=—=ROMA
A RE

UNIVERSITA DEGLI STUDI

DIPARTIMENTO DI MATEMATICA E FISICA
CORSO DI DOTTORATO DI RICERCA IN FISICA

XXXII CICLO

Measurement of the ratio of top quark
branching fractions
HB(t — Wb)/AB(t — Wq) in proton-proton
collisions at 13 TeV using the ATLAS
detector

Dottoranda: Docente Guida:
Valentina VECCHIO Prof. Giuseppe SALAMANNA

Coordinatore:
Prof. Giuseppe DEGRASSI






A Mariastella e Francesco.

iii






Contents

Introduction 5
1 The Standard Model of Particle Physics 7
1.1 Introduction to the Standard Model . . ... ... ... ... ...... 7
1.1.1  Quantum Field Theory: thebasis . . . . ... ... ........ 8
1.2 Electroweak Theory . . . . .. ... ... ... . ... ... . ... .... 9
1.3 Quantum Chromodynamics Theory . ... ... ............. 10
14 Themassoftheparticles . . . ... ... ... .. .. ... .. ...... 10
15 TopQuarkphysics . .. ........ ... .. ... .. .. ... 12
1.5.1 Productionof TopQuarks . . . ... ................ 13
Toppairs. . . ... ... 13
Singletop . . ...... ... ... ... 14
152 TopQuarkdecay . .......... ... ... .. ....... 16
2 Probing the top quark decay: state of the art and strategy 19
2.1 State of the art of |Vjp| measurement . . . .. ... ... ... ...... 19
2.1.1 Extraction of |Vy,| from single top cross section . . . . . ... .. 20
2.1.2 Measurement of the branching fractionsratio. . . . . ... ... 21

2.2 Strategy for a model independent determination of Ry, : past lessons
learned and new challenges . . . ... ................... 22
221 Themethodology . . . .. ... ... .. ... .. .. ..., 22
222 Themainchallenges . .. ... ................... 25
Calibration of b-tagging efficiency . . ... ............ 25
Estimation of the jet-to-top assignment fractions . . . . . . . .. 27
3 The Large Hadron Collider and the ATLAS Detector 29
3.1 TheLarge Hadron Collider . ... ... .................. 29
311 LuminosityandPileup. . . ... ... ... ... ... ..... 30
32 The ATLASDetector . ... .. ... ... ... . ... . ... ...... 32
3.2.1 Thelnner Detector . . ... ..................... 33
The Pixel Detector and the Insertable B-Layer . . ... ... .. 34
The Semiconductor Tracker . . . . ... .............. 34
The Transition Radiation Tracker . . . . .. ... ... ... ... 35
3.22 The Calorimetricsystem . . . . ... ................ 35
3.23 TheMuon spectrometer . . . ... ... ... ... ...... 37
Muon Drift Chamber . . . . . ... .. ... ... ... . ... .. 38
Resistive Plate Chamber . . . . .. .. ............... 38
Cathode Strip Chamber . . . .. ... ...... .. ..... .. 38
Thin Gap Chamber . . . ... .................... 38
324 TheTriggersystem . . ... ... ... ................ 39
3.3 Physics objects: reconstruction and calibration . . . .. ... ... ... 40
33.1 Tracksandvertices . . ... ... ... ... .. ... ...... 40

3.3.2 Electrons . . . . . . .. e e 43



Contents

Reconstruction . .. ... ... ... .........
Identification . . . ... ... ... ..........
Isolation . . ... ... ... ... ... ... ...,
Charge Identification . . . . ... ... ........
333 Muons . ... .. ..
Reconstruction . .. ... ... ... .........
Identification . .. ... ... ... ... .......
Isolation . . ... ... ... .. .. ... .. ...
3.34 HadronicJets . . ... ... ... . ... .. ... ..
Reconstruction . .. ... ... ... .........
Calibration. . . . ... ... ... ... ... .....
Pileup suppression techniques . . . . .. ... ...
3.3.5 Missing Transverse Energy . . . ... ... ... ..
Performance . . . . . . ... . .. ... ... ... ..

4 Identification of b-jets

4.1

4.2

Algorithms for the identification of bjets . . . . .. .. ..
411 BasicTaggers . .....................
The IP2D and IP3D algorithms . . . . ... ... ..
Secondary Vertex Finder algorithm . . . . ... ...
Topological Multi-Vertex Algorithm (JetFitter)
412 TheMV2Tagger . ...................
Calibration of b-tagging efficiency .. ... .........
42.1 Introduction to the p% method . . .. ........
422 Dataand simulated samples . .. ..........
Data events selection . . . . .. ... .........
Simulated samples . . . ... ... ... 0L
42.3 Objects selection and events categorisation . . . . .
Objects selection . . . . ... ... ..........
Regions definition . . ... ..............
424 The p' fittingmethod . . . .. .. .. ... .. ..
Construction of templates . . . . ... ... .. ...
The fitting strategy . . . . . ... ... ... ... ..
425 Uncertainties . .. ... ... ... ..........
Statistical uncertainties . . . . . ... ... ... ...
Detector uncertainties . . . . .. ... ... ... ..
Modeling uncertainties . . ... ... ........
426 Results . .. ... ... Lol
4.2.7 Application of scale factors to Ry, analysis . . . . . .

5 Measurement of top quark Ry,

51

52

53

Data and simulated samples . . . . . ... ... .......
511 Datasample . . ... ..... .. ... .. .. ...,
512 Simulation . .. ... .. ... ... ... ... ...,

Signalsamples . ... ... ..............

Background samples . . . .. ... ... ... ....
Object and eventselection . . . ... ... ... .......
52.1 Objectselection . . . ... ... ... ... ......
522 Eventselection . ....................
Top pairs kinematical reconstruction . . . . ... ... ...
5.3.1 Eventclassification . . ... ... ... ........



Contents 3

5.4 Statistical model for Ry, extraction . . . . . ... ... ... ........ 93
5.4.1 Correction of jet-to-top assignment fractions . . ... ... ... 94

542 Extracionof Ry, . . . . . . . . ... . .. 95

5.4.3 Nuisance parameters in profile likelihood fit . . . .. ... ... 96

5.5 Systematic uncertainties . . . ... .. ... oo oo oL 96
5.5.1 Experimental Uncertainties . . . .. ... ... ... ....... 97
Luminosity and Pileup . . . . .. ... ... .. .. ... .. .. 97

Objects uncertainties . . . . .. ................... 97

552 SignalModeling . ... ...... ... ... .. . L. 97

553 Background ... ........... ... L oL 98
Singletopmodeling . . .. ... ... ... .. .. ... .. .. 98
Otherbackgrounds . . . . .. ...... ... .. .. ....... 100

5.6 Closure test on the fitting procedure . . . .. ... ... ... ...... 100
5.7 Expected performance . .. ... .. ... ... .. ... . ... 100
571 Statistical Model . ... ... ... ... L 100

572 Variationofepandn,. . ... ... L oL 102

5.7.3 Variationofthetfmodel . . . . .. ... .. ... ... ...... 102

58 Results . . . ... e 104
5.9 Discussion on the result and its limitations . . . .. ... ... ..... 108

6 Conclusions and outlook 111
A Expression used in Ry, likelihood 113
B Distributions of p%! using predicted fractions 115
C Distributions of p! using fit results 119
D Jet-to-top assignment pre- and post-Fit plots 123

Acknowledgements 133






Introduction

The measurement of the Cabibbo-Kobayashi-Maskawa (CKM) [1,2] matrix element | Vy, |
is part of the current Large Hadron Collider (LHC) [3] physics program. The Stan-
dard Model (SM) gives no prediction on this quantity, therefore it is necessary to
measure it.

Under some hypothesis, it is possible to determine |Vy,| from the single top quark
production cross section measurement. Both the CDF and DO collaborations of Teva-
tron [4] and ATLAS [5] and CMS [6] experiments at LHC performed this measure-
ment. The average of Tevatron and LHC value gives |V};,| = 1.019 £ 0.025 [7].

The module of V};, can be also measured in top pairs (tf ) events from the quantity Ry,
defined as the the ratio between the top quark decay rate into bottom quarks and all
the possible top quark decay rates:

B(t— Wb) _ |Vs|*

R = = . 1
P Bt W) L[V M)

In the SM scenario g stands for down, strange and bottom quarks and in the assump-
tion that only three generations of quarks exist, Ry, = |V};|%. If, however, more than
three generation of quarks existed, |V}, | and thus R}, could assume lower values than
unity.

Ry, has been measured by the CDF collaboration both in the dilepton channel [8],
finding Ry, = 0.87 & 0.07, and in the final state containing one lepton [9], where R}, =
0.94 £ 0.09. Assuming three generations of quarks the following values of |Vj;| have
been respectively determined: |V};| = 0.93 £ 0.04 and |V};| = 0.97 £ 0.05. The DO
collaboration provides the combined result of the dilepton and one lepton measure-
ments [10], reporting R}, = 0.90 4= 0.04.

The latest measurement of Ry, has been performed by the CMS collaboration using
Run 1 data at a center of mass energy of 8 TeV in the dilepton channel [11]. The result
of the CMS measurement is R, = 1.014 £ 0.003(stat.) & 0.032(syst.) and a lower limit
on |Vy,| > 0.975 at 95% C.L.

This work presents the measurement of Ry, performed using ATLAS data collected
during Run 2 in 2016 and 2017, at a center of mass energy of 13 TeV. A model in-
dependent approach is used, where Ry, is extracted performing a likelihood fit on
the distribution of the b-jets multiplicity. The analysis selects events containing one
electron, one muon and exactly two hadronic jets. This results in an extremely pure
sample of tf events with only 8% of contribution from background processes, involv-
ing mostly single top, diboson and other SM processes. A kinematical reconstruction
of the events is performed to pair the two jets in the events with the lepton which
is most likely coming from the decay of the same top quark. The outcome of the
kinematical reconstruction allows to further categorise the events into four regions:
three of them are enriched in events in which at least one of the jets is not coming
from the top decay, while the remaining one is enriched into events in which both
the jets are coming from the top decay. The events falling in this latter region are
used to extract R;, while the three remaining regions are used to correct using data



6 Contents

the predicted fractions of lepton-jet mis-assignment. This measurement relies on
an ad-hoc calibration of the b-tagging efficiency, performed using multi-jets events.
The baseline calibration of the identification rate of bottom-jets is widely performed
using tf events, under the assumption of Ry, = 1. Therefore, using this calibration
would introduce a bias on the measurement of interest in this work. For this reason,
an alternative calibration is put in place in the context of the R, measurement. It is
based on the so-called p%! method, which exploits the kinematical properties of the
semi-leptonic decays of B-hadrons to identify B meson decays within a hadronic jet.
This work is organised as follows. Chapter 1 gives an overview of the Standard
Model. Chapter 2 gives the state of the art and the strategy for the precision mea-
surement of the top quark decay heavy flavor content. In Chapter 3 the LHC com-
plex and the ATLAS detector are described. In the same Chapter, a dedicated Sec-
tion 3.3 contains the description of the reconstruction and calibration of the physics
objects. In Chapter 4 a detailed description the b-tagging algorithm and its cal-
ibration are given. The methodology used to perform the measurement of Ry, is
extensively shown in Chapter 5 where the events selection 5.2, the kinematical re-
construction 5.3, the fitting strategy 5.4 and a detail discussion of all sources of sys-
tematic uncertainty considered 5.5 are provided.

The results are presented in Section 5.8 and while Chapter 6 finally draws the con-
clusions of this work.



Chapter 1

The Standard Model of Particle
Physics

The Standard Model of particle physics describes the elementary particles and their
interactions. This theory has been developed in the second half of 1900 and it is the
most thoroughly tested theories of modern physics. The SM gives highly precise
predictions of the existing experimental observations. Moreover, it provided a road
map for the discovery of new particles. The recent top quark discovery by the Teva-
tron experiments CDF and DO [12,13] and the tau neutrino observation [14] are two
examples of the high prediction power of the SM.

The latest success of the SM comes with the observation of the Higgs Boson, pre-
dicted in 1964 by P. Higgs and F. Englert [15,16] and later in 1967 by S. Weinberg [17]:
this particle represented the missing piece of the SM, as its associated field gives an
explanation of the massive nature of the fundamental particles (more details in Sec-
tion 1.4). In 2012, ATLAS [18] and CMS [19] experiments at the LHC claimed the
discovery of a particle compatible with the Higgs Boson, having a mass of roughly
125 GeV /2.

Although its robustness, the SM is not able to provide an explanation for a variety
of experimental observations such as the neutrinos mass and oscillations, the origin
of the dark matter and the asymmetry in the matter and anti-matter budget of the
universe. Moreover, this theory is completely decoupled from General Relativity,
which is the current most accurate description of the Gravitational Interaction.
These latter arguments are all indications pointing to the existence of physics be-
yond the SM (BSM). In this context, the precision measurements of the SM particles
properties could lead the way to an extension of the SM theory or its complete revo-
lution.

In this thesis, the measurement of the top quark branching fractions ratio is pre-
sented. The aim of this work is to probe for any BSM physics through a precise
measurement of a SM parameter. This Chapter gives the basis of the theoretical
framework, covering a brief overview on the SM 1.1 together with the description of
the Electroweak 1.2 and Quantum Chromodynamics 1.3 theories. Section 1.4 briefly
summarises the spontaneous symmetry breaking mechanism. These first sections
prepare the field for a closer look to the physics of top quark, described in Section 1.5.

1.1 Introduction to the Standard Model

The SM is the theory describing the particles and the way they interact. In this
context the particles are classified into four groups: leptons, quarks, gauge bosons
and one scalar boson.

Leptons and quarks are fermions of spin 1/2, they are constituent of the matter and
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they are divided into three doublets. Concerning the leptons, each doublet have
one charge lepton and one neutrino. The location of leptons in doublets is based on
the flavour (or generation). The lightest charged lepton is the electron, followed by
the muon and finally the tau. Neutrinos are considered to be massless in the SM
scenario, but there are experimental evidences of their massive nature [20-22].

e 1 T )
Quark are classified as follows: in each doublet there always is a quark-up like,
which has +2/3 electric charge and a quark-down like which has —1/3 electric

(D))

According to the Dirac equation all these fermions have an associated anti-particle,
having opposite quantum numbers. Leptons and quarks interact via the electromag-
netic and weak force, while only quarks feel the strong force.

The gauge bosons are the mediators of the interactions. Gluons are massless bosons,
mediators of the strong force. Also the photon happens to be massless: this particle
mediates the electromagnetic force. Finally the W= and Z massive vector bosons are
the mediators of the weak force, responsible of respectively the charged and neutral
current.

The SM is a Quantum Field Theory (QFT) based on the gauge symmetry SU(2); x
U(1)y x SU(3)c. A brief description of the basic concepts of QFT are given in the
following.

1.1.1 Quantum Field Theory: the basis

Let ¢ be a physical system whose dynamics is described by a given Lagrangian .Z
which is invariant under a global symmetry G. Following Noether’s theorem, the
associated current and charge are conserved. By promoting the global symmetry to
a local one, the original free theory transforms into an interacting theory. In order
to get the theory invariant under local transformations vector boson fields are intro-
duced, interacting with the ¢ field in a gauge invariant manner.

Taking as an example the U(1) symmetries, the following transformation

P — ' = ey, (1.1)

rotates the field by a global phase a. An example of this kind of symmetry is the
U(1), where the conserved current is the leptonic current and the conserved charge
is the leptonic number. Promoting the previous transformation to a local transfor-
mation means introducing a space dependency in the phase a

p =y ="y, (1.2)

giving birth to a gauge boson field. The U(1) group has one generator and corre-
spondingly one gauge field: in the Quantum Electrodynamics (QED) case this parti-
cle is the photon. In the SU(2) case there are three gauge bosons: in the Weak (WK)
case these particles are the W* and Z bosons. In the SU(3) case eight gauge bosons
are present: in the Quantum Chromodynamics (QCD) case these particles are the
gluons, responsible of the exchange of the color charge.
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Given these premises, the SM is now a well define QFT in which the QED and
WK are unified into the symmetry group of the Electroweak (EWK) interactions
SU(2)r x U(1)y, while the strong interaction is defined by the SU(3)c symmetry

group.

1.2 Electroweak Theory

The Electroweak theory has been formulated between 1960 and 1970 [23-25]. Here
the electromagnetic and weak interactions were unified to describe the leptons in-
teractions with photons and weak mediators. The same is valid for quarks, which
also interact via the strong interaction (described in Section 1.3).

Let the ¢ = () field be the Dirac spinor of a spin 1 fermion, whose dynamics is
described by the Dirac Lagrangian

£ = (i —m)y, (13)

where = ¢'7? and ¢# are the Dirac gamma matrices. Applying the same transfor-
mation as Equation 1.2 the Lagrangian becomes

L = 2 =2 —pyroua(x)p. (1.4)

Requiring the conservation of the U(1) symmetry implies the definition of the co-
variant derivative D, which has to ensure

D (x) = Dyp(x)’ = e*MDyp(x). (1.5)
The previous requirement is satisfied when

A, is the gauge field of QED, whose Lagrangian is the following

1 _ .
gQED = _ZFvaw/ + 1/)(18;47” — m)llJ, (17)

where the first term is the kinetic term. In Abelian gauge group case, as the QED,
the F,, tensor can be defined in terms of D,,.

[Dy, D] = ieFu . (1.8)

The unified EWK theory is obtained requiring the SU(2); x U(1)y symmetry, under
the SU(2), local gauge isospin transformation

$ o ¢ = 5y, (1.9)

with ¢ the vector of Pauli spin matrices (generators of the SU(2) symmetry).
The resulting EWK Lagrangian consists of the kinetic part of both SU(2) and U(1)
and the interaction term between matter and fields

1 1 _ . -
- Zi:lwﬁvam - *B;WBW + lpL(ZDy'YV)lPL + lpR(lDy')’H)l/)Rr (1.10)

Lewk = —=
EWK 4 4

where
Wi, =0, Wy — 3, W), — gf “WIWE, (1.11)
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Byy — al,{BV - avBV, (1.12)

By, is the U(1) field while the three SU(2) vector fields are Wi f7¢ is the Levi-Civita
symbol and g the electroweak coupling.

The first and second components of Wy are combined to get WHi = %(W; F W}zl),
while the B and Wj are rotated by the Weinberg angle 0y, to generate the EM vector
potential and the neutral weak vector potential Z.

Applying all these definitions, one obtains:

Ay = Bycosby + Wysinfy, (1.13)

Zy = —Bysinfy + W cosbyy. (1.14)

In the EWK theory, the third component of the weak isospin I3 and the weak hy-
percharge Y are invariant under gauge transformations. The relation between these
two quantities and the electric charge is the following

Q=L+ g (1.15)

1.3 Quantum Chromodynamics Theory

The Quantum Chromodynamics is a quantum field theory that describes the strong
interaction via the SU(3)¢ symmetry group. Here the color charge C is invariant
under gauge transformations. The strong mediators are eight spin-1 and massless
gluon field Gj(a = 1,...,8) that interact with quarks q. The resulting Lagrangian is
the following
1 .

Zocp = —EGﬁvazw + q(iDyy" —m)g, (1.16)

where the gluon field strength

Gl = Gy — Gy + e fP7GpGuy, (1.17)

denoting the non-Abelian nature of QCD. The algebra of SU(3)c¢ is indeed non-
commuting: this implies that self-interactions of the gluon fields are permitted by
the theory. This structure leads also two properties of the QCD theory: the asymp-
totic freedom and the confinement. Both of these properties are connected to the
behaviour of the strong coupling constant a5 as a function of the transfer momen-
tum p of the interacting particles. In particular, ag decreases with the increasing of
p? and asymptotically vanishes for infinite value of p2. In this regime, QCD can be
treated with a perturbative approach. Concerning the confinement, one can take as
an example the separation to an infinite distance of two colored particles. The aim
of this easy exercise would be to understand if a colored particle can be observed
alone. However, it appears that the creation of quark-antiquarks pairs from the vac-
uum is energetically favored compared to the binding energy, having as a result the
impossibility to isolate a colored particle.

1.4 The mass of the particles

The EWK and QCD Lagrangians do not contain terms related to the gauge boson
and fermion masses: this is in contrast with several experimental evidences that
showed these particles are massive. By spontaneous breaking the symmetry via the
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Higgs mechanism, the Yukawa interaction term arises, giving an explanation to the
massive nature of the fundamental particles. The idea is to introduce ad additional
complex scalar multiplet, having spin-0, of the SU(2) gauge group

9= ( z()* ) (1.18)

with electrically charged and neutral components. The corresponding Higgs La-
grangian is
Zhiggs = (Dup)"(D'¢) — V(9p'9), (1.19)

where the potential V(¢'¢) contains quadratic terms in ¢ so that the theory is renor-
malizable

V(p'p) = u’¢pTo + A(¢T9). (1.20)

Spontaneous symmetry breaking is induced if the minimum of V is obtained for
non-vanishing ¢ values. This occurs because > < 0 and A > 0 and the potential
minimum is then reached when

2 02

IR
95l = =53 = 5 (1.21)

with v the vacuum expectation value different from 0. Selecting one specific vacuum
state breaks the EWK gauge symmetry, preserving the full gauge symmetry of the
Lagrangian.

Since the ¢ doublet is SU(2), invariant, it is always possible to find a gauge trans-
formation that removes the upper component. Applying this transformation one

obtains: ) 0
¢O:ﬁ<v>' (1.22)

Starting from here, a deviation ¢ around the vacuum expectation value gives:

4’0:\2(%?0)’ (1.23)

where o is exactly the scalar field which represents the physical Higgs boson. By
adding a term in the EWK Lagrangian that takes into account this new scalar field it
is possible to obtain mass terms for fermions and bosons.
The interaction between the Higgs and the fermion fields in the form the Yukawa
Lagrangian is:

Pukawa = Zf:l,qyf[lI}L(PlpR + lpR(Pl/)L]/ (1.24)

where y are the matrices containing the Yukawa coupling constants between the
fermions and the Higgs boson. The matrices y¢ can be diagonalised in order to get
the eigenvalues of the Yukawa couplings using unitary transformations that will
redefine the fermion fields. In the leptonic sector this transformation has no effect
due to the absence of right-handed neutrinos. However, in the quark sector, the
rotation to the mass eigenstate basis provides a mixing among the fermions which is
the manifestation of the weak interactions. The mixing among the weak eigenstates
of the down-type quarks (d’, s/, b’) and the corresponding mass eigenstates (d, s, b)
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is characterised by the known Cabibbo-Kobayashi-Maskawa matrix:

d’ d
s/ = Vekm S (1 .25)
v’ b

Vud Vus Vub
Vekm = | Vea Vs Vo |- (1.26)
Vie Vis Vi

where

The off-diagonal elements of the CKM matrix explain that W bosons can couple to
two quarks belonging to two different generations. The CKM matrix has four pa-
rameters; three mixing angles that control the mixing among each generation pair
and one complex phase responsible for CP-violating phenomena. The resulting for-
mula for the mass of the fermions is

v
while the coupling to the gauge vector bosons is 2m?,/v. From these two latter re-
sults one can conclude that the coupling of the Higgs boson in proportional to the
mass of the particle, meaning it will be more favorably produced in association with
heavy particles, and will decay more favorably into the heaviest particles that are
kinematically allowed.

In this way, the Standard Model scheme is finally completed.

1.5 Top Quark physics

The top quark has been discovered in 1995 by the Tevatron experiments CDF and
DO [12,13]. Since then the most massive particle of the SM of particle physics has
been studied in great detail, both at the Tevatron and at the LHC. The world average
of the top quark mass, coming from the combination of the measurement performed
by the Tevatron and LHC experiments [26] is

Myop = 173.34 £ 0.27(stat) £ 0.71(syst) GeV /. (1.28)

Being its Yukawa coupling y;op ~ 1, the top quark is the heaviest of the fundamen-
tal particles known: thanks to its high mass the top quark has a very short lifetime,
smaller than the typical hadronisation time. For this reason, contrary to what hap-
pens to the lighter quarks, the top quark is never confined in bound states (so called
hadrons). This peculiarity offers the unique opportunity to study the properties of a
"bare" quark.

The top quark cross section at the LHC is significantly high (roughly 1nb over the
total 100ub): for this reason the LHC is also known to be a "top factory".

Given the big amount of top quarks produced at the LHC, precision measurements
of their properties can be performed. These measurements are motivated by a vari-
ety of reasons: first of all the top quark is a background in many searches for physics
BSM. Its precise understanding is therefore crucial to claim new physics.

Moreover, thanks to its special properties described above the top quark is consid-
ered to be a good candidate to probe for physics BSM. In this direction, it is crucial to
measure all the production, decay and coupling properties of this particle with the
highest achievable precision.
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In this Section a description of the top quark production and decay at the hadron
colliders is given.

1.5.1 Production of Top Quarks

The top quark can be produced at hadron colliders in pairs ( tf ) via the strong inter-
action or singly (single top) via the electroweak interaction.

Top pairs

Figure 1.1 shows the Feynman diagrams of tf at the Leading Order (LO) of QCD:
the resulting cross-section is proportional to a4 and it is strongly dependent on the
collision energy reached by the accelerator and on the Parton Distribution Functions
(PDFs) of the initial state partons.

Here the physics effects at high energies are factorised with the small energies

q>m‘<t g::?:;Et
q t g t
g t g

~|

FIGURE 1.1: Feynman Diagrams of the tf production at the hadron

colliders at the LO of QCD. g4 annihilation (top left), gluon-gluon

(gg) fusion in the s-channel (bottom left), gg fusion in the t-channel
(top right), and gg fusion in the u-channel (bottom right) [27]

effects. The total cross section for the production of the tf final state via these ampli-
tudes can be expressed as a cross section for the high-energy parton-parton scatter-
ing weighted by the PDFs of the participating partons integrated over all the parton
momenta and summed over all parton types. The hard scattering cross sections
can be computed in perturbative QCD, while the PDFs are usually independently
determined from fits to Deep Inelastic Scattering (DIS) cross section measurements
performed by various experiments. The resulting factorisation formula is the fol-
lowing

1
=2k /0 dxjdxi fi(xj, y%)fk(xk, y%)a}k(xjxks, ur, as(pR))- (1.29)

The PDFs f;(x;, 4% ) are universal functions that describe the probability to find a par-
ton i with a given momentum fraction x; when the hadron is probed at a momentum
transfer of yr. The factorisation scale y gives the energy scale that separates physics
processes at short and long distances. The PDF absorbs all long-distance effects in
the initial state that would lead to infrared and/or collinear divergences. The hard
scatter cross-section ¢ is a function of the partonic center-of-mass energy squared
§ = x;xys (with s being the pp center-of-mass energy squared), the factorisation scale
and the strong coupling constant ag. The partonic cross-section ¢ is computed in
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perturbation theory. It follows that both the PDFs and ¢ have a residual dependence
on the factorisation and renormalisation scales, due to uncalculated high orders.

In proton-proton collisions, the quark anti-quark annihilation can take place be-
tween valence quarks or sea quarks and anti-quarks. In Figure 1.2 the tf cross section
is plotted as function of the center-of-mass energy of the collisions. Here both the
measured and predicted values are showed. The center-of-mass energy /s of the

T T T T T T | T T T | T T T I T T T I T T T
Tevatron combined 1.96 TeV (L < 8.8 fb™
CMS dilepton, l+jets 5.02 TevEL = b)") ATLAS+CMS Preliminary Sept 2018
ATLAS ep 7 TeV (L=4. fb
oot tamsy™? LHClopWG
ATLAS ep 8 TeV (L = 202 fp
CMSen8TeV(L=19.71b")

LHC combined ey 8 TeV L 5 3-20.3 fb™) LHCtop WG
ATLAS ey 13 TeV (L = 3.
CMSep 13 TeV (L=2.2f )
CMS ep* 13 TeV (L = 35.6 fb)
ATLAS ee/pp* 13 TeV S_L 85 pb‘ )
ATLAS |+jets™ 13 TeV 85 pb™)
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FIGURE 1.2: Summary of LHC and Tevatron 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. The theory band represents uncertainties due to

renormalisation and factorisation scale, parton density functions and
the strong coupling.

collisions determines at which momentum fraction x the partons in the initial state
protons are probed: to produce a tf pair at rest, the partonic center-of-mass energy
§ must be equal to at least twice the fop quark mass. For larger /s, smaller x values
and larger momentum transfers get relevant, and it becomes increasingly likely to
probe a gluon inside the protons. As at the LHC at /s = 13 TeV the PDF of soft glu-
ons is the dominant contribution, the ¢f production is dominated by the gluon-gluon
fusion, with a relative contribution of approximately 90%.

At the next-to-leading order (NLO) the processes included in the tf calculation are a
mixture of quark-gluon (gg) or antiquark-gluon (79).

Single top

Figure 1.3 shows the LO Feynman diagrams of single top production at the hadron
colliders. The production processes are classified by the virtuality of the W boson
exchanged in the process: the t-channel and s-channel production modes involves a
virtual W boson, while the Wt-channel produces a top quark association to a physical
W boson. As shown in Figure 1.4, the most abundant single top production process
at the LHC is the t-channel production followed by the Wt-channel and the s-channel
production.

Single top production in the t-channel is mediated by a space-like virtual W boson.
The process can be calculated in a scheme in which the initial state bottom quark
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originates from flavour excitation in the proton (five-flavour scheme 5FS). Alterna-
tively, the calculation of this process can be performed in the assumption that an
initial-state gluon splits into a bb pair and one of the bottom quarks interacts with
the virtual W boson (four-flavour scheme 4FS), where the spectator bottom quark is
typically emitted at rather small angles with respect to the beam-axis.

Theoretically the t-channel process is known differentially to NNLO, while the s-
channel is known to approximate NNLO.

As already explained above, in the Wt-channel the W boson is real. The NLO of QCD
corrections to Wt-channel production share the same final state with ¢ production.
This overlap is a problem if one wants to have separate predictions for these two
precesses [28,29]. For this reasons the Wt-channel prediction is calculated removing
this overlap in two possible ways: either removing all the amplitudes before cal-
culating the cross-section (diagram removal DR) or cancelling the overlap after the
cross-section calculation via a subtraction term (diagram subtraction DS).

1.5.2 Top Quark decay

Once the top quark is produced via one of the processes showed in the previous sec-
tion, it decays via the EWK interaction. As the top quark decay time is smaller than
the hadronisation time, it does not form any bound state.

Being the top a up-type quark it can only decay into a W boson associated to a down-
type quark. The probability for each type of down quark to be produced in the top
decay is given by the relevant CKM matrix element |V},|, with g = d, s, b.

The CKM elements |V,4| and |V}s| determination relies on the measurements of B — B
oscillations mediated by box diagrams with top quark, or loop mediated K and B de-
cays. Theoretical uncertainties due to hadronic effects are reduce by taking the ratios
of processes: these ratios are equal in the flavour SU(3) limit to determine |V}, / Vis|.
The value of the Am, is obtained from the measurement of the Bg oscillations: several
measurements have been performed by LEP, Tevatron, B factories and LHC experi-
ments: their combination yields Amy = 0.510 & 0.003 (stat) 4= 0.002 (syst)ps~! [30].

In the B? system, Am is measured by LHCb [31] to be Amg = 17.768 4= 0.023 (stat) =&
0.006 (syst) ps~ 1.

Assuming | Vi | = 1, and using lattice QCD calculation one obtains:

V| = (8440.6) x 1072, |Vis| = (40.04+2.7) x 1072 (1.30)

The uncertainties are dominated by lattice QCD, therefore the contrain on |V;;/ V|
from Am;/Ams is more reliable theoretically. These provide a theoretically clean and
significantly improved constrain [7]

|Via/ Vis| = 0.216 + 0.001 4 0.011. (1.31)

The determination of |V} | is currently performed throught the measurement of the
top quark branching fractions ratio and the single top cross section: a review of these
measurements is given in Chapter 2.

The SM predictions for the Vj; matrix elements are currently derived from CKM
unitary considerations. The values obtained by a recent global CKM fit [7] yields are
reported in Table 1.1, where the SM constrains, such as the three generations unitar-
ity, are imposed. From this latter result the top quark is considered to decay only in
t — Wb in all the theoretical calculation.
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[Via| \ | Vis| \ |Vip|
0.00886 £ 0.00032 ‘ 0.0405 £+ 0.001 ‘ 0.99914 + 0.00005

TABLE 1.1: V}; matrix elements as estimated by global CKM fit im-
posing SM constrains [7].

However, if more than three generation of quarks exist, |V};| can assume lower val-
ues: for this reason is important to reach the highest precision on the determination
of the CKM matrix elements, which could give informations about possible BSM
particles coupling to the top quark.

In many extensions of the SM, the unitarity of the 3 x 3 CKM matrix can be violated
throught the mixing of a fourth generation of quarks with the other three genera-
tions, or by non-universality of the quark couplings in electroweak interations. The
extensions of the SM proposed in [32] yield to a value of |V}, | considerably different
from one.

The decay signature of the top quark are usually categorised according to the decay
mode of the W boson. The W boson can decay into a lepton and its neutrino W — Iy,
or into a quark pair W — g7’. The top is called leptonic in the first case and hadronic
in the second case.

The tf events are therefore classified using the same logic: when both the W have a
leptonic decay the event is defined to be dileptonic; if one W decays leptonically and
the second one hadronically the event is classified as semileptonic; finally if both the
W bosons decay hadronically the event is called fully hadronic.
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Chapter 2

Probing the top quark decay: state
of the art and strategy

At the LHC it is possible to perform precision measurements in the top quark sec-
tor: at a center of mass energy of 13 TeV the cross section of top quark inclusive
production is 0.8 nb which represents a big portion of the total pp — X ~ 100 ub
cross section. This large amount of data can be selected requiring lepton triggers: as
result background processes with an higher cross section (i.e. multi-jet production)
are strongly filtered out. This results in a pure sample of top quark events through
which the QCD and EWK theories can be probed.

The measurements of the top quark cross section are performed looking at the dif-
ferent final states and in several kinematical regions: they represent a stringent test
on the QCD and on the gluon density function inside the proton.

The EWK theory can be tested through top quark properties measurements such as
the polarisation, the decay width, the spin correlation, the charge asymmetry and
the couplings.

In this Chapter a review of the determinations of one of the couplings, | Vi, | , is given.
The state of the art is shown in Section 2.1 while Section 2.2 links the past measure-
ments to the one performed in this work.

2.1 State of the art of |V};,| measurement

Under some assumptions, the CKM matrix element |Vy,| (defined in the Section 1.4)
is extracted in two ways from hadron colliders data:

e from the determination of the single top cross section (Section 2.1.1), assuming
[Vial, [Vis| < [Vipl;

e from the measurement of the top quark decay rate to bottom quarks, R;, (Sec-
tion 2.1.2), assuming |Vj4|? + |Vis|? + |Vip|? = 1.

Before the advent of the TeV scale hadron colliders |V},| was extracted from a weak
constraint from precision EWK data, where top quarks enter in loops. The sensitiv-
ity is best in I'(Z — bb) and yields |V,| = 0.7710% combining LEP, SLC, Tevatron
and neutrino scattering experiments [33]. This latter measurement does not rely on
any assumption on the CKM matrix unitarity.

In the extensions of the SM proposed in [32] the value of |V | can be considerably
different from one. One model is provided where the presence of new vector-like top
singlet leads to a global rescaling of the V;; matrix elements, leaving R;, unchanged.
In the second method illustrated in the article, a complete new fourth generation is
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added and the R, measurement can be used as a direct constrain.

2.1.1 Extraction of |Vy,| from single top cross section

The primary method for the extraction of |Vy| is through the measurement of the
single top cross sections, which are directly proportional to |V};|?>. The estimate of
the coupling at the tWb production vertex, |fry Vy;|, is obtained from the measured
single top quark cross section y,e05. and its corresponding theoretical expectation

Otheo.
Omeas.
Vil =/ ———. 2.1
| fv Vis| ‘/fftheo.(th ) (2.1)

The fiy term is a form factor that parameterizes the possible presence of anoma-
lous left-handed vector couplings. By construction, this from factor is exactly one in
the SM scenario, while it can be different from one in models of new physics pro-
cesses. This estimation assumes that |V},|, |Vis| < |Vy| and that the tWb interaction
involves a left-handed weak coupling.

Both the CDF and DO collaborations of Tevatron and ATLAS and CMS experiments
at LHC performed this measurement.

The combination of Tevatron experiments [34], CDF and DO, is |V};| = 1.02:’8:82,
corresponding to |Vyp| > 0.92 at the 95% C.L. Here f1y is assumed to be one and
the leading contribution to the uncertainty is coming from the normalisation of the
background processes.

The combination of the LHC experiment [35] gives | fry Viy| = 1.02 £ 0.04(meas.) +
0.02(theo.). The leading contributions to the final uncertainty are in order the theo-
retical modeling, the jets and detector modeling, the uncertainty on the luminosity
and the background normalisation.

The summary of the ATLAS and CMS [36] results is reported in Figure 2.1. For each
result, the contribution to the total uncertainty originating from the uncertainty on
the theoretical prediction for the single top production cross-section is shown along
with the uncertainty originating from the experimental measurement of the cross-
section.

The average of Tevatron and LHC value [7] is

|Vip| = 1.019 £ 0.025. (2.2)

Under the same assumptions of |Vi,|, |Vis| < |Vy|, it is also possible to constrain
the Vi, matrix elements from the measurement of the single top differential cross
sections. Limits are extracted and reported in [37], where a global x? fit is performed
and the Vj, values obtained setting |V;4| = |Vis| = 0 and |V| = 1 are

Vil = 0.000°9%%, |Vi| = 0.00070%8, [V —0986°088.  @3)

The estimation of the V}; values is also performed considering |Vi4|, | Vis|, | Vis| as free
parameters and then integrating over two of them. This yields to the following result

Vil = 00001238, Vi = 0000%3%8%, [V —0980°08. (2
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FIGURE 2.1: Summary of the ATLAS and CMS extractions of the
CKM matrix element Vy, from single top quark measurements.

2.1.2 Measurement of the branching fractions ratio

The top quark decay rate into bottom quarks is defined as:

_ Bt —=Wb) |Vl
Ry = Bt — Wgq)  Zg|Vigl* @5)

The module of V};, can be extracted from the measurement of R, in tf events, un-
der the assumption of |Viy|?> + |Vis|? + |Vip|*> = 1. In the SM scenario g stands for
down, strange and bottom quarks and in the assumption that only three generations
of quarks exist Ry, = |Vj .

Ry, is usually extracted through a parametric fit on the distribution of number of b-
jets generated by the top quark decay, where a b-jets is an hadronic jet initiated by a
bottom quark.

Ry, has been measured by the CDF collaboration both in the dilepton channel [8],
finding Ry, = 0.87 4+ 0.07, and in the final state containing one lepton [9], where Ry,
= 0.94 £ 0.09. Assuming three generations of quarks, these translate respectively
into the the following values of the CKM matrix element : |V};| = 0.93 £ 0.04 and
|Vip| = 0.97 £ 0.05. Both the CDF measurements are limited by the systematic un-
certainty, of which the biggest contribution is coming from the correction to the the
b-jets identification efficiency and it is respectively the ~4-5%and ~7-8%. In the one
lepton case the background normalisation has a significant contribution with ~ 5%.
The DO collaboration provides the combined result of the dilepton and one lepton
measurements [10], reporting Ry}, = 0.90 £ 0.04. Also in the DO case, the uncertainty
associated to the b-jets identification efficiency represents the leading contribution to
the total uncertainty.
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The latest measurement of Ry, has been performed by the CMS collaboration using
Run 1 data at a center of mass energy of 8 TeV in the dilepton channel [11].
The result of the CMS measurement is

Ry = 1.014 = 0.032 (fot.) = 1.014 + 0.003 (stat.) 4 0.032 (syst.), (2.6)

with a relative uncertainty of 3.2% and a lower limit on |Vj;,| > 0.975 at 95% C.L.
The biggest contribution to the uncertainty reported by CMS is coming from the
identification of b-jets, which is the 2.4%.

2.2 Strategy for a model independent determination of Ry, :
past lessons learned and new challenges

The current status of the art described in the last section shows that the estimation
of |Vip| is currently limited by the knowledge of the systematic effects. Given the
different assumptions made in the |Vy,| extraction from the single top cross section
and the Ry, measurement, it is not trivial to compare the two techinques. However,
the measurement of the single top cross section and R, can be combined to perform
and extraction of |Vy,| which is model independent. The method and the limits on
the CKM matrix elements V;, derived are shown in [38].

The estimation of |V, | under the hypotesis of |V}, |Vis| < |Vip| relies on the implicit
assumpton of Ry, = 1: it follows that a more precise determination of Ry, can help to
put even more stringent limits using this kind of combined fits. Moreover, from the
experimental point of view, some points in favour of a new R, measurement arise if
compared to the one based on single top events:

e the available data sample is bigger as the tf cross section is ~ 2-3 times the
single top cross section

e the experimental signature is clearer, resulting in a smaller contribution to the
final uncertainty coming from the estimation of the background events which
is one of the limiting factors of all the single top measurements

e the access to the tWb vertex is in the decay vertex only; in the single top case
|Vip| is estimated from the production vertex under the assumption that |V};| =
1 in the decay vertex. This assumption is implicit in the request of at least on
b-jet in the selection of the events

o the leading uncertainty on the R}, estimation is coming from the calibration of
the b-jets identification efficiency: in Section 4 it is shown how this uncertainty
can be reduced

Moreover, as ATLAS never measured Ry, before, having an independent experimen-
tal setup cross-checking the previous results can be useful, especially in the context
of a future combination.

All these motivations support the model independent approach here presented in
which Ry, is measured using the partial LHC Run 2 dataset collected by the ATLAS
detector.

221 The methodology

In order to perform the measurement of R}, with ATLAS data, addressing the main
issues presented thus far, the following strategy has been developed for this work.



2.2. Strategy for a model independent determination of Ry, : past lessons learned ’

and new challenges 3

The dilepton final state with one electron, one muon and exactly two jets is chosen.
Requiring two leptons of different flavour ensures an high discrimination power
against the SM background processes, mostly related to the single top and di-boson
production. As in this way the contribution from the backgrounds is minimised,
also the uncertainty associated to their determination will have a smaller impact in
the final result.

In a so-selected sample of tf events R}, can be measured counting how many times
the top quark decayed into a bottom quark.

When a b-quark is generated at the LHC, it is reconstructed inside the ATLAS de-
tector as an hadronic jet having peculiar properties given mainly by the b-hadrons
lifetime and mass. Thanks to these properties a jet containing a b-hadron, hereafter
referred to as b-jet, can be identified by dedicated algorithms that will be described
in Section 4. The performance of the identification of b-jets (b-tagging) is quantified
by the b-tagging efficiency ¢}, which is defined as the fraction of b-jets identified by
the algorithm, b-tagged jets, over all the b-jets.

The b-tagging algorithms can also mis-identify charm and light jet as b-jet: the mis-
tag rate, 175, is the fraction of the charm/light jets wrongly b-tagged among all the
charm/light jets.

The presence of exactly two jets in the final state implies two ¢ topologies:

e the case of the LO diagram, in which both the jets are coming from the top
quark decay;

e the case in which one or both the jets are not produced in the top quark decay
(NLO and higher orders).

Stemming from this it is possible to define the jet-to-top assignment fractions w; (i =
0,1,2) as the fractions of events in which 0, 1 or 2 jets coming from the top decay
are selected, where 212:0061‘ = 1. It follows that a crucial part of the measurement
consists in the precise determination of the «; fractions as the Ry, has to be extracted
only from the jets coming from the top decay.

The strategy presented in the following is similar to the one presented in Ref. [39]
and makes use of all the ingredients described thus far.

The number of events having a k-number of b-tagged jets in two jets events N!b% (kb
tags) can be parametrised as function of R}, , the b-jets identification efficiency, the

charm and light mis-identification rates and the jet-to-top assignment fractions.
Nevents (k b — tags) = Negeris (2jets) X Pe(Ry, eb, g, i), (27)

where the k-index runs from 0 to 2, the maximum number of jets.

The equation encodes the reasoning articulated in the following: the N (k b —
tags) expression is proportional to the number of events having two jets selected and
to the Py probability, which contains the dependency from the listed parameters.
Following such considerations, one can devise the set of equations for events with 0,

1 and 2 b-tagged jets. For the sake of simplicity, only the N2 (2p — tags) is shown,

events
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the 0 and 1 b-tags case are reported in the Appendix A

Nevents(2 b — tags)

= Nevents(2jets) x Pa(Ry, €, 174, ;) (2.8)
= Nevents (2jets) x { (2.9)
a; - [Riey + 2Ry (1 — Ry)epng + (1 — Ry) 7]+ (2.10)
a1 - [Ryeptty + (1= Ry)ryg]+ (2.11)
xo - 777 (2.12)
} (2.13)

The parameter Ry, is extracted by comparing the observed number of b-tagged jets
N,y (k b — tags) to the prediction model presented thus far. These equations are valid
assuming that the amount of b-jets generated by other sources than the top quark
decays is negligible: this assumption is further investigated in Section 5.4, where a
detailed description of the fit is given.
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2.2.2 The main challenges

The two main challenges in this method arise from the b-tagging efficiency calibra-
tion and the estimation of the jet-to-top assignment fractions.

Calibration of b-tagging efficiency

The uncertainty on the calibration of the b-tagging efficiency is the leading contribu-
tion from the documented Tevatron and LHC measurements and it is expected to be
the same for the estimation presented in this work.

A calibration of the b-tagging efficiency using data events is necessary to correct the
performance of the b-tagging algorithms, as their development is based on simulated
informations: the aim of the calibration is to take into account any mis-modeling of
the Monte Carlo (MC) simulation.

In the assumption that top quarks decay only into bottom quarks (|Vy,| =1), tf events
provide a sample of well determined b-flavour. Nowadays they constitute the stan-
dard candle used to calibrate the b-tagging efficiency. However, because of the un-
derlying assumption that Ry, =1, the results of a tf - based b-tagging calibration [40]
cannot be used in this analysis.

To avoid this problem two alternatives are considered:

e Simultaneously extract R, and ¢,
e Calibrate ¢;, with an alternative method

The first option is not suitable: a counting analysis like the present is not able to
disentangle the effect of a decreased Ry, from that of a smaller ¢},. The two are fully
correlated in the b-tagging multiplicities that are fitted, making it impossible to iso-
late Ry,. This is mathematically demonstrated in Equation 2.8, where the terms sig-
nificantly different from zero have Ry, and ¢, appearing in a product. Under the
assumption of Ry, close to one, as measured by previous experiments, all 1-Ry, terms
are then close to zero. Moreover, the value of the mis-tage rate 7, is expected to be
of the order of 107273,

To illustrate this point, 10k toy experiments are generated. Assuming the model in
Eq. 2.7, a x? function is built and minimised

Xz B 10k (Nev,i(k b—tags)(R, = 1,e, = 0.77) — Nev(k b— fags)(Rb,sb))2 (2.14)
Neo(k b — tags)(Ry, €5) ' '

o

i=

where (N, (k b — tags)(R, = 1,&, = 0.77) is extracted from a Poisson distribution
centered on the number of events observed in the simulation. The value of ¢, = 0.77
is chosen because it is the nominal value of the b-tagging efficiency used in the tf
simulation. It is found that if the Ry, and ¢, are let to float the minimum of x>/ NDF
in the interval of 1c are distributed in a band of possible solutions, showed in Fig-
ure 2.2a. The 1¢ band is defined by half of the minimum of x?/NDF.

The same exercise is repeated but fixing the b-tagging efficiency to its nominal value
ep = 0.77. Figure 2.2b shows the x?/NDF as function of R}, . The minimum found is
a unique value R;, = 0.999 which agrees with what has been set in the simulation, in
which R, = 1. This latter result further illustrates that the fit needs an external input
for the b-tagging efficiency, which must be estimated from an independent sample
of events.

Stemming from the above situation, for the R, measurement it is necessary to per-
form an external calibration of the b-tagging efficiency. The uncertainty associated to
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FIGURE 2.2: Figure (A) shows the b-tagging efficiency as function of

Ry, found by the minimum of x2/NDF by the 10k toy experiments.

Here both ¢, and Rpare free parameters in the interval 0.7-1.2. The

green band delimits the 1c interval. Figure (B) shows x?/NDF as
function of R, when g, is fixed to 0.77

this calibration needs to be as small as possible: the uncertainty on Ry, as a function
of the uncertainty on ¢}, is reported in Figure 2.3. This curve is derived generating
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FIGURE 2.3: Percentage uncertainty on Ry, as function of the percent-
age uncertainty on ¢}, derived using toy experiments.

toy experiments with an up and down variation of the &}, of 3%, 9%, 14% and 20%
respectively. It shows how the uncertainty on ¢}, directly translates to an uncertainty
on Ry, of the same size.

An alternative calibration method is identified, which was developed in the past and
relies on multi-jets events. In this method, events in which hadrons decay semilep-
tonically into muons are used. Exploiting the kinematical correlation between the
muon momentum and the mass of its hadron parent, a variable discriminating in
the hadron flavour is built. This variable is called p¢! and it is defined as the muon
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transverse momentum in the jet-plus-muon system axis. The fraction of b-jets iden-
tified by ATLAS b-tagging algorithms is extracted fitting on pi¢' , giving an estimate
on data of the b-tagging efficiency. As reported in the Ref. [41], where the method is
described, the uncertainty achieved by the p™! calibration during Run 1 was around
5% of which the 4% coming from the extrapolation of the correction factors from the
semileptonic to the inclusive sample of b-hadrons decay.

Section 4.2.5 shows the results of the calibration using p%! on the Run 2 dataset.

Estimation of the jet-to-top assignment fractions

The second main challenge of this work is finding a way to estimate the fraction of
tf events in which a jet can be assigned to a top decay: the jet-to-top assignment
fractions «;.

The first solution probed makes use of the truth record of the simulation in which
b-quarks associated to the top quark decay at the parton level are stored. Here, a
spatial matching between these b-quarks and the jets is performed: the final goal is
to find the jet initiated by the top quark decay products and thus classify jets into
those coming from top-quark and those coming from other sources, such as ISR and
FSR activity. In principle, this method should provide the extact origin of the jets.
However, the jet matching turnes out to be strongly dependent from the value of the
AR(jet, bottom quark) ' cone used.

Table 2.1 reports the fractions of jets from top as function of the matching cone value:
the fractions range from 69% of the AR < 0.1 case to the 82% of the AR < 0.6 case.
The reason for the trend observed in the fraction of jets associated to the top decay is

AR | Jets from top Jets not from top

0.1 69% 31%
0.2 77% 23%
0.4 81% 19%
0.6 82% 18%

TABLE 2.1: Fraction of jet associated or not to the bottom quark from
the top decay in the tf simulation for different values of the matching
come going from 0.1 to 0.6.

believed to be the analysis acceptance: jets created in a top quark decay could fail the
reconstruction requirements or the selection criteria of this analysis. As a result, the
fractions of jets from top increases with the value of the matching cone, without ever
reaching 100%, which is the expected value for a simulation having R, = 1. From
this result one can conclude that the spatial matching between the truth information
of the top quark decay and the reconstructed jet is not well defined in the ATLAS
simulation. Therefore, none of the matching cone values can be used to estimate the
jets from top fractions as there is no way to determine which of them is giving the
right estimate.

TATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP)
in the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to
the centre of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (7, ¢) are used in
the transverse plane, ¢ being the azimuthal angle around the z-axis. The pseudorapidity is defined
in terms of the polar angle 6 as 7 = —Intan(6/2). Angular distance is measured in units of AR =

V(An)? + (Ap)>.
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To overcome this issue an estimation of the jet-to-top assignment fractions is per-
formed using the tf simulation exploiting the fact that none of the simulated light jets
are coming from the top decay. This method implies the definition of control regions
enhanced in tf events having at least one jet not from the top decay, which are used
to correct the simulated fractions using data events. The procedure is extensively
explained in Chapter 5, where the possible biases introduced by the assumptions of
this method are investigated (see Section 5.3).
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Chapter 3

The Large Hadron Collider and the
ATLAS Detector

The data analysed in this thesis have been collected in the 2016 and 2017 by the
A Toroidal LHC ApparatuS (ATLAS) experiment [5] . The ATLAS detector is placed
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