure 10.8 Ranking plot of the nuisance parameters for the Realistic Asimov fit

  The post-fit distributions of other variables in the SR>0 region are shown in Figures 10.10-10.12.

Figure 10 .

 10 Figure 10.10 post-fit distributions in the BDT>0 region

  The post-fit value of the nuisance parameter for the systematic uncertainty in the constraints are mainly due to the fact that an uncertainty of 125% (300%) is added to the W t t Njets = 7 (Njets ≥ 8) region in order to cover the the difference between the number of data events and MC yields in that region. Apart from these, no other nuisance parameters are found to be significantly constrained by the fit.

Figure 10 .

 10 Figure 10.13 Fitted normalization factors and signal strength for the full fit on data

Figure A. 2

 2 Figure A.2 Statistical uncertainty of the electron charge mis-identification rates as a function of electron's pT and | η |

  fb pour s= 13 TeV. Des analyses récentes ont publié une limite supérieure observée (attendue) sur la section efficace de 4 tops dans le MS de : 69 (29) fb. Un exemple de diagramme de Feynman de production de 4 tops est montré sur la figure B.1.

Figure B. 1

 1 Figure B.1 Exemple de diagramme de Feynman pour la production de 4 tops dans le MS

  2 autour du muon, après soustraction de l'énergie déposée par le muon lui-même et après corrections des effets d'empilement. Les contributions d'empilements et d'événements sous-jacents sont estimées en utilisant une technique d'énergie-densité ambiante et sont reconstruites événement par événement. Les critères de sélection sur l'isolation sont déterminés en utilisant la valeur relative des variables d'isolation, définie par le rapport des variables ci-dessus divisées par l'impulsion transverse du muon. La distribution de ces variables relatives est montrée figure B.2 avec le rapport données sur simulation dans le bandeau inférieur.

Figure B. 2 123

 2 Figure B.2 Distribution de l'isolation relative basée sur les traces

Figure B. 3

 3 Figure B.3 Taux de mauvaise identification de la charge des électrons en utilisant une méthode de vraisemblance dans les données (gauche) et pour la simulation Z+jets (droite) en fonction du pT et | η | de l'électron

Figure B. 4

 4 Figure B.4 Distribution pre-fit (gauche) et post-fit (droite) de la sortie du BDT dans la région de signal

Figure B. 5 1 L

 51 Figure B.5 Distributions post-fit pour la région BDT>0

Titre:
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 2 1. 

		Name	Spin	Charge	Mass
	Quarks	u	1/2	+2/3	2.2 MeV
		d	1/2	-1/3	4.7 MeV
		c	1/2	+2/3	1.27 GeV
		s	1/2	-1/3	96 MeV
		t	1/2	+2/3	173 GeV
		b	1/2	-1/3	4.2 GeV
	Leptons	e	1/2	-1	0.511 MeV
		νe	1/2	0	< 2 eV
		μ	1/2	-1	105 MeV
		νμ	1/2	0	< 0.19 MeV
		τ	1/2	-1	1.78 GeV
		ντ	1/2	0	< 18.2 MeV
	Gauge Bosons	γ	1	0	0 GeV
		g	1	0	0 GeV
		W ±	1	±1	80GeV
		Z	1	0	91GeV
		H	0	0	125GeV

Table 2 .

 2 

1 Elementary particles in the Standard Model 2.1.2 Quantum Electrodynamics (QED)

Table 2 .2 Branching ratios and total width of the SM Higgs boson at

 2 

		125	GeV

H m

Table 5 .

 5 1. Here PDF means 'parton distribution function', PS means 'parton shower' and UE means 'underlying events'.

	Process	MC generator	PDF	PS	UE	Xsec (pb)
	t	t		t	t	MADGRAPH5	NNPDF	PYTHIA	A14 + NNPDF	0.012
					t	t		POWHEG	NNPDF	PYTHIA	A14 + NNPDF	831.76
	single top s channel	POWHEGBOX	NNPDF	PYTHIA	A14 + NNPDF	10.32
	single top t channel	POWHEGBOX	NNPDF	PYTHIA	A14 + NNPDF	217
	tW	POWHEGBOX	NNPDF	PYTHIA	A14 + NNPDF	71.7
	t	t	Z	MADGRAPH5	NNPDF	PYTHIA	A14 + NNPDF	0.839
	t	t	W	SHERPA	NNPDF	SHERPA	SHERPA	0.601
	t	t		H	POWHEGBOX	NNPDF	PYTHIA	A14 + NNPDF	0.508
	tWZ	MADGRAPH5	NNPDF	PYTHIA	A14 + NNPDF	/
	W+jets	SHERPA	NNPDF	SHERPA	SHERPA	11076
	Z+jets	SHERPA	NNPDF	SHERPA	SHERPA	1950
	VV	SHERPA	NNPDF	SHERPA	SHERPA	/
	VVV	SHERPA	NNPDF	SHERPA	SHERPA	/

Table 5 .
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1 Detailed settings of different Monte Carlo processes Generally, MC generator

Table 6 .

 6 1 List of single lepton triggers used in the analysis for each data period

	Year	List of ORed triggers
		di-electron triggers
	2015	2e12_lhloose_L12EM10VH
	2016	2e17_lhvloose_nod0
	2017-2018	2e24_lhvloose_nod0
		electron-muon triggers
	2015	e17_lhloose_mu14,e7_lhmedium_mu24
	2016-2018	e17_lhloose_nod0_mu14, e7_lhmedium_nod0_mu24
		di-muon triggers
	2015	2mu10,mu18_mu8noL1
	2016-2018	2mu14,mu22_mu8noL1

Table 6 .
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Table 6 .

 6 

				Muons	Jets	b-jets
		loose	tight	loose	tight
	pT [GeV]	> 28		> 28	> 25	> 25
	| η |	< 1.37 or 1.52 -2.47	< 2.5	< 2.5	< 2.5
	ID quality	mediumLH tightLH	medium	cleaning	MV2c10
		ECIDS(ee,eμ)			+ JVT	77%
	Isolation	none	FCTight none FixedCutTight
				TrackOnly
	Track vertex :				
	-|d0/σd0|	< 5		< 3	
	-|z0sinθ| [mm]	< 0.5		< 0.5

3 Summary of object identification and definitions

Table 7 .
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	Region	channel	Nj	Nb	Other requirements	Fitted variable
	SR	SS + 3L	≥ 6	≥ 2	HT > 500 GeV	BDT
	CR Conv.	SSee || SSem	4 ≤ Nj < 6 ≥ 1	0 < Mee@CV < 0.1 200 < HT < 500 GeV	Mee@PV
	CR HF e	eee || eem	-	= 1	100 < HT < 250	counting
	CR HF μ	emm || mmm	-	= 1	100 < HT < 250	counting
					Mee @PV< 0 or	
					Mee@PV > 0.1, |η(e)| <	
	CR W t t	SSem || SSmm	≥ 4	≥ 2	1.5 for Nb = 2, HT <	∑pT(l)
					500 GeV or Nj < 6 for	
					Nb ≥ 3, HT < 500 GeV	

2 Fitted values of the normalization factors from the simultaneous fit in all CRs

Table 7 . 3

 73 Table

	:

  .4, 'post-fit' here corresponds to the final data fit (described in

							SR (BDT>0) template fit	SR (BDT>0) matrix method
		t	t	t	t	24.3 ± 9.4	22.838 ± 0
		t	t	W	29.9 ± 7.1	22.2 ± 0.54
	t	t	WW	3.2 ± 1.6	2.9 ± 0.2
			t	t	Z	13.2 ± 2.8	14.0 ± 0.4
		t	t	H	12.3 ± 2.9	10.9 ± 0.1
	QmisID	3.6 ± 0.5	3.5 ± 0.2
	Mat CO	5.9 ± 2.2	/
						γ*	1.3 ± 0.7	/
		HFe	2.0 ± 1.2	/
		HFm	2.8 ± 1.4	/
			LF	0.7 ± 0.8	/
	Other fake	2.0 ± 0.8	/
	All fakes	14.7 ± 3.2	14.4 ± 6.8
		t t ) (	X	1.3 ± 0.4	1.6 ± 0.2
			VV	0.3 ± 0.2	0.9 ± 0.1
	V+jets	0.03 ± 0.01	0.03 ± 0.02
	others	2.2 ± 1.1	2.0 ± 0.0
		Total	105.2 ± 8.7	95.3 ± 9.64
	Table					
	Chapter 10).					

Table 8 .

 8 1. 

	Parameter Optimized value	Definition
	Max.D.	6	Number of maximum split BDT nodes allowed
	nCuts	15	Granularity of variable distributions used
	nMin%	3	Minimum number of allowed fraction of events in a leaf
	Shrinkage	0.01	Learning rate of the optimization procedure
	Bagging	0.7	Fraction of the random sampling size
	nTrees	800	Number of trees grown during the iteration

Table 8 .

 8 1 Optimized BDT hyper-parametersThe AUC corresponding to the optimized model is 0.854.

Table 10 .

 10 

						1.
						BDT>0	allBDT SR
		4tops	21.9 ± 8.9	29.8 ± 12.1
		t	t	W	12.4 ± 8.7	61.2 ± 21.7
	t	t	WW	2.2 ± 1.1	7.5 ± 3.8
			t	t	Z	8.5 ± 1.9	49.7 ± 9.2
		t	t	H	8.3 ± 2.1	38.8 ± 8.8
	QmisID	2.6 ± 0.2	16.2 ± 1.3
	Mat CO	2.3 ± 1.0	12.7 ± 5.4
					γ*	1.1 ± 0.5	9.3 ± 3.7
		HFe	0.9 ± 0.7	4.8 ± 3.1
		HFm	2.0 ± 1.2	11.0 ± 4.1
			LF	1.2 ± 1.2	7.0 ± 6.1
	other fake	1.3 ± 0.6	6.7 ± 2.3
		t t ) (	X	1.0 ± 0.4	5.1 ± 1.6
			VV	0.3 ± 0.2	4.3 ± 3.0
	others	0.016 ± 0.009	0.067 ± 0.034
					ttt	1.9 ± 1.7	3.0 ± 2.7
		Total	67.9 ± 7.9	267.2 ± 15.3
	Table 10.1 Expected background and signal yields in the allBDT signal region and the BDT>0
						region after the plain Asimov fit

Table 10 .
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	2.

Table 10 .

 10 The expected signal and background yields in the signal region after the fit on data is shown in Table10.3.

							2 Expected	t t significance for different intermediate fitting steps t t
							SR	SR and BDT > 0
		t	t	W	102 ± 26	23 ± 10
	t	t	WW	7 ± 4	2 ± 1
			t	t	Z	47 ± 9	8 ± 2
		t	t	H	38 ± 9	8 ± 2
	QmisID	16 ± 1	2.7 ± 0.2
	Mat CO	19 ± 6	3 ± 1
						γ*	9 ± 4	1 ± 1
		HFe	3 ± 2	1 ± 1
		HFm	11 ± 5	3 ± 2
			LF	5 ± 5	1 ± 1
	other fake	6 ± 2	2 ± 1
		t t ) (	X	5 ± 2	1.0 ± 0.4
			VV	3 ± 2	0.2 ± 0.1
	others	4 ± 2	1 ± 1
						ttt	3 ± 3	2 ± 2
	Total bkg	278 ± 22	59 ± 10
		t	t	t	t	60 ± 16	44 ± 12
		Total	337 ± 18	103 ± 10
		Data	330	105

Table 10 .

 10 3 Expected background and signal yields in the signal region after the full fit on data

  table B1, ainsi que la normalisation obtenue pour le bruit de fond W t t qui s'est avéré mal simulé dans le Monte Carlo. Table B.1 Valeurs ajustées pour la normalisation des composantes de faux leptons et pour le La méthode choisie correspond à des arbres de décisions boostés (BDT). L'auteur de cette thèse a travaillé plus particulierement sur l'optimisation des paramètres de ce BDT en utilisant la significance statistique du signal comme estimateur. Le BDT est construit pour discriminer le de tous les bruits de fond dans la région définie comme étant la région du signal. Il est entrainé sur des échantillons Monte Carlo par une procédure entrainement-test-validation. La distribution pre-fit et post-fit de la sortie du BDT est présentée figure B.4.

	Parameter	NF W t t	NF Mat. Conv. NF Low mass γ*	NF HF e	NF HF μ
	Value	1.6 ± 0.3	1.6 ± 0.5	0.9 ± 0.4	0.8 ± 0.4	1.0 ± 0.4
					bruit de fond W t t
	Afin d'améliorer la sensibilité de la recherche du signal	t t t , un discriminant multivarié est t
	utilisé. signal	t t	t t			

  est compatible avec la prédiction du modèle standard au niveau de 1.7 déviation standard. Ce résultat constitue la premiere mise en évidence du processus de production de 4 quark tops.

	t t	t	du MS, on trouve :														
				t t	t t		24	5 5  	(	stat	)	5 4  	(	syst	)	fb		24	7 6  	fb	B.2
	Cette mesure de section efficace de production de		t t	t t	
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个 Run2 数据,质心系能量为 13TeV,积分亮度为 139 fb⁻¹。四顶夸克多轻子衰变末态的信 号特征为:含有两个(同电荷)轻子或者更多个轻子,有较多的夸克喷注(jets)和底夸克 喷注(b-tagged jets)。我们首先对四顶夸克多轻子末态信号过程以及具有类似末态的背景 过程进行了初步的区分和筛选。 然后, 我们采用了多变量分析 (Multi-Variate 的产生截面值为:δ tttt =24+5-5(stat)+5-4(syst。 该信号的观测(

Chapter 4

Object Reconstruction in ATLAS Figure 4.1 shows the various kinds of particle's signatures when they interact with the ATLAS detector. The object reconstruction is performed based on these signatures. 

Primary Vertex

In the ATLAS experiment, the primary vertex [1] is reconstructed using the information of the reconstructed ID tracks. First of all, the reconstructed tracks are pre-selected with some selection criteria, and a vertex seed is chosen through finding the global maximum of selected tracks' z coordinates distribution. After that, the precise position of the vertex is determined using the adaptive vertex fitting algorithm [2].

When all the primary vertices are found, the one with the largest ∑ pT 2 of all the associated tracks is chosen as the hard scattering primary vertex. The rest of the vertices are considered to come from the soft pile-up interactions.

Electrons

In the ATLAS detector, electrons in the central detector region are triggered by and reconstructed from energy deposits in the electromagnetic (EM) calorimeter that are matched to a track in the inner detector. Electrons are distinguished from other particles using several sets of NLO with the NNPDF3.0NLO PDF set, and interfaced with PYTHIA8.210 using A14 tune. It is normalized to the inclusive   l l t t cross section computed at NLO, including off-shell Z and γ* contributions will Mll > 5 GeV. The production of W t t is modelled using the SHERPAv2.2.1 [17] generator with the NNPDF3.0NLO PDF set. The ME was calculated for up to one additional parton at NLO and up to two additional partons at LO using Comix and OpenLoops [18,19], and merged with the SHERPA parton shower [20] using the MEPS@NLO prescription [21][22][23][24] and a merging scale of 30 GeV. The production of H t t is modelled using the POWHEGBOX generator at NLO with the NNPDF3.0NLO PDF set, interfaced with PYTHIA8.230 using the A14 tune. tWZ production is modelled using the MADGRAPH5_AMC@NLO v2.3.3 generator at NLO with the NNPDF.0NLO PDF set, interfaced with PYTHIA8.212 using the A14 tune. Other rare top quark processes are modelled using the MADGRAPH5_AMC@NLO generator at LO interfaced with PYTHIA8 using the A14 tune.

V+jets production is simulated with the SHERPA v2.2.1 generator at NLO for up to two additional jets, and at LO up to four additional jets calculated with the Comix and OpenLoops. SHERPA is used for parton shower and parameter tuning. The NNPDF3.0nnlo [5] PDF set is used and the samples are normalized to NNLO prediction.

Diboson(VV) production is simulated with the SHERPA v2.2.1 or v2.2.2 generator at NLO for up to one additional parton and at LO for up to three additional partons. SHERPA is used for parton shower. The NNPDF3.0nnlo PDF set is used.

Triboson(VVV) production is simulated with the SHERPA or v2.2.2 generator at NLO for the inclusive process and at LO for up to three additional partons. SHERPA is used for parton shower. The NNPDF3.0nnlo PDF set is used. the energy loss in the system when the trident process occurs and only one of the electrons is selected.

Figure 7.7 Closure test of kinematic distributions in the Z peak region in 2016 data sample with charge mis-identification weights applied on the opposite sign events

below a certain threshold or negligible, the variable is dropped and the process is repeated. After the IR procedure, a list of 12 variables are selected as the final input. Detailed information of these variables is listed in Table 8. 8.2 Information of the final BDT input variables list Among the above variables, ∑WMV2c10 provides the highest separation power since normally four b-jets are produced in the signal events. The pseudo-continuous b-tagging score is an integer variable assigned to a jet, with a value from 1 to 5, each corresponding to a specific region in the continuous MV2c10 distribution. Value 5 indicates that the jet is like a b-jet most. ΔR(l,l)min is the second important variable in term of the separation power.

The post-fit Data/MC comparison of the input BDT variables in the region with BDT<0 is shown in Figures 8.3 to 8.4. 'post-fit' here corresponds to the final data fit described in Chapter 10. The Data/MC agreement of the input BDT variables is checked to be acceptable.

Figure 8.3 Post-fit data/MC comparison of BDT input variables in the region with BDT<0

nominal simulation and data. More information about constraints and pulls can be found in [4].

Before the final fit where the signal region and all the control regions are included to extract the signal strength, a set of intermediate fitting steps are performed, which is listed below.

• Plain Asimov Fit: Both of the control regions and the signal region are included. The data used in the fit are the pseudo Asimov data [5] which corresponds exactly to the (pre-fit) MC prediction. The purpose of this fit is mainly to obtain the expected constraints on the nuisance parameters as well as the normalization factors.

• Real CR-only Fit: Only the control regions are included in this fit. The data used in the fit are the real data in the control regions. The purpose of this fit is to obtain as close as possible the post-fit background without looking at the signal region. The signal contamination is expected to be small in the control regions, therefore the signal strength is fixed to be 1 at this step.

• Realistic Asimov Fit: Both the control regions and the signal region are included. The data used in the fit are the pseudo Asimov data which corresponds exactly to the post-fit background model obtained in the Real CR-only Fit. The purpose of this fit is to obtain close to final parameter constraints and pulls, as well as the expected significance without looking at real data.

In the above intermediate fitting steps, the normalization factors of the W t t process and the different fake components are left free floating, which means they are determined by the fit. The other prompt physics backgrounds depend directly on the MC simulation and the charge mis-identification background depends directly on the data-driven estimation, so the normalization factors of these backgrounds are fixed at 1.

The final data fit is performed using both the control and signal regions and using data in all these regions. 

Figure 10.7 Constraints and pulls of all the nuisance parameters for the realistic Asimov fit

The distributions of the fitted variables in each of the regions after the full data fit are shown in Figure 10.9.

Figure 10.9 post-fit distributions of the fitted variables in each of the regions

The post-fit data/MC agreement in the control regions is remarkably good, which indicates that the backgrounds are well estimated. 12, respectively for the nominal case, the W t t control region and the conversion control region. In the nominal case and the W t t control region, the systematic uncertainties are provided as a function of electron's pT and electron's |η|. In the conversion control region, the systematic uncertainties are provided as a function of electron's pT and the electron's invariant mass at the primary vertex (Mee@PV).