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Top quark pair production (tt̄) can be studied at the LHC with unprecented statis-

tics. In this thesis, studies performed at the ATLAS experiment exploiting the

dilepton channel, i.e. events where both top quarks decaying to t → Wb have a

subsequent W± → `±ν (`± = e±, µ±) decay, are presented. A search for a Be-

yond Standard Model (BSM) resonance is perfomed considering the full pp collision

dataset collected by ATLAS at
√
s = 13 TeV, using two different invariant mass

variables (m``bb and mNW
tt̄ ), each combined with a spin-sensitive variable (∆φ``).

Expected mass limits for three different BSM models, at 95% confidence level, are

obtained. A neutral heavy gauge boson Z ′ with a mass smaller than 1.8 TeV (1.85

TeV) can be excluded if using m``bb (mNW
tt̄ ). A Randall-Sundrum graviton G, with

a mass smaller than 0.8 TeV (0.8 TeV) can be excluded if using m``bb (mNW
tt̄ ). A

Kaluza-Klein gluon gKK , with a mass smaller than 3.1 TeV (3.25 TeV) can be ex-

cluded if using m``bb (mNW
tt̄ ).
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Introduction

In this thesis the search for a heavy resonance decaying to top quark pair in the

dilepton final state (where both the W boson decay leptonically, tt̄ → W+W−bb̄

and W± → `±ν) will be described. Despite the fact is not possible to effectively

reconstruct the full resonance, due to the fact that neutrinos are invisible, the dilep-

ton channel is very useful to search Beyond Standard Model phenomena, because

this channel is sensitive to the correlation between the spins of the leptons from the

W± bosons, and various signals of new physics modify such correlation.

In Chapter 1 the Standard Model (SM) is described, in addition with the three

BSM theoretical models under consideration: the neutral heavy gauge boson Z ′, the

Randall-Sundrum graviton G and the Kaluza-Klein gluon gKK .

Chapter 2 describes the ATLAS detector at LHC with its components: the Inner

Detector, the calorimeters (electromagnetic and hadronic), the muon spectrometer,

the magnetic system and other sub-detectors.

In Chapter 3, the definition of the objects used for the selection of the events (elec-

trons, muons, hadronic jets and missing transverse momentum) is given.

Chapter 4, Chapter 5 and Chapter 6 present my original work. Chapter 4 describes

the detailed study on the efficiency in reconstructing muons close to hadronic jets;

this is particularly relevant for the signatures considered in this search, as muons

and jets arising from a possible new particle tend to be close-by. Similarly, elec-

trons arising from the decay of a new physics particle might be close to other visible

objects in the event. Chapter 5 presents a detailed study on the electron isolation

and on the procedure to remove overlaps between objects. Chapter 6 describes the

core of this analysis: a search for a Beyond Standard Model heavy resonance in the

dilepton final state. This part includes the event selection, the analysis strategy,

the studies carried out to estimate SM background contributions, control regions

1



Introduction. Introduction 2

and signal regions in addition to the systematic uncertainties. The expected mass

limits are presented in this thesis, obtained combining two different invariant mass

variables (mNW
tt̄ and m``bb) and the spin-sensitive variable (∆φ(``)/π).

In Chapter 7, the conclusions of the work will be illustrated.



Chapter 1

Theory

1.1 The Standard Model of Particle Physics

The Standard Model (SM) [1] describes the interaction of the matter particle ( such

as quarks and leptons) and their interactions through three of the four fundamental

forces: electromagnetic, weak and strong forces based on the principle of local gauge

invariance, e.g. invariance under phase transformation depending on the space-time

coordinates.

The predictions of the SM have been largely confirmed (the latest confirmation was

the discovery of the Higgs boson in 2012) with very good precision, however, the

SM does not yet represent a complete theory of fundamental interactions it leaves a

number of open questions at high energy (described in section 1.2).

In the Standard Model the particles are divided in two categories: fermions and

bosons. The fermions are spin
1

2
particles and compose the matter; these include

leptons and quarks. The bosons are integer-spin particles and they are responsible

for fundamental interactions: the photon γ mediates the electromagnetic force, 8

gluons mediate the strong force and the Z,W± bosons mediate the weak force. Fi-

nally, the Higgs boson, with null spin and charge, is the responsible of the particles

mass (fully described in Section 1.1.4). Fig. 1.1 shows the SM of fundamental par-

ticles.

3



Chapter 1. The Standard Model of Particles Physics 4

Figure 1.1: Scheme of SM fundamental particles: quarks in purple, leptons in
green, bosons in red and the Higgs boson (yellow). The quark masses shown are
the ”naked” ones, that is without taking into account the gluons and quarks of

the sea which increase their mass.

Quarks (q) are divided in three families, each composed of a doublet of electric

charge 2
3

and −1
3

(in the anti-matter case, the charge have opposite values); these

particles have a quantum number, the color charge, that is always preserved in the

SM interactions. Each quark flavor may exist in three different colors: red (R), blue

(B) or green (G); the anti-quarks, instead, have the anti-colors (anti-red, anti-blue

and anti-green).

Quarks cannot exist alone but only together with other quarks, exclusively forming

states with no color charge [1] (quarks properties are fully described in section 1.1.5).

These bound states are called hadrons, and they are divided in barions and mesons:

barions are triplet quark bound states (for example the proton is a bound state uud)

and have neutral color charge; mesons are quark anti-quark bound states (qq̄) with

neutral color charge and must be RR̄, BB̄ or GḠ. Another quantum number is

important to define quarks, the barionic number (B), and it is always preserved;

this number is +1 for barions and −1 for anti-barions, that is quarks have B = 1
3

while the anti-quarks B = −1
3
.

In addition to the valence quarks (qv) that contribute to quantum numbers, hadrons

contain virtual quark−antiquark (qq̄) pairs called sea quarks. Sea quarks are formed

when a gluon from the hadron’s color field divides; this process also works in reverse
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in the sense that the annihilation of two sea quarks produces a gluon. The result

is a constant flow of divisions of gluons and creations. Sea quarks are much less

stable than their valence counterparts, and typically annihilate each other within

the hadron.

There are also more exotic situations of quarks bound states, like tetra-quarks or

penta-quarks, composed of 4 or 5 quarks, respectively.

Leptons (`), as quarks, are divided in three families composed of doublets with a

charged lepton and a flavor neutrino; for each lepton family there is a leptonic num-

ber (L), that is +1 for leptons and −1 for anti-leptons; this quantum number is

always preserved in the Standard Model.

The world we know is composed exclusively of the first quarks (up and down) and

leptons (electron and electronic neutrino) family, the second and third families are

unstable and decay in lighter families.

From a theoretical point of view, the SM is a quantum field theory that is described

by U(1)Y ⊗SU(2)L⊗SU(3)C , which has 8 + 3 + 1 = 12 generators and gauge fields:

the electromagnetic and weak interaction are described by the the U(1)Y ⊗ SU(2)L

symmetry group and SU(3)C is the symmetry group associated to the strong inter-

action of Quantum Chromodynamics (QCD). The SM Lagrangian is:

L = −1

4
Wµν ·W µν − 1

4
Bµν ·Bµν − 1

4
Ga
µν ·W µν

a (1.1)

+L̄γµ(i∂µ −
1

2
gτ ·Wµ −

1

2
g′Y Bµ)L+ R̄γµ(i∂µ −

1

2
g′Y Bµ)R (1.2)

+|i∂µ −
1

2
gτWµ −

1

2
g′Y Bµφ|2 − V (φ) (1.3)

−(g1L̄φR + g2L̄φ̃R +H.C.) (1.4)

+
1

2
gs(ψ̄

j
qγ

µλajkψ
k
a)Ga

µ (1.5)

Where: (1.1) is the kinetic energy and auto-interaction of W±, Z bosons and γ; (1.2)

is the kinetic energy of the fermions and their interaction with the weak bosons and

the photon; (1.3) are the weak bosons, photon and Higgs boson ([2], [3]) masses and

couplings; (1.4) is the masses of fermions and their coupling with H and (1.5) is the

quark-gluon coupling. Moreover, L is the fermionic doublet left-handed and R is the
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singlet right-handed; φ(h.c.) represent the Higgs doublet and ψ is the quarks color

field; finally, g and g′ are, respectively, g = e(sin(θw))−1 and g′ = e(cos(θw))−1, with

θw the mixing angle of Weinberg.

1.1.1 Electromagnetic force: QED

The electromagnetism is described by the Quantum Electrodynamics (QED), based

on U(1)Y symmetry group; the photon γ is the mediator of the electromagnetic

force, it has spin 1, no mass, no electric charge and it only couples to electrically

charged particles. The coupling constant is α = 1
137

and it is called fine structure

constant.

1.1.2 Weak nuclear force

The weak interaction is based on SU(2)L symmetry group. All fermions have the

weak charge quantum number and this means that they can have weak interaction.

The weak nuclear force is mediated by three massive bosons: the two charged W±

bosons, with mass of∼80 GeV/c2 and the neutral Z boson, with mass of∼91 GeV/c2

and all bosons have spin 1. This means that, for example, quarks and leptons in-

teract via W± boson. The W± bosons interact only with left-handed fermions and

right-handed anti-fermions.

The neutral current interactions take place via the Z boson. The W± and Z bosons

can interact with each other and, moreover, the W± boson, that is charged electri-

cally can interacts with photons.

In the SM the Weak and Electromagnetic interactions are unified in the ”Elec-

troweak theory” and to describe them a new quantum number was introduced, the

weak isospin T (that will be described in the next subsection).

1.1.3 Electroweak theory

The electroweak interaction is a unified description of the electromagnetic and weak

force of the SM of particle physics. Although the two interactions seem to be dif-

ferent at low energies, beyond the unification energy of ∼100 GeV, they are merged
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together into one force. The electroweak theory was introduced because it was seen

that the Z boson is not the neutral partner of W± bosons but it mediate a more

complex interaction. In this theory the photon and the weak neutral Z boson are

a linear combination of weak isospin states and it was introduced by Weinberg and

Salam.

This unification is accomplished under an SU(2)L ⊗ U(1)Y non-abelian gauge sym-

metry, where Y is the hyper-charge operator and it is defined as Y = 2(Q − T 3)

and T is the weak isospin operator. The quantum number T was introduced in

the theory, where left-handed quarks and leptons formed a weak doublet that can

transform each other through the absorption or emission of a charged boson W±

(as described in subsection 1.1.2). The value of T associated to them is T = 1
2

with

the third component T3 = ±1
2
; the right-handed fermions are a weak singlet with

T = T3 = 0 and they don’t have a coupling with the W± boson.

To require the conservation of T3 in the charged current interaction, we need that:

T3(W+) = +1 and T3(W−) = −1 (1.6)

For this reason a third state must exist, to obtain a triplet; this state is identified

as W 0 with T = 1 and T3 = 0, but this is not the Z boson because the coupling

depends on the electric charge; therefore a singlet state must exist with T = T3 = 0,

identified as B0. The W 0 and B0 states couple with fermions without changing their

weak isospins. The photon and the Z boson can be written as the linear combination

of the two weak states [4]:

(
γ

Z

)
=

(
cosθw sinθw

−sinθw cosθw

)(
B0

W 0

)
(1.7)

The linear combination is expressed by the rotation of the mixing angle θw. The link

between the mixing angle, the weak charges g and g′ and the electric charge e, is

obtained by requiring that the photon couples with the left-handed or right-handed

fermions but not with the neutrinos. The angle-charge relations are:
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tanθw =
g′

g
; sinθw =

g′√
g2 + g′2

; cosθw =
g√

g2 + g′2
and e = g · sinθw

(1.8)

The mixing angle θw is one of the SM parameters (described in section 1.2). It is

experimentally measured to be sinθw = 0.2319± 0.0005, as predicted by the SM.

1.1.4 Spontaneous symmetry breaking: Brout-Englert-Higgs

mechanism

The Standard Model, as a renormalizable theory, does not predict mass terms for

the particles in the Lagrangian; instead, we know that the weak bosons have a

mass. To resolve this problem a spontaneous symmetry breaking mechanism has

been hypothesized, where the ground state of the vacuum is asymmetric [1].

In the Brout-Englert-Higgs (BEH) mechanism ([5],[6]), the bosons mass W± and

Z are explained in the following: at a sufficiently (∼100 GeV) high temperature

(energy) the weak boson don’t have a mass like the photon; below a threshold

energy there is a transition phase, and the masses are produced by the Higgs fields.

The mechanism description can be divided into three steps.

First step: the Lagrangian of a spin 0 and mass m particle with the motion equation

∂µ∂
µφ+mφ2, can be written:

L =
1

2
(∂µφ)(∂µφ)− 1

2
mφ2 (1.9)

Consider now the Lagrangian:

L =
1

2
(∂µφ)(∂µφ)− 1

2
µ2φ2 − 1

4
λφ4 (1.10)

where the potential is written in terms of λ, µ and φ, with λµ = const and µ2 < 0,

λ > 0.

This Lagrangian has a reflection symmetry (invariant under the transformation φ→
−φ). By the condition µ2 < 0 we cannot interpret φ2 as a mass term, because it
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could be imaginary; we use the Feynman rules to rewrite the Lagrangian, where the

field perturbation is treated as oscillation around the minimum of energy (vacuum).

In this case φ = 0 is not the ground state; to find it, we take the potential:

V (φ) =
1

2
µ2φ2 +

1

4
λφ4 with a minimum

∂V

∂φ
= φ(µ2 + λφ2) = 0 (1.11)

where we have three minimums: φ = 0 and φ = ±v, where v =
√
−µ2/λ.

Using the minimum φ = +v and introducing a new field χ(x), the original field can

be written as φ(x) = v + χ(x); χ(x) represents the fluctuation around the ground

state φ = +v and the Lagrangian can be written as:

L =
1

2
(∂µχ)(∂µχ)− λv2χ2 − λvχ3 − 1

4
λχ4 +

1

4
λv4 (1.12)

In the new Lagrangian, the second term can be seen as a mass term; the mass

obtained by the field χ(x) is:

mχ =
√

2λv2 =
√
−2µ2 (1.13)

That leads a field χ asymmetry (a spontaneous symmetry breaking).

Second step: the idea is to have a spontaneous breaking of a continuous symmetry

(using the Goldstone theorem [1]). Take now a continuum 2-dimensional field, the

Lagrangian will be:

L = (∂µφ) · (∂µφ)− µ2φ · φ− λ(φ · φ)2 (1.14)

that is symmetric in U(1) (it is invariant under rotation φ → φ′ = eiαφ) and with

φ = 1√
2
(φ1 + iφ2). Using φ1 and φ2 terms, the Lagrangian will be:

L =
1

2
(∂µφ1)2 +

1

2
(∂µφ2)2 − 1

2
µ2(φ1 + φ2)− 1

4
λ(φ2

1 + φ2
2)2 (1.15)
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The last two terms are −V (φ1, φ2) if µ2 < 0 and λ > 0. V (φ1, φ2) has a minimum

in the circumference φ2
1 + φ2

2 = v2 with v =
√
−µ2/λ.

Choosing a ground state with φ1 = v and φ2 = 0 and introducing two fields χ1(x)

and χ2(x) so that:

{
φ1 = v + χ1(x)

φ2 = χ2(x)
(1.16)

then:

φ(x) =
1√
2

(v + χ1(x) + iχ2(x)) (1.17)

We can see the two fields χ1(x) and χ2(x) as fluctuation around the ground state

φ1 = v and φ2 = 0. In field terms, the Lagrangian becomes:

L =

[
1

2
(∂µχ1)(∂µχ1)− λv2χ2

1

]
+

[
1

2
(∂µχ2)(∂µχ2)

]
+

−
[
λv(χ3

1 + χ1χ
2
2) +

λ

4
(χ4

1 + χ4
2 + 2χ2

1χ
2
2)

]
+
λ

4
v4

(1.18)

The second term describes a scalar field with a quantum field without mass. The

oscillation of χ2 around the minimum of the potential can be seen as a Goldstone

boson. This is an example of the Goldstone theorem, which establishes that the

spontaneous breaking of a global continuum symmetry leads to one or more scalar

bosons without mass.

Third step: We need to extend the analysis to a spontaneous local symmetry break-

ing SU(2)L ⊗ U(1)Y . We are familiar to the fact that the space is filled with elec-

tromagnetic fields where photons are emitted and absorbed. Like it, in the BEH

mechanism everywhere in space, the fluctuation of the vacuum could be seen as the

absorption or emission of a Higgs boson that have null spin and electric charge, is a

color singlet and that it carries weak ipercharge and isospin.
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The BEH mechanism is the Goldstone model with the addition of the electromag-

netic interaction term. For this reason a vectorial field Aµ(x) is added and the field

can be transformed as Aµ → A′µ = Aµ−∂µΛ. With the introduction of the Goldstone

potential the Lagrangian like (1.10), becomes:

L = (∂µ − iqAµ)φ · (∂µ − iqAµ)φ− µ2φ · φ− λ(φ · φ)2 − 1

4
FµνF

µν (1.19)

With Fµν = ∂µAν − ∂νAµ. Adding two complex scalar field like Eq.(1.16) the

Lagrangian becomes:

L =

[
1

2
(∂µχ1)(∂µχ1)− λv2χ2

1

]
+

[
1

2
(∂µχ2)(∂µχ2)

]
+

+
1

2
q2v2AµA

µ − qvAµ∂µχ2 −
1

4
FµνF

µν + I.T.

(1.20)

where I.T. indicates ”interaction terms”.

In this case the Goldstone field acquires a mass mA = qv, but there is a problem: now

there is a mixed term that brings up a Goldstone boson. To remedy the problem,

the filed is parameterized as:

φ(x) =
1√
2

(v +H(x))exp

[
iθ(x)

v

]
(1.21)

with H(x) and θ(x) real:

{
A′µ(x) = Aµ(x) + 1

qv
∂µθ(x)

φ′(x) = 1√
2
[v +H(x)]

(1.22)

And the Lagrangian becomes:

L =

[
1

2
(∂µH)2 − λv2H2

]
+

1

2
q2v2AµA

µ +
1

2
q2AµA

µH2+

+q2vAµA
µH − λvH3 − λ

4
H4 − 1

4
FµνF

µν +
λ

4
v4

(1.23)
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and the dependence by θ(x) in the field disappear.

To apply the BEH mechanism to the model, a complex scalar field doublet is intro-

duced:

φ =

(
φ+

φ0

)
=

(
φ1 + iφ2

φ3 + iφ4

)
(1.24)

Choosing the vacuum in one direction of the SU(2) space: φ0 = ( 0
v ) and choosing

an arbitrary field φ(x) = ( 0
v+H(x) ), the Lagrangian becomes:

L =

[
1

2
(∂µH)2−λv2H2

]
+
g2v2

8
(W 1

µW
1µ+W 2

µW
2µ)+

v2

8
(gW 3

µ−g′Bµ)(gW 3µ−g′Bµ)

(1.25)

with the addition of kinetic terms for the Z and W± fields.

The W 1
µ and W 2

µ have mass terms but W 3
µ and Bµ terms are associated to γ and Z

of Eq.(1.7).

With these new terms, the free Lagrangian can be written as:

L =
1

2
(∂µH)2 − λvH2+

−1

4
(∂µW

1
ν − ∂νW 1

µ)(∂µW 1ν − ∂νW 1µ) +
g2v2

8
(W 1

µW
1µ)+

−1

4
(∂µW

2
ν − ∂νW 2

µ)(∂µW 2ν − ∂νW 2µ) +
g2v2

8
(W 2

µW
2µ)+

−1

4
(∂µZν − ∂νZµ)(∂µZν − ∂νZµ) +

v2

8
(g2 + g′2)(ZµZ

µ)+

−1

4
(∂µAν − ∂νAµ)(∂µAν − ∂νAµ)

(1.26)

where the mass terms are:
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mH =
√

2λv2 =
√
−2µ2 ; mW =

1

2
gv ; mZ =

1

2

√
g2 + g′2 =

mW

cosθw
and mγ = 0

(1.27)

This model introduced a new particle (the Higgs Boson), but it has not defined its

mass.

Fig. 1.2 shows the form of the Higgs potential in the Re(φ),Im(φ) plane.

Figure 1.2: Higgs potential in Re(φ),Im(φ) plane.

An indirect relation between the mass of the Higgs boson and the other SM particles

can be derived from the W mass by the equation:

mW = 80.364− 0.0579ln

(
mH

100GeV

)
− 0.008ln2

(
mH

100GeV

)
+

−0.5098

[
∆α(mZ)

0.02761
− 1

]
+ 0.525

[(
mt

172GeV

)2

− 1

]
− 0.085

[
αs(mZ)

0.118
− 1

] (1.28)

Precise measurements of these parameters (∆α, mW , mZ , mt and αs) led to various

constraints on the mass of the Higgs boson and the subsequently discovery ([2], [3]).

1.1.5 Strong nuclear force: Quantum Chromodynamics (QCD)

The Quantum Chromodynamics QCD is the theory of the strong interaction and it is

a non-abelian gauge theory with symmetry group SU(3)C . The particles affected by
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the strong coupling require an additional charge to preserve the Pauli-like principle

in QCD, the color charge.

In order to compensate for the local gauge transformations, eight additional fields,

which are associated to eight gluons, must be included into the QCD Lagrangian.

The additional fields must be included in the strong Lagrangian, and can be written

as:

L = −1

4
Ga
µνG

µν
a +

Nc∑
i=1

Nf∑
f=1

q̄fi(iγ
µDµ −mf )qfi (1.29)

where the sums run over the color states Nc and the quark flavors Nf . The first

term of the Lagrangian is also called Y ang−Mills term and describes the dynamics

of the gluon fields Aµ.

LYM = −1

2
Tr(Ga

µνG
µν
a ) (1.30)

where Ga
µν is the gauge invariant gluon field strength tensor:

Ga
µν = ∂µG

a
ν − ∂νGa

µ + gfabcG
b
µG

c
ν (1.31)

where fabc are the structure constants of SU(3)C .

The Quantum Chromodynamics has two properties:

• Confinement: the force between quarks does not diminish as they are sepa-

rated, but it gets stronger. Quarks are bound into hadrons;

• Asymptotic freedom: the interaction between particles become asymptoti-

cally weaker as the energy scale increases and the corresponding length scale

decreases.

The strength of the strong force is represented by αs and it can be expressed as:

αs =
g2
s

4π
(1.32)
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where gs is the QCD gauge coupling.

The αs exhibits a different trend in the low and high energy regimes; this dependence

of the energy scale is called running coupling. At the Leading Order (LO) αs is:

αs(Q
2) =

12π

(33− 2Nf )ln( Q2

Λ2
QCD

)
(1.33)

where ΛQCD represents the QCD scale and it has been experimentally determined

to be ΛQCD ∼ 200MeV .

In the limit of asymptotic freedom, when the coupling constant is very small, calcu-

lation of cross section can be expanded perturbatively in powers of αs; in the limit

of confinement, αs tends to be infinity.

In Fig. 1.3 is shown the running coupling of αs as a function of Q, together with

several measurements.

Figure 1.3: Measurements of αs as a function of Q.

1.2 Open questions of the Standard Model

The SM of particle physics has been extremely successful in predicting and explaining

particle physics phenomenology so far [7]. Nonetheless, it presents several limitations

and it is considered an effective theory valid at low energy O(100GeV ). A number of

theories, defined as Beyond Standard Model (BSM) have been developed to extend
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the SM. Below are listed and briefly described some of the phenomena not described

by Standard Model:

• Gravity: the SM does not explain the gravitational force, one of the four

known fundamental interactions; the hypothetical carrier of the gravitational

force, the spin-2 graviton, has never been observed and a quantum-relativistic

theory of gravity has not yet been formulated;

• Dark matter and Dark energy: cosmological observations indicate that the

SM explains the 5% of the total energy in the universe; of the remaining part

∼25% is composed of dark matter that seems to interacts weakly or not at

all with the SM fields, and the SM does not provide any fundamental particle

candidate to be dark matter [8]; the remain percentage seems to be composed

by dark energy, of which we do not know the nature;

• Neutrino masses: in the SM the neutrinos do not have masses, but we know

from experiments of neutrino oscillation (νe → νµ or νµ → ντ ) [9] that these

particles have a mass, though very small;

• Matter−antimatter asymmetry: the universe is composed almost exclusively

of matter, but it is reasonable to think that in its first moments of life, the

quantity of matter and antimatter was the same. There is no mechanism in

the SM that sufficiently explains this asymmetry [10].

In addition to these problems, there are additional aspects of the SM that cause

concern:

• Hierarchy problem: the Standard Model introduces the particle mass through

the BEH mechanism; but large corrections due to the presence of virtual parti-

cles (for example top quark loops) are needed and these corrections are bigger

than the Higgs boson mass; this implies that the bare mass of the Higgs boson

must be renormalized in order to delete these corrections and a fine tuning is

needed [11];

• Number of the parameters: the Standard Model is based on 19 numerical

parameters known from the experiments, but whose theoretical origins are still
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unknown. The Standard Model parameters are: the fine structure constant α,

the weak mixing angle θW , the coupling constant gs of the strong interaction,

the electroweak symmetry breaking energy scale v, the Higgs mass mH , the

QCD vacuum angle θQCD, the three mixing angles θ12, θ23 and θ13 and the

CP-violating phase δ13 of the Cabibbo-Kobayashi-Maskawa (CKM) matrix and

nine Yukawa coupling constants that determine the masses of the nine charged

fermions (six quarks, three charged leptons).

These and other unsolved problems have led physicists to look for theories that go

beyond this model, such as new symmetries or other dimensions. Some of these

theories will be described in Section 1.4.
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1.3 The top quark

This analysis is done with the dilepton decay of the tt̄ resonance because is more

sensitive to variations of spin correlation and various signals of new physics change

the spin correlation near the resonance.

The top quark is the heaviest particle in the Standard Model [12]. Being heavier

than a W boson, it is the only quark that decays to a real W boson and a b quark.

The unexpectedly large mass (∼ 173 GeV) of the top quark also places it close to

the Electroweak symmetry breaking scale of 246 GeV; so it is strongly coupled to

the SM Higgs via Yukawa mechanism. This makes it the main contributor to the

quadratic divergences of the SM Higgs mass.

For these reasons, the top quark plays a special role in the Standard Model and in

many extensions thereof. An accurate knowledge of its properties (mass, couplings,

production cross section, decay branching ratios, etc.) can bring key information on

fundamental interactions at the electroweak symmetry-breaking scale and beyond.

1.3.1 Top quark production

In hadron collision, the main top quark production modes are the quark-antiquark

annihilation (qq̄ → tt̄) and the gluon-gluon fusion (gg → tt̄), as shown in Fig. 1.4.

Figure 1.4: Lowest order diagrams contributing to top quark pair production
at hadron colliders. Top quarks are produced via strong interaction, either in

quark-antiquark annihilation (top) or gluon-gluon fusion (bottom).
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Approximately 85% of the production cross section at the Tevatron (pp̄ at 1.96 TeV)

was from quark-antiquark annihilation, with the remainder from gluon-gluon fusion,

while at LHC (pp) energies (
√
s = 14 TeV) about 90% of the production is from the

latter process (∼ 80 % at
√
s = 7 TeV).

The decay width of the top quark is given by:

Γt = [|Vtd|2 + |Vts|2 + |Vtb|2]
g2

64π

m3
t

m2
W

(
1− m2

W

m2
t

)2(
1 + 2

m2
W

m2
t

)
(1.34)

where Vt(d,s,b) are the CKM quark-mixing matrix, with Vtd ∼ 0.0087, Vts ∼ 0.04 and

Vtb ∼ 0.9991, according to the latest experiments, g is the strong coupling constant,

mW is the W boson mass and mt the top quark mass. It follows that the branching

ratio for top decay via t→ bW+ (t̄→ b̄W−) is ∼ 99.8%.

TheW± bosons may decay leptonically (W± → l±ν(ν̄)) or hadronically (W± → qq̄′);

this lead to three classifications of a tt̄ event:

• Fully hadronic when both the W bosons decay hadronically (both W± → qq̄′)

and the branching ratio of process is 45.7%;

• Lepton+ jets when one W boson decay hadronically and the second one lep-

tonically (W± → qq̄′l±ν(ν̄), this final state is 43.8%;

• Dileptonic when both W bosons decay leptonically (W± → l+νl−ν̄) and the

branching ratio of this final state is 10.5%

A summary of the branching ratio is shown in Fig. 1.5.

At Leading-Order (LO), the partial decay width of the W boson to leptons and to

quarks, accounting for the color factor and unitarity of the CKM matrix, is:

Γ(W → lν) =
g2
WmW

48π
and Γ(W → qq′) = 6Γ(W → lν) (1.35)

Predictions for the top-quark total production cross sections are now available at

next-to-next-to leading order (NNLO) with next-to-next-to-leading-log (NNLL) soft
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Figure 1.5: Pie chart of the top pair production branching fractions.

gluon resummation [13]. At the LHC, taking into account a top quark mass of 172.5

GeV/c2, the cross sections are [12]:

• σtt̄ = 177.3+4.6+9.0
−6.0−9.0 pb at

√
s 7 TeV;

• σtt̄ = 252.9+6.4+11.5
−8.6−11.5 pb at

√
s 8 TeV;

• σtt̄ = 831.8+19.8+35.1
−29.2−35.1 pb at

√
s = 13 TeV;

where the first uncertainty is statistical and the second is systematic.

At the Tevatron, the t-channel and s-channel cross sections of top and antitop are

identical, while at the LHC they are not, due to the fact that dominant production

is the gluon fusion.

1.3.2 Top quark asymmetries

In addition to standard kinematic variables, it is possible to use the spatial and spin

asymmetries to assist the search for possible Beyond Standard Model phenomena.

Asymmetries are, in general, defined as:

A =
Na −Nb

Na +Nb

(1.36)

where Na and Nb are two exclusive categories of the total events N.
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1.3.2.1 Forward-Backward asymmetry

The forward-backward asymmetry is constructed by splitting the detector in two

hemispheres and taking the difference between the number of events where the top

or antitop quarks are detected on either side, as:

AFB =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
(1.37)

where ∆y = yt − yt̄ is the rapidity 1 difference between the top and antitop quarks.

A forward-backward asymmetry in tt̄ production is measured in pp̄ colliders (like

Tevatron), because the asymmetry start to be not negligible at order α3
S in QCD

from the interference between qq̄ → tt̄ with 1-loop box production diagrams and

between diagrams with gluon radiation in initial and final state; in this case the z

direction is very correlated with the incoming quark direction, and the contribution

due to an interaction between a sea quark from the antiproton and a sea antiquark

from the proton is negligible.

At the LHC the tt̄ production is given by pp collision, where the incoming quark

has the same probability of coming from either proton and each event receive an

equal contribution from both configurations; at center-of-mass energy
√
s = 13 TeV

the main mechanism is the charge-symmetric gluon-gluon fusion. In this case is

preferential to define a variable dependent on the difference between the absolute

value of the rapidity of the top and antitop, ∆|y| = |yt| − |yt̄| and the charge

asymmetry is defined as:

AC =
N(∆|y| > 0)−N(∆|y| < 0)

N(∆|y| > 0) +N(∆|y| < 0)
, (1.38)

The values of AC has been measured by both ATLAS and CMS collaborations using

lepton + jets and dilepton final state events. For the lepton+jets channel, the

asymmetry is Att̄C = 0.009 ± 0.005, measured by ATLAS at
√
s = 8 TeV [14]; for

the dilepton channel the asymmetry is Att̄C = 0.021±0.016(stat+ syst) measured by

ATLAS at
√
s = 8 TeV [15] and Att̄C = (0.33± 0.26(stat)± 0.33(syst))% measured

by CMS at
√
s = 8 TeV [16].

1The definition of rapidity y is described in Chapter 2
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1.3.2.2 Spin asymmetry

An interesting propriety of the top quark is the fact that it is heavy and has a very

short lifetime, such that the particle decays prior to hadronise. For this reason the

informations like the spin configuration are retained in the angular distributions

of its decay products. Top quark pair production in QCD is parity invariant and

hence the top quarks are not expected to be polarised in the SM, so new physics

phenomena can be seen from a discrepancy of this top quark pair property.

The spin correlation asymmetry, or double spin asymmetry (ALL), measures the net

spin correlation of the top and antitop quarks by subtracting events with aligned

and antialigned helicities:

ALL =
[N(↑↑) +N(↓↓)]− [N(↑↓) +N(↓↑)]
[N(↑↑) +N(↓↓)] + [N(↑↓) +N(↓↑)]

(1.39)

where the first arrow represents the direction of the top-quark spin along a chosen

quantization axis, and the second arrow represents the same for the antitop quark.

The spin correlation could be modified by a new tt̄ production mechanism such as

through SSM Z ′ boson, the Kaluza-Klein gluons or Randall-Sundrum gravitons.

Spin correlations have been measured at the LHC by both the ATLAS and CMS

collaborations. In the dominant gluon fusion production mode for tt̄ pairs at the

LHC, the angular distribution between the two leptons in tt̄ decays to dileptons [17]

is sensitive to the degree of spin correlation.

The ATLAS collaboration has measured spin correlations in tt̄ production at
√
s =

13 TeV with 36.1 fb−1 of data and the candidate events are selected in the dilepton

and lepton+jets topologies. The most sensitive measurement comes from using ∆φ

in dilepton events and results is fSM = 1.03± 0.07(stat)±+0.10
−0.14 (scale) [18].

1.4 Beyond Standard Model theories

In this section we introduce some models which lead to a tt̄ resonance in the dilepton

decay mode (`` = e+e−, µ+µ− and e±µ∓). The BSM models under study in this
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thesis are: the neutral heavy gauge boson Z ′, the Randall-Sundrum graviton G and

the Kaluza-Klein gluon gKK . Representative Feynman diagrams for the production

of such particles and their decay to tt̄ are shown in Fig. 1.6.

(a) (b)

(c)

Figure 1.6: Schematics of the BSM models in tt̄ decay mode: neutral heavy
gauge boson Z ′ (a), Randall-Sundrum graviton G (b) and Kaluza-Klein gluon

gKK (c)

1.4.1 Neutral Heavy Gauge Boson (Z ′SSM)

In the Sequential Standard Model [19], the SSM Z ′ has the same quantum numbers

and coupling to fermions as the SM Z boson and no coupling to the W± and Z

bosons.

The Z ′ boson is hence a copy of the SM Z boson, but with a higher mass, it is

the simplest extension of the SM. A more theoretically-motivated model is a Grand

Unification model in which the E6 gauge group is broken into SU(5) and two addi-

tional U(1) groups [20]. In the extension SU(2)⊗ U(1)Y ⊗ U(1)
′n (with n ≥ 1) the

Lagrangian of the neutral current interaction is:
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LNC = eJµemAµ +
n+1∑
α=1

gαJ
µ
αZ

0
αµ (1.40)

where g1, Jµ1 and Z0
1µ are the gauge coupling, boson, and current of the standard

model, respectively; similarly gα, Jµα and Z0
αµ, with α = 2...n + 1, are the gauge

coupling, boson, and current of the additional U(1)′ symmetry groups, respectively.

The lightest linear combination of the corresponding two neutral gauge bosons Z ′φ

and Z ′χ, is considered the Z ′ candidate Z ′(θE6) = Z ′ψcos(θE6) + Z ′χcos(θE6), where

−π ≤ θE6 < π is the mixing angle between the two gauge bosons. The pattern of

spontaneous symmetry breaking and the value of θE6 determine the Z ′ couplings to

fermions. There are six different models that lead to a specific Z’ state: Z ′ψ, Z ′N ,

Z ′η, Z
′
l , Z

′
S and Z ′χ. In any model considered, the resonances are assumed to have a

narrow intrinsic width, meaning the exclusion limits extracted for the widest signal

shape can also be used to infer corresponding limits on the other models considered.

In Fig. 1.7 is shown the LO predictions of the cross-section times the branching ratio

for different Z’ models versus pole mass at
√
s = 13 TeV, the dilepton channel is

assumed to be Z ′ → ``.

Figure 1.7: LO cross-section times branching ratio to a dilepton flavor for various
Z’ models versus pole mass at

√
s = 13 TeV. [21]

Previous direct searches for Z ′ have been carried out at the Tevatron experiments

and indirect constraints from LEP have resulted in limits on the Z ′ mass of 1.07
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TeV [22] and 1.79 TeV [23], respectively. From the LHC experiment the previous

analysis has resulted in limits on mass of 3.0 TeV (expected 2.6 TeV). In this analysis

the TC2 benchmark model chosen for this search produces a Z ′ boson. This is a

leptophobic boson, with couplings only to first- and third-generation quarks, referred

to as Model IV [24]. The signal hypothesis considered by this analysis is Z ′ TC2,

but as their widths are negligible compared to the experimental resolution, they can

be safely compared with SSM models as well (small width as well). The properties

of the boson are controlled by three parameters: the topcolour tilting parameter,

cotθH , which controls the width and the production cross-section, and f1 and f2,

which are related to the coupling to up-type and down-type quarks, respectively.

Here f1 = 1 and f2 = 0, which maximises the fraction of Z ′ bosons that decay into

tt̄. In Fig. 1.8 the exclusion limits on cross section times branching ratio versus the

expected Z ′ mass measured in Z ′ → tt̄ lepton+jets final state [29] is shown, this

analysis excludes a Z ′ mass below 3 TeV. The CMS collaboration [25], combining

dilepton, lepton+ jets and full− hadronic final states, excludes a narrow Z ′ mass

below 3.8 TeV.

Figure 1.8: Exclusion limits on cross section times branching ratio versus the
expected Z ′ mass measured in Z ′ → tt̄ lepton+jets final state at center-of-mass

energy
√
s = 7 TeV.
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1.4.2 Randall-Sundrum Graviton (G)

The gravitons (spin-2 colour-singlet bosons) are produced in models that postulate

extra dimensions of space leading to Kaluza–Klein excitations of the graviton. The

Randall-Sundrum (RS) model [26] assumes that the universe is an Anti-de Sitter

5-dimensional space and the elementary particles, except for the graviton, are local-

ized on (3+1)-dimensional branes.

This is a Braneworld model and it was developed to try to solve the hierarchy prob-

lem of the Standard Model; it is a finite 5-dimensional bulk extremely deformed and

is composed by two branes: the Planckbrane, where the gravity is a relatively strong

force; and the Tevbrane, where the SM particles are located. In this model, the two

branes are separated by a 5th dimension and the space-time is extremely deformed,

due to the fact that the Planckbrane has a positive brane-energy and the Tevbrane

has a negative brane-energy.

In this deformed space-time the graviton probability function (due to the Kaluza-

Klein excitation of the SM fields) is higher in the Planckbrane and decreases expo-

nentially to the Tevbrane only if we assume a 5th dimension; for this reason, gravity

is very weak in our universe, bringing the boson (with spin 2) to be detected at the

TeV scales.

In the RS model the Einstein equation solution, in a Anti-de Sitter 5-dim space

(AdS5) with a non-factored geometry, can be written as:

ds2 = e−2krcφηµνdx
µdxν + r2

cdφ
2 (1.41)

where k ∼MPl (MPl ' 1019 GeV is the Planck mass) is the curvature parameter, rc

is the compactification radius, ηµν is the 4-dim metric tensor and φ is the parameter

of the extra dimension with 0 < φ < 2π.

If we assumed that the SM fields are confined in the brane located in φ = π, any

mass parameter m0 on the visible 3-brane in the fundamental higher-dimensional

theory will correspond to a physical mass:

m = e−krcπm0 (1.42)
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For example, if we set the Higgs mass (125 GeV ), a Planck-scale-mass-order MPl ∼
1017 is reached. In this way, masses of the TeV order can be produced by Planck-

scale order parameters; the compactification scale 1/rc is of the MPl-order so as not

to introduce additional hierarchies.

The Lagrangian of the interaction between the graviton and the matter fields, is:

L = − 1

MPl

Tαβh
(0)
αβ −

1

Λπ

Tαβ
∞∑
n=1

h
(n)
αβ (1.43)

where hαβ are the graviton fields, Tαβ is the energy-momentum tensor of the matter

field and Λπ is the coupling parameter.

From the Lagrangian it can be deduced that the coupling between the KK excitation

with the matter, is comparable with 1
MEW

, where MEW is the electroweak scale

(∼ 103 GeV).

The RS graviton can decay in all the particles of the Standard Model. Other analyses

consider different channels of graviton decay (such as diboson channels [27] and [28]).

The leptonic decays are good discovery channels, because electrons and muons can

be observed directly in the detectors and the background is small; in the case of

hadronic decays, there are many jets and a high QCD background; the di-gamma

final state is another good discovery channel, because the photon background is

small; the diboson decays have more complicated topologies, as they can generate

combinations of leptonic jets and missing energy.

The most stringent results from the ATLAS experiment, in case the graviton G

decays into top quark pair, are reported in [29] and set a mass limit of G below 650

GeV, as shown in Fig. 1.9 that shows the cross-section times branching fraction for

G production.

1.4.3 Kaluza-Klein Gluon (gKK)

In the original model the SM fields were confined to a single brane. However models

in which the SM fermions and gauge bosons propagate throughout all five dimensions

can have attractive features and allowing gauge coupling unification. The first signal

of such a framework should be the resonant production of the Kaluza-Klein (KK)
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Figure 1.9: Exclusion limits on cross section times branching ratio versus the
expected Randal-Sundrum graviton mass measured in G → tt̄ lepton+jets final

state (here labeled as GKK) and
√
s = 13 TeV.

excitations of the gauge bosons [30]. Since the KK-gluons are the most strongly

coupled of the new KK particles, they have the largest production rate and will

likely be the first signal of this model. The KK-gluon is a theoretical particle in the

RS model.

Since the KK-gluons are the particles that couple more strongly with the SM parti-

cles, in comparison to the other KK-particles, they have the largest production rate

and will likely be the first signal of this model. In this model the KK-gluon decay

primarily to tt̄. In Tab. 1.1 are shown the branching ratios of the KK-gluon decays

in quarks pair.

Channel Decay Branching Ratio

t+ t̄ 92.5%
b+ b̄ 5.5%
q + q̄ 2%

Table 1.1: Branching Ratios for different kk-gluon channel decay. q + q̄ means
all lighter quarks-antiquarks pair productions together.
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In order to account for the top quark mass, the top quark is likely to be localized

towards the TeV brane.

A first study of the gkk → tt̄ in dilepton channel [31] decay was done with the

ATLAS experiment with
√
s = 7 TeV and 1.04 fb−1 and a mass range between 0.84

TeV - 0.96 TeV was probed. In Fig. 1.10 the expected and observed limits measured

in this preliminary study are shown. Other results in lepton+jets gkk → tt̄ → `νqq

resonance lead to a limit mass expected below 3.2 TeV and observed below 3.7 TeV

[29] as shown in Fig. 1.11. The CMS collaboration, combining dilepton, lepton+jets

and full − hadronic final states, excludes a narrow gKK mass below 4.55 TeV [25].

Figure 1.10: Exclusion limits on cross section times branching ratio versus the
expected kk-gluon mass measured in gkk → tt̄ dilepton channel and

√
s = 7 TeV.

1.5 Summary

In this chapter was described the Standard Model of particle physics with its fun-

damental interactions and main open questions. It was described also the top quark

particle and the various BSM models connected to the top quark physics with their

undirscoved particles, that can explain some of the problems inside the Standard

Model.
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Figure 1.11: Exclusion limits on cross section times branching ratio versus the
expected kk-gluon mass measured in gkk → tt̄ lepton+jets channel and

√
s = 13

TeV.



Chapter 2

The LHC accelerator and the

ATLAS experiment

The Large Hadron Collider (LHC) is the largest energy particle accelerator ever built,

with a circumference of 27 km located at CERN, on the border between Switzerland

and France, near the city of Geneva.

The main objectives of LHC are the study of the Higgs boson decay, which was

discovered in 2012 ([2], [3]), and the research of Beyond Standard Model (BSM)

physics at the TeV scale. The ATLAS experiment is located in the interaction point

1 of the LHC ring, as shown in Fig. 2.1. In this chapter, the LHC accelerator complex

and its experiments are briefly introduced, followed by a detailed description of the

ATLAS experiment and its main components.

2.1 The LHC accelerator

The LHC [32] is a proton-proton (and heavy ions) collider based at CERN in Geneva.

Inside the accelerator, two beams of high-energy particles (6.5 TeV for each beam)

travel in opposite directions and collide in four points of the ring. The LHC uses

proton beams accelerated in pulses and each bunch consists of approximately 1011

protons. By design each beam has 2500 bunches, which are separated by 25 ns.

The particle beams are guided along the ring by strong magnetic fields maintained

31
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Figure 2.1: LHC scheme with its principal experiments: ATLAS, CMS, ALICE
and LHCb.

by superconducting electromagnets at very low temperature (around 2 ◦K) by a

cryostats system with liquid helium.

The magnets used are of various shapes and sizes; 1232 magnetic dipoles of 15

m length are used to guide the particle beams around the ring; 392 magnetic

quadrupoles of 5-7 m each are used to focus the beams; just before the collision,

another type of magnet is used to reduce the size of the particle bunches, in order

to maximize the collision probability and therefore the luminosity.

Before being injected into LHC, the particles are accelerated by a series of accelera-

tors: the first system is a linear accelerator (LINAC2), which takes the beam to an

energy of 50 MeV; the protons then go to the Proton Synchrotron Booster (PSB)

and reach an energy of 1.4 GeV; after the PSB the protons are injected into the Pro-

ton Synchrotron (PS), where they are accelerated to 26 GeV; finally they arrived
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to the Super Proton Synchrotron (SPS) to increase the beam energy to 450 GeV;

from the SPS two transfer lines inject the proton beams into the LHC, that reach an

energy of 6.5 TeV for each beam and the instantaneous luminosity of 2·1034cm−2s−1

(described in section 2.1.1). The schemes of the various accelerator are shown in

Fig. 2.2.

Figure 2.2: Schematic layout of the LHC and its accelerators: LINAC2, PSB,
PS and SPS.

All the accelerator controls are hosted in the CERN Control Center, in Prevessin

(France). The proton beams collide in four points of the ring, which correspond to
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the position of the four big LHC experiment: ATLAS [33] (A Toroidal LHC Ap-

paratuS) and CMS [34] (Compact Muon Solenoid) are general-purpose experiments

and investigate a wide range of physics, from the search for the Higgs boson to ex-

tra dimensions and particles that could make up dark matter; the two experiments

have the same scientific goals but use different technical solutions and a different

magnet-system design. LHCb [35] (Large Hadron Collider beauty) aims to mea-

sure the parameters of the CP violation and decays and rare phenomena related to

hadrons in which the bottom quark is present. ALICE [36] (A Large Ion Collider

Experiment) aims to study condensed matter (for example the quark-gluon plasma)

and instead of using pp collisions, it uses lead ions collision (Pb-Pb).

2.1.1 Luminosity

A measurement of the intensity of the beam is ”luminosity”, which depends only on

parameters of the beams and is independent by the experiment. The luminosity is

measured as:

L =
N2
b nbfrγr

4πεnβ∗
·
(

1 +

(
θcσz
2σ∗

))
(2.1)

Where: Nb is the number of particles per bunch, nb is the number of bunches per

beam, fr is the revolution frequency, γr is the relativistic gamma factor, εn is the

transverse normalized beam emittance, β∗ is the Lorentz factor at the collision point,

θc is the crossing angle between the beams, σz is the Root Mean Square (RMS) of

the bunch length and σ∗ is the RMS of the beam size at the interaction point. All

these parameters have been optimized to ensure maximal luminosity.

During running in 2010 and 2011 the pp energy was
√
s = 7 TeV, increasing to

√
s =

8 TeV by 2012. In the 2015, following the first long shut-down in 2013 and 2014,

the LHC began operating with stable collisions at
√
s = 13 TeV and this energy

has continued to be employed until 2018. Previously, up to 2012, the LHC was

operated using a 50 ns bunch spacing achieving a peak instantaneous luminosity of

7.7 ·1033cm−2s−1 and an integrated luminosity of 21 fb−1.

Tab. 2.1 shows the beam parameters of the LHC in pp collision in Run2 (2015-2018).

Since this thesis focuses on the 13 TeV data, I present the parameters only for Run2.
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Parameter 2015 2016 2017 2018

Beam Energy [TeV] 6.5 6.5 6.5 6.5
Bunch Spacing [ns] 25 25 25 25

Bunch intensity [x 1011p] 1.2 1.1 1.25 1.15
Number of bunches nb 2200 2200 1900 2500

Emittance εn [µm] 3.5 2.5 2.0 2.2
β∗ [m] 0.8 0.4 0.3 0.3

Crossing angle [µrad] 290 280 300 300
Peak luminosity [1034 cm−2s−1] 0.5 1.5 1.5 2.0

Delivered integrated luminosity [fb−1] 4.2 38.5 50.2 63.3

Table 2.1: Design parameters of LHC in Run2.

The number of events generated for a specific process can be written as:

Nevent = σevent · L · A · ε (2.2)

Where σevent is the cross section of the considered process, L is the integrated lu-

minosity over time, A is the geometrical acceptance and ε is the efficiency of the

detector. The full Run2 luminosity of the experiment ATLAS is shown in Fig. 2.3.

Figure 2.3: Cumulative luminosity versus time delivered to ATLAS (green),
recorded by ATLAS (yellow), and certified to be good quality data (blue) during

stable beams for pp collisions at 13 TeV centre-of-mass energy in 2015-2018.
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2.2 The ATLAS experiment

The ATLAS detector is 22 meters high and 44 meters long and has an onion-like

structure, as shown in Fig. 2.4.

Figure 2.4: Internal structure of the ATLAS experiment.

The ATLAS detector consists of a concentric cylinder shape (4π coverage) with the

interaction point as a center, where the proton beams collide. It can be divided into

five main parts:

• Magnet System;

• Inner Detector (ID);

• Electromagnetic calorimeter (ECAL);

• Hadronic calorimeter (HCAL);

• Muon Spectrometer (MS).

The central part around the beam line is called the ”barrel” and the wheels perpen-

dicular to the beam axis in the forward parts are called ”end-caps”.
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The main systems are complementary: the solenoid magnet and the inner tracker

measure the charged particles momentum and reconstruct their trajectories pre-

cisely, the calorimeters measure the energy deposited and the muon spectrometer

measures the trajectory and momentum of the muons.

The only stable particles that are impossible to detect directly are the neutrinos, in

fact their presence is deduced from apparent violations of the conservation of mo-

mentum during a collision. To carry out this task, the detector must be ”hermetic”,

i.e. it must allow the measurement of all particles, without dead zones.

2.2.1 Coordinate system

The coordinate system used in the ATLAS detector is a right-handed coordinate 1.

The z-axis define the beam direction and the x-y plane is transverse to the beam-

pipe, as shown in Fig. 2.5.

The transverse energy ET and transverse momentum pT are defined in the x-y plane.

The rapidity is defined as:

y =
1

2
log

(
E + Pz
E − PZ

)
(2.3)

but the main coordinate used is the pseudo-rapidity, defined as:

η = −log
(
tan

θ

2

)
(2.4)

where θ is the polar angle; a diagram of how η is directed is shown in Fig. 2.6. The

choice is driven by the fact that the total momentum of the initial system along

the z-axis is unknown; a difference of pseudo-rapidity of two particles, does not

depend on Lorentz boosts along the beam axis. Moreover, when the speed of the

1ATLAS 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 upward. Cylindrical coordinates (r, φ) are
used in the transverse plane, φ being the azimuthal angle around the beam pipe.
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Figure 2.5: The coordinate system of the ATLAS experiment.

particle tend to the light, or in the approximation that the mass is negligible, the

pseudo-rapidity tends to the definition of rapidity. Distances in the (η, φ) plane are

measured in units of ∆R =
√

∆η2 + ∆φ2.

Figure 2.6: The pseudo-rapidity tend to infinite when the angle tend to zero.
The angle is measured respect the beam axis.
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2.2.2 Magnet System

The magnetic system is fundamental to reconstruct the transverse momenta of all

charged particles. The ATLAS detector is made up by three different kind of super-

conducting magnets, as shown in Fig. 2.7: the central solenoid is placed around the

Inner Detector (ID) and provides a magnetic field of ≈ 2 T ; the solenoid is located

along the beam axis inside the Inner Detector and it is placed before the ECAL; the

barrel toroid consists of eight coils assembled radially and provides a peak field of

3.9 T; finally, the end-cap toroids is composed by two air-core toroids and provide

∼ 1 T inside the toroid muon spectrometer.

The magnetic field is not completely uniform and the superposition of the magnetic

fields of the barrel and end-cap results in a region where the bending power is poorer.

This region, in η range 1.3 < |η| < 1.6, is defined as “transition region”.

Figure 2.7: Magnetic system scheme of the ATLAS detector.

2.3 Inner Detector

The Inner Detector ([37],[38]) is the most central part of the ATLAS detector and

has the function of tracking precisely the charged particles that come from the

intersection region and go to the ECAL. The ID, which is 6.2 m long and 2.1 m
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wide, is located inside a solenoid of 2 T that curves the trajectory of the charged

particles based on their momentum and electric charge. A scheme of the ID is shown

in Fig. 2.8.

The ID is made of three systems based on different technologies which provide

complementary information for tracking: PIXEL detector, SemiConductor Tracker

(SCT) and Transition Radiation Tracker (TRT).

Passive material in the ID must be minimized in order to avoid inducting particle

shower, causing the object to loose energy before the calorimeter. The resolution of

the tracking is:

σ(pT )

pT
= a · pT ⊕ b (2.5)

where a is the intrinsic resolution of the detector, b arises from multiple scattering,

dominating the resolution at low momentum and ⊕ is the sum in quadrature.

When a particle interacts with one of the sub-detector layers, it deposits part of its

energy to the sensor, that will be converted in signal to read-out.

Figure 2.8: Inner Detector section. It is composed by: PIXEL detector, Semi-
Conductor Tracker (SCT) and Transition Radiation Tracker (TRT).
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2.3.1 Pixel detector

The Pixel detector [39] is the component closest to the beam pipe and must cope

with a higher particle flux than any other detector in ATLAS.

The detector is composed by silicon modules and consists of three barrel layers and

three end-cap disks on each side; an additional barrel, referred as Insertable B-layer

(IBL), was installed at the end of run 1, covering the same region |η| < 2.5, to help

improve the vertex resolution and b-tagging efficiency.

The Pixel detector can be seen as a cylinder composed of 1744 modules resulting

an active area of ∼1.7 m2 and ∼ 80 · 106 readout channels. Each module contains

46080 pixels with a size of 50·400 µm2, with the thickness of ∼250 µm. The space

points are in a 3-dimensional shape and they are used to reconstruct the trajectory

of the particles, to identify the primary point of interaction. Each pixel corresponds

to an area in read-out chips that contains an amplifier and a discriminator; the

information on the pixels is read by a circuit that store it, waiting for the trigger

to accept them or not. If the trigger accepts the inputs, the chips collect the data

of a single bunch cross from the buffer and store them. The structure of the Pixel

detector is shown in Fig. 2.9.

Figure 2.9: half-shell structure of the ATLAS pixel detector.
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2.3.2 SemiConductor Tracker

Outside the Pixel there is the SemiConductor Tracker (SCT) [40]. It is built around

the Pixel detector and is designed to provide eight precision measurements per track

in the intermediate radial range, contributing to the measurements of momentum,

impact parameter and vertex position.

The SCT is made of silicon strip detectors, with strips spaced apart from each other

by 80 µm. Each module is composed of two pairs of silicon detectors, composed

in turn by 128 strips. The SCT consists of 2112 tubes, covering a pseudo-rapidity

|η| <1.4, the modules are organized in four concentric cylinders (with radius, re-

spectively, of 30, 37.3, 44.7 and 52 cm); the end-cap structures are composed by two

cylinders divided into nine disks, positioned at the end of each barrel.

To improve the efficiency of the area covered by the silicon strips, the modules are

arranged so that the particle must pass through the four layers of the detector and

with a minimum cover over |η| = 2.5.

A scheme of the SCT is shown in Fig. 2.10.

Figure 2.10: A view of the ATLAS SCT barrel module.

2.3.3 Transition Radiation Tracker

The TRT [41] is the outermost part of the Inner Detector. It is a gas tubes detector,

in which detection occurs when a particle passes through the gas (where there is a
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electrical field) generating a current in a wire located at the center of the tube. The

detector is composed of 50,000 small tubes arranged axially and 160,000 arranged

transversely in each end-cap, so that the particle must pass through 34 tubes.

The gas tubes are cave with a diameter of 4 mm and with a 30µm W-Re (Tungsten-

Rhenium) wire in the center, where the high voltage is applied. The tubes are filled

with a mix of gas: the Xenon (70%), which captures the x-rays produced by transi-

tional radiation; CF4 (10%) that increases the speed of the gas and the CO2 (20%)

that is used to stabilize the high voltage mixture.

The peculiarity of the TRT detector is the ability to distinguish the electrons and

positrons by their X radiation when they pass through two mediums with differ-

ent refraction index and this is determined by the structure of the plastic medium

(polypropylene or polyethylene). Moreover, the emission of transition radiation is

much more likely for electrons than for charged hadrons. This allows for a dis-

crimination of those particle types which is important, especially for an efficient

separation between π± and e± tracks. The total number of readout channels in

the TRT is ∼ 351 · 103; the barrel part covers pseudo-rapidities with |η| < 1.1 and

including the end-caps the total range extends to |η| < 2.0.

2.3.4 Tracking reconstruction

The main parameters that are used in the ATLAS detector are the azimuthal angle

φ, the transverse impact parameter d0, which is the distance to the beam axis in

the x-y plane, the longitudinal impact parameter z0, which is the distance to the

coordinate system origin in z-direction.

In ATLAS the tracks of primary charged particles are built using inside-out track

finding [42]; this algorithm is based on the information of the innermost layer of

the Pixel detector and follows the direction of the outer layer of the ID to build the

track candidates. In the last step the tracks are extended in the TRT and their hits

are fit together with tracks from the silicon detectors.

Track passing basic quality criteria are considered for the reconstruction of vertices.

When there is an interesting process (defined by the analysis) the tracks are associ-

ated to vertex candidates and fits are performed to determinate the vertex position

[43]; the hard scattering vertex is chosen as the primary vertex with the highest∑
p2
T (often associated to the position of the pp interaction).
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The vertex reconstruction efficiency rises from 83% for vertices with two tracks to

almost 100% for vertices with at least five tracks.

2.4 Calorimeters

Outside the Inner Detector are located the calorimeters [44],[45] which cover the

range |η| <4.9, have a total diameter of ∼ 8.5 m and length ∼ 13.5 m. Their task is

to identify and measure the energy of particles (charged or neutral) and jets; there

are two kind of calorimeters: the ECAL, that is the inner one and is used to detect

the particles that interact electromagnetically (γ, e±) and part of some hadrons (like

pions or kaons) and the HCAL that is used to detect the particle that interact

hadronically.

ATLAS has separate ECAL and HCAL up to |η| < 3.2 and a special combined

electromagnetic and hadronic calorimeter covers the range 3.1 < |η| < 4.9. The

operating principle of the two calorimeter is the same: the incident particle inter-

acts with the absorber (lead, steel, copper and tungsten), thus producing a shower

of secondary particles, that are directed to the detecting material. The method

for detection is: in the Liquid Argon (LAr) the ionizing particle produce positive

and negative ions that are measured by the front-end; the sensitive element in the

calorimeter is the scintillator, where the ionizing particles produce photons that are

detected by a set of photomultipliers. The size of the output signal is proportional

to the incident particle energy, taking into account a calibration made on the basis

of the known particles. The layout of the calorimeters is shown in Fig. 2.11

2.4.1 Electromagnetic calorimeter

The ECAL is a sampling calorimeter made of LAr as scintillating material and lead

as absorber, providing complete φ symmetry with its accordion shape, as shown in

Fig. 2.12, such as to minimize the gaps between the various layers of the detector.

The total depth of the ECAL exceeds 22 radiation lengths (X0) in the barrel and

24 in the end-cap- The resolution provided by the calorimeter is:
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Figure 2.11: Layout of the ECAL and HCAL of the ATLAS experiment.

Figure 2.12: Accordion shape of the barrel ECAL and its read-out granularity.

σ(E)

E
=

10%√
E
⊕ 0.3% (2.6)



Chapter 2. The LHC accelerator and the ATLAS experiment 46

where E is expressed in GeV. In the region |η| < 2.5, the ECAL is segmented in three

layers: the L1 has a very high segmentation in η and permits a precise measurement

of the shower position and good rejection of photons from π0 decay; the L2 is the

largest and allows the collection of a larger fraction of the energy of the incoming

particle, providing the most precise measurement in φ; the L3 is the last layer and

is dedicated to the measurement of the tails of the particle showers; moreover, an

additional pre-sampler layer covering the |η| < 1.8 region is used to correct for

fluctuations in energy loss of particles before they reach the calorimeter.

2.4.2 Hadronic calorimeter

The outer calorimeter is the HCAL, which is divided in Tile Calorimeter (TileCal),

the Hadronic End-cap Calorimeter (HEC) and the Forward Calorimeter (FCal). The

active material of the HCAL is LAr. The TileCal covers the region |η| < 1.7 and it is

made with steel as the absorber with plastic scintillator plates, the HEC works like

the ECAL and is composed by LAr as active material and copper as the absorber

and measure the particle energy in the region 1.5 < |η| < 3.2 with resolution given

by:

σ(E)

E
=

50%√
E
⊕ 3% (2.7)

where E is in GeV. The FCal covers the region 3.1 < |η| < 4.9 and it is installed

to improve the measurement of the missing transverse energy, with LAr as active

material and copper-tungsten alloy as absorber. The energy resolution is:

σ(E)

E
=

100%√
E
⊕ 10%. (2.8)

2.5 Muon spectrometer

Muons are very penetrating particles, so for this reason the Muon Spectrometer

(MS) is placed in the outer part of ATLAS, surrounding the calorimeters, as shown
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in Fig. 2.13.

Figure 2.13: Left: layout of the MS in the x-y plane (φ binning). Right: layout
of the MS in the z axis (η binning).

The MS is immersed in a toroidal magnetic field of approximately 0.5 T and 1 T, in

the barrel region and end-cap region, respectively. It is designed to be capable of a

stand-alone measurement of the transverse momentum of the muons.

There are two different functions that muon chambers must accomplish: trigger-

ing and high precision tracking. The trigger system covers the region |η| < 2.4

and is composed by Resistive Plate Chambers (RPC) in the barrel and Thin Gap

Chambers (TGC) in the end-caps. The triggering system provides bunch-crossing

identification, well defined pT thresholds and a measurement of the muon coordinate

in the direction orthogonal to the chambers dedicated to precision tracking. The

tracking is performed by the Monitored Drift Tubes (MDT) and by Cathode Strip

Chambers (CSC) at large pseudo-rapidity.

The momentum resolution of the muon system is approximately:

σ(pT )

pT
= 3% at 50 GeV and

σ(pT )

pT
= 10% at 1 TeV (2.9)

The muon track in the MS is reconstructed in two steps: in the first step the muons

are triggered in the RPC/TGC and local track segments are defined in each layer

of chambers; in the second step, the local track segment from different layers are

combined through a χ2-fit forming a full MS track. To reduce the probability of
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backgrounds tracks, the fitted tracks of the muon candidates are required to point

towards the interaction point.

2.5.1 Monitored Drift tube Chambers

The MDT chambers are made of drift tubes witha diameter of 30 mm and a tungsten-

rhenium wire of 50 µm in diameter is located at the center of the tube; the tubes

are filled with a mix of Argon and CO2 at an absolute pressure of 3 bar. When

a muon passes through a tube it ionizes the gas, the electrons from the ionization

drift towards the wire with a maximum drift time of 700 ns when drifting from the

wall to the wire. The position of the muon can be determined by the relationship

between the non-linear space and time in the tube. The spatial resolution of the

MDT tube is ∼80 µm.

2.5.2 Cathode Strip Chambers

The CSC is a multi-wire proportional chamber with the wires oriented in the ra-

dial direction. The cathodes are segmented, one with the strips perpendicular to

the wires and the other parallel to the wires providing the transverse coordinate;

the position of the track is obtained by interpolation of the charge induced on the

segmented cathode by the avalanche created on the anode wire.

2.5.3 Resistive Plate Chambers

The RPC are muon trigger chambers placed in the outer part of the detector and

they are used because have good spatial and time resolution and also an adequate

rate capability. The RPCs are a gaseous parallel electrode-plate detector, operated

with a mixture of C2H2F4 (94.7%), Iso-C4H10 (5%) and SF6 (0.3%) and are very

useful for their relatively low operating voltage while providing a good plateau for

safe avalanche operation. The RPC contains two resistive plates made of phenolic-

melaminic plastic laminate, that are parallel to each other at a distance of 2 mm.

Insulating spacers and the electric field between them allows avalanches to form alog
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the ionizing tracks towards the anode. The signal is read out via capacitive coupling

to metallic strips, which are mounted on the outer faces of the resistive plates.

2.5.4 Thin Gap Chambers

The TGCs are used in the end-cap region for their good time resolution and rate ca-

pability. Moreover, the TGCs provide a second azimuthal coordinate to complement

the measurement of the MDTs in the bending direction. The TGC is a multi-wire

proportional chamber operated in a highly quenching gas mixture of CO2 and n-

C5H12. This cell geometry allows for operation in a quasi-satured mode.

2.6 Forward Detectors

There are two frontal detectors: LUCID and ZDC ([46]).

The ”Luminosity measurement Using Cherenkov Integrating Detector” (LUCID) is

the main luminosity provider of the ATLAS experiment and the only one able to

provide a reliable luminosity determination in all beam configurations, luminosity

ranges and at bunch-crossing level. The detector is composed by two modules located

at ± 17 m from the beams interaction point and covers a range of 5.5 < |η| < 5.9 .

Each LUCID detector is a symmetric array 1.5 m long composed by aluminum tubes

that surrounding the beam pipe and point towards the ATLAS interaction point,

so that they have the maximum Cherenkov emission by the charged particles. Each

LUCID tube has a diameter of 1.5 mm and is filled with C4F10 gas at a pressure of

1.2-1.4 bar, with a Cherenkov light threshold of 2.8 GeV for the pions and 10 MeV

for the electrons. LUCID is located in the high radiation area and is estimated that

it receives a dose of ∼7 Mrad per year at the maximum luminosity.

The ”Zero Degree Calorimeter” (ZDC) is a detector sensitive to neutral particles

produced both in pp and in Heavy Ions collisions. The detector covers the region

|η| > 8.3 and is located at ± 140 m from the interaction point. The ZDC detector

is composed by three calorimeter hadronic modules, made of 11 tungsten plates,

with faces facing perpendicular to the beam direction; the detector is composed by

vertical layers for the energy measurement and the horizontal barrels for the position

information.
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2.7 Trigger System

The trigger system [47] is very important in the collider experiments, because the

rate of events containing interesting physics is a small fraction of the total events.

Due to the constraints from data storage capacity it is impossible to store all the

events; for this reason, the trigger is employed to rapidly decide interesting events.

The proton-proton collision at the LHC takes place every 25 ns (40 MHz) with ∼
23 interaction per crossing. These regimes can give in total 40 Tb/s which is too

much for the modern computer technology. The goal is to reduce the rate from 40

MHz to 100 Hz without a loss of information. To reduce the amount of data, the

online event selection has to decide whether a collision looks interesting or not and

for that it employs several strategies. In Run2 the trigger system consists of two

levels of event selection: the Level-1 trigger (L1), that it reduces the rate to 100

kHz and a High-Level Trigger (HLT) further reducing event rate to 1 kHz. The L1

trigger is implemented as hardware devices in the detector structure, while the HLT

is a software trigger. The ATLAS Trigger and Data Acquisition (TDAQ) system is

shown in Fig. 2.14.

The Level-1 trigger is composed by three subsystem: one is the L1 calorimeter trigger

(L1Calo), which uses calorimeter information for reduced granularity to trigger elec-

trons, photons, hadronic tau decays, jets and missing energy transverse; the other

system with a direct detector interface is the L1 muon trigger (L1Muon), which

primarily uses TGC and RPC information to make fast decisions on muon items;

then there is the L1 topological trigger (L1Topo) that combines information from

multiple L1Calo and L1Muon objects as well as their kinematics; then the Central

Trigger Processor (CTP) makes the final decision.

When the events are accepted by the L1 trigger, they are passed to the HLT [48].

The HLT runs on a conventional computer cluster and has about 0.2 s on average to

decide. The target average HLT rate is 1 kHz; the trigger items may be prescaled,

e.g. a specified fraction of positive trigger decision is randomly ignored, which makes

it possible to use triggers whose unprescaled rates are too high to record their events.

Another important pending upgrade will improve the granularity of calorimeter in-

formation available to L1Calo and will therefore also benefit tau trigger; it will be
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Figure 2.14: ATLAS TDAQ system in Run2 with emphasis on the components
relevant fo trigging.

installed during the Long Shut-down 2 (between 2018 and 2020).

2.8 Data Quality

The data analyses need selections to have events which are not affected by beam

background. In order to avoid these defects, the data stored for the analyses are then

measured taken into account the Good Run List (GRL). A GRL is a list of lumi-

nosity blocks, spanning 1-2 minutes of data-taking, in which the LHC is circulating

stable colliding beams and all critical detector components are functioning properly.

In particular, the inner detector, the electromagnetic and hadronic calorimeters, and

the muon spectrometers must deliver data of high quality to ensure that electrons,

muons, jets, and missing transverse energy are measured accurately.

An important effect in accelerator particle physics is the pileup, a situation where

a particle detector is affected by several collision events at the same time [49]. The
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Monte Carlo (MC) simulated samples also include pileup effects. To take into ac-

count differences in the pileup profiles in data and MC a Pileup Reweighting (PRW)

procedure is used. The PRW procedure is used in order to correct MC samples

(simulated events that recreate the real one) to the relative pileup profiles in the

2015+2016 (referred as mc16a), 2017 (mc16d) and 2018 (mc16e) data.



Chapter 3

Object reconstruction in the

ATLAS experiment

The raw data from the ATLAS detector is a series of readout signals; the task of

the offline reconstruction software is to translate this stream of readout signals into

the information necessary to perform physics analysis.

Reconstruction of physics objects such as leptons and jets begins with the recon-

struction of basic objects such as tracks and vertex and calorimeter clusters. The

reconstruction of physics objects such as electrons, muons and jets begin with the

reconstruction of the tracks in the Inner Detector and calorimeter clusters. This

chapter will describe the reconstruction and identification algorithms of these ob-

jects, in addition to the missing transverse energy and the Overlap Removal (OR)

procedure, that are relevant for the analysis presented in this thesis.

3.1 Low level objects and primary vertex

Tracks, primary and decay vertices and the calorimeter clusters define the low-level

object reconstruction. The Inner Detector hits that are associated to form tracks,

are used to reconstruct the trajectories of charged particles.

Important track information induces the transverse (z0) and longitudinal (d0) impact

parameters, already described in Chapter 2.

53
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The input to the vertex reconstruction is a collection of reconstructed tracks. The

procedure to reconstructs the primary vertex is divided into two steps: vertex finding

(described in Chapter 2) and vertex fitting.

The vertex fitting step can be divided in different steps: first of all, a set of tracks

satisfying the selection criteria is defined; then a seed position for the first vertex is

selected. Finally, the tracks and the seed now are used to estimate the best vertex

position with a fit following an iterative procedure; in each iteration, less compatible

tracks are down-weighted and the vertex position is recomputed and the procedure

stops when the best track position compatible is found and it is associated to the

primary vertex.

All vertices with at least two associated tracks are retained as valid primary vertex

candidates. The output of the vertex reconstruction algorithm is a set of three

dimensional vertex positions and their covariance matrices.

3.2 Leptons

This section focuses on the reconstruction and identification of electrons (muons

will be described in a dedicated chapter, Chapter 4).In this section the tau (τ±)

leptons [50] will not be described, because final states with hadronically decaying

taus are not considered in this thesis. This is because in such final states the QCD

background would decrease the sensitivity of the analysis.

3.2.1 Electrons

The combination of the information between ECAL [51] and ID is very important

for the electron reconstruction; because a good reconstruction is crucial to reject the

large background typically originating from jets, leading to fake electrons.

The first step, referred to as ”cluster reconstruction”, is the identification of energy

clusters deposited in the EM calorimeter. These clusters are reconstructed using a

dedicated sliding −window algorithm [52]. After the selection of a local maximum

in the transverse energy (ET > 2.5 GeV), this energy deposit is treated as a seed

cluster, which has to match with one or more tracks coming from the reconstruction
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in the ID; this procedure takes into account also the energy losses by high-energy

electrons, which can change the path of the particles and so modify the track.

The track fitting and extrapolation is done with the Gaussian Sum Filter (GSF)

algorithm, which takes care of bremsstrahlung energy losses and experimental noise

(derived from TRT and ECAL) [53]. The trajectory of an electron can be approxi-

mated as a weighted sum of Gaussian functions. The GSF divides the experimental

noise and bremsstrahlung energy losses into individual Gaussian components and

then it processes each one of them using a ”Kalman Filter” algorithm [54]. The

GSF algorithm finds all the electron candidate tracks (with pT > 400 GeV and

|η| < 2.5) which are fitted again, because the tracks obtained by this fit procedure

are used to compute the electron 4-momentum and match the clusters found in the

EM calorimeter.

The electron measurements are performed by requiring the track associated with the

electron to be compatible with the primary vertex of the hard collision. There are

also other conditions to take into account: d0/σd0 < 5 and |z0sinθ| < 0.5 mm, where

d0, z0 and θ are already described in Chapter 2 and σd0 is the estimated uncertainty

of the d0 parameter.

The efficiency of these requirements in data and Monte Carlo simulation is esti-

mated together with the efficiency of the various identification operating points. In

the following the reconstruction and the identification steps are described. Tab. 3.1

shows the main parameters requirement for this analysis.

Electron kinematics

pT > 400 GeV
|η| < 2.5
d0/σd0 < 5

|z0sinθ| < 0.5 mm

Table 3.1: Electron main parameters requirement.

3.2.1.1 Electron reconstruction

The electron reconstruction and trigger efficiencies are measured with the Tag −
and− Probe method [55] based on Z → e+e−, W → eν and J/Ψ→ e+e− data and

simulated samples: one lepton is selected using the standard cuts (tag), while for
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the second candidate (probe) a looser set of cuts is applied.

The energy is corrected for non-uniformity of the detector response and by using

a multivariate regression algorithm trained on MC simulation to correct for loss of

energy outside the calorimeter of the clusters. To account for small differences of the

calibration between simulation and data, both the energy scale (in data and MC)

and resolution (in MC simulation) are adjusted based on the correction measured

in Z → e+e− events.

The resolution is depending on the pseudorapidity and energy of the electron. In

the central η < 0.5 region, it ranges from 2.5% for 25 GeV to 0.5% for 1 TeV and for

larger η it rises up to 10% for low energy electrons. For most of the pseudorapidity

range the reconstruction efficiency is above 97% [56] and increases with the energy

of the reconstructed electron. An example of the reconstruction efficiency versus

the pT and η is shown in Fig. 3.1, where it is possible to see the decrease of the

efficiency in the transition region (1.37 < |η| < 1.52). Fig. 3.2 shows the algorithm

flow diagram for the electron reconstruction.

3.2.1.2 Electron identification and isolation

After the electron object reconstruction, using EM calorimeter and tracking system

information, a cut-based approach is employed to identify the electrons in the |η| <
2.47 region (the transition region between the barrel and endcap calorimeters, i.e

1.37 < |η| < 1.52, is excluded). This step is called electron identification.

Three different selections, optimized in bins of η and ET are defined, according to

the quality of the reconstruction, providing different electron efficiency versus jet

rejection working points: loose, medium and tight.

• Loose: The loose identification criteria use only information from the calorime-

ters. Selections are applied on the hadronic leakage (the ratio of the ET in

the first compartment of the HCAL and in the whole ECAL) and on shower

shape variables (lateral shower shape and width) based on the second layer of

the ECAL. This set of requirements provides excellent identification efficiency

and low background rejection.

• Medium: This selection improves the quality by adding requirements on both

the ECAL and the tracking variables. The fine longitudinal segmentation
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(a)

(b)

Figure 3.1: Electron reconstruction efficiency from Z → e+e− as a function of
ET (a) and η (b) for ET between 40 to 45 GeV.

of the first layer of the ECAL is exploited, in particular to reject photons

from neutral pion decays, which result into very close deposits of energy; this

selection increases the jet rejection by a factor 3-4 with respect to the loose

identification and reduces the selection efficiency by ∼ 10%.

• Tight: This set of selections makes use of all the particle identification tools;
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Figure 3.2: Algorithm flow diagram for the electron reconstruction.

further requirements are applied on the tracking variables and, in addition, an

energy (and momentum) isolation cut is applied to the cluster using all cell

energies within a cone of ∆R < 0.2 (and 0.3) around the electron candidate.

This selection provides the highest isolated electron identification and rejection

against jets.

Some corrections are applied to MC simulation in form of efficiency scale factors, in

order to match isolation and trigger efficiency in data.

These corrections are obtained by comparing MC predictions to J/Ψ → e+e− and

Z → e+e− data samples using the tag-and-probe method. In Fig. 3.3 the various

electron identifications are shown.

The electron energy scale and the inter-calibration of the different parts of the EM

calorimeter are obtained from Z → e+e− , J/Ψ → e+e− and W → eν. The rela-

tive alignment of the calorimeter components with respect to the inner detector has

been measured using electron candidates, compatible with the ones coming from W

and Z decays. These correction factors have the effect of widening the MC Z-peak

indicating that the simulated resolution was originally too narrow.

For the dilepton analysis configuration the Tight electron identification is used.
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(a)

(b)

Figure 3.3: Measured electron-identification efficiencies in Z → e+e− events for
the Loose (blue circle), Medium (red square), and Tight (black triangle) operating
points as a function of ET (top) and η (bottom). The vertical uncertainty bars
(barely visible because they are small) represent the statistical (inner bars) and
total (outer bars) uncertainties. The data efficiencies are obtained by applying
data-to-simulation efficiency ratios that are measured in J/Ψ → e+e− and Z →
e+e− events to the Z → e+e− simulation. For both plots, the bottom panel shows

the data-to-simulation ratios.

It is the best choice for the electrons close to jets measurements and useful for the

Overlap Removal procedure, as shown in Chapter 5.
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The activity near the electrons can be quantified from the energy deposit in the

calorimeters or from the tracks of nearby charged particles. An accurate electron

isolation description is in Chapter 5.

3.3 Hadronic jets

Jets are hadronic clusters [57] and they are defined locally in the (η, φ) plane using

electromagnetic and hadronic calorimetry. Due to high particle density in a jet, each

cell may contain deposits due to multiple particles. A set of (η, φ, pT ) calorimeter

objects parameterised are used to define the distances between these objects, and

are defined by:

∆dij = min(p2α
T,i − p2α

T,j) ·
∆R2

ij

R2
(3.1)

where

∆Rij =
√

(ηi − ηj)2 + (φi − φj)2 (3.2)

and R is a chosen constant. Jets are constructed via an algorithm that combines

these objects over the full grid, beginning with the pair that minimises d. These

final objects define the set of jets. There are a variety of cone jet algorithms corre-

sponding to different values of R and α.

The Eq. 3.1 satisfies these criteria for all values of α, and a value of α = -1 is sug-

gested. This anti-kt algorithm [58] causes objects with high pT to gather surrounding

low pT objects, resulting in smooth round jets in the (η, φ) plane. The value of R

is selected to balance two factors: the loss of jet pT due to radiation outside the

cone, and the absorption of soft hadrons from the hard scattering. The correction

depends on the pT and η of each jet, and accounts for pileup effects. In this analysis

a value of R = 0.4 is used.

The process to define if a jet contains a b-hadron is defined as ”b-tagging”. It is

vital for the ATLAS analyses that need information about heavy flavor jets and it

is useful for suppressing backgrounds containing only light-flavor jets. The basic
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b-tagging algorithms use charged particle tracks to produce a set of variables which

discriminate between different jet flavor. ATLAS uses three distinct basic b-tagging

algorithms, fully described in [59], but the recommended algorithm in Run 2 is called

MV2. MV2 is a multivariate algorithm that is performed on jets from tt̄ events with

b-jets being considered as signal and c- and light-flavor jets being considered as back-

ground. The kinematic properties of the jets (pT and |η|) are included in the training

in order to take advantage of the correlations with the other input variables.

In this analysis the jets are b-tagged using the MV2c20 algorithm with a working

point chosen has approximately 77% efficiency for such jets to contain a b-hadron in

simulated SM tt̄ events.

Finally, the algorithm ”Jet V ertex Tagger” (JVT) [60] is used to reject jets from

pileup. The JVT algorithm combines two track-based variables, which are sensitive

to the vertex origin of jet, in a likelihood discriminant. Jets with pT < 50 GeV and

|η| < 2.4 are rejected if they have a JVT output of less than 0.641. This corresponds

to an expected efficiency of about 92% for jets from the hard-scatter and a 2% ef-

ficiency for pileup jets. The JVT selection is close to 100% efficient for b-tagged

jets.

3.4 Missing Transverse Energy (Emiss
T or MET )

The interaction probability for neutrinos with the material of the detector is close

to zero. Therefore, they can be reconstructed only indirectly from the total energy

balance of the event. Neutrino information are very important for several analy-

ses such as BSM, because MET might arise also from new physics particles. The

longitudinal component of the energy in hadron-hadron collisions is unknown, since

the colliding partons carry only a fraction of the energy of the hadrons. But the

initial transverse component is zero and the transverse energy balance can be used

to reconstruct at least the transverse energy of neutrino, so-called Emiss
T .

The missing transverse energy Emiss
T is the module of the projection to the transverse

plane of the vectorial sum of the transverse momenta (taking into account that the

neutrinos are massless) of all visible particles (photons, leptons and jets), changed

sign:
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Emiss
T =

∣∣∣∣− (∑
γ

pT,γ +
∑
`

pT,` +
∑
j

pT,j

)∣∣∣∣ (3.3)

The soft term is reconstructed from detector signal objects not associated with any

object passing the above selection cuts. These can be ID tracks (track-based soft

term) or calorimeter signals (calorimeter-based soft term) [61].

3.5 Overlap Removal between leptons and jets

Objects can satisfy both the jet and lepton selection criteria and, as such, a proce-

dure called “overlap removal” is applied, in order to associate objects to a unique

hypothesis. This procedure has an enormous impact on signal retention in this

analysis, as true top- granddaughter leptons often fall inside the jet of the true

top-daughter b-quark for signal events.

3.5.1 Electrons

In a reconstructed event, when a jet and an electron are found very close to each

other, there are three different possibilities that have occurred: the same electron

calorimeter deposit has been reconstructed once as an electron and once as a jet; the

b-jet and the electron from the leptonic top or antitop decay have overlapping energy

deposits in the calorimeters and the reconstructed jet cone contains the electron

cluster; a b-jet decay has produced a non-prompt electron.

An electron-jet overlap removal procedure is used to prevent the double counting

of electrons as jets as well as to remove non-prompt electrons, to reduce the rate

of events with mis-reconstructed or non-prompt electrons. The main variable used

to achieve this is the angular distance ∆R(el, jet), measured for all electron-jet

combinations in each event. The procedure depends to the type of particle:

• Jets are removed if the angular distance is ∆R < 0.2;

• Electrons are removed if the angular distance is 0.2 < ∆R < 0.4.
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As a consequence, the electron and the b-jet from a leptonic top or antitop decay

are both kept in the event only if ∆R > 0.4. A schematic view of the OR procedure

is shown in Fig. 3.4.

Figure 3.4: Schematic of the electron overlap removal procedure. The electron
4-momentum (green) is subtracted from the jet cone (red).

3.5.2 Muons

Normally the overlap removal procedure, used by the ATLAS Top analysis group, is

done with ∆R(µ, jet) > 0.4 combining the isolation criteria, to increase the rejection

of the bad events.

The lepton-jet overlap-removal procedure for muons is similar to that for electrons,

but the situation for muons is simpler, as it is less likely for an isolated muon to

produce an energy cluster in the calorimeters reconstructed as a jet.

There are different ways in which a muon can be overlapping with a jet: the pileup,

where a muon and a jet can be produced in the same area of the detector but can

be reduced requiring that the tracks must be in the primary vertex; the light meson

decays (π± or K±) that can be reduced requiring an high transverse momentum

of the muon, combining the muon isolation and a vertex requirement; the heavy-

flavor hadron decays (charm or beauty quarks) that can give rise to muons, the

techniques are the same of the light flavor, but in this case the secondary vertex and

the primary one are very close; the final state radiation (FSR), in this case a photon

and a muon are produced very close and can be reconstructed as a muon and jet in
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the EM calorimeter; the bremsstrahlung where the muon at very high energy will

loose energy in the calorimeter.

3.6 Monte Carlo simulation

MC samples [62] are simulated events that reflect our physics knowledge about

interaction and production in particle accelerators and the comparison between these

simulations and the acquired data can help the search of new physics phenomena.

The simulation of the events inside a particle accelerator can be divided in different

aspects:

• Hard interaction: many LHC processes of interest involve large momentum

transfers, such as the production of heavy particles or jets with high transverse

momenta. In this case the matrix element must be calculated and also the

phase space integration must be performed. Moreover, the parton distribution

functions of incoming partons are taken into account and perturbation theory

is used.

• Parton showering: because the partons carry color charge, they can radiate

additional gluons and these bosons radiate themself, creating a shower of soft

gluons. The MC generator simulates this shower, evolving in terms of a certain

variables (such as the relative transverse momentum) from the hard scattering

to a cutoff scale, determined by the hadronisation scale.

• Hadronisation: it refers to the specific model used in an event generator for

the transition from the partonic “final” state to a complete representation of

the actual hadronic final state, in order to form bound states. Several MC

generators use different models to reconstruct the the process.

• Underlying events: this kind of events are due to not-hard-scattering pro-

cesses, that contribute to the total observed activity in hadron-hadron colli-

sions, and can be exist also from lower energy collisions from the remnants of

the beams.
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• Unstable particle decay: the hadronisation taken into account the stable par-

ticles, but can exist also unstable resonances and they are calculated using

known decay information and branching ratios.

The MC generators consist to a set of simulated events with defined particles and

with known kinematics information. In this case the relation between particles are

well described, from mother particles to decay products, referred as ”truth level”.

The generators are chosen from their parameters (such as hadronisation or parton

showering) and the optimisation of these parameters is called ”tuning”.

In the ATLAS experiment the generators used for the Matrix Element are POWHEG

[63], MadGraph aMC@NLO [64], HERWIG7 [65] and SHERPA [66]; instead, about

the parton showering PYTHIA8 [67], HERWIG7 and SHERPA are chosen. The MC

samples used for this analysis processes are described in Section 6.4.
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Reconstruction efficiency of muon

close to jets

The first part of my work involved the study of the reconstruction efficiency for

muons close to jets.

Muons close to jets are a key to some analysis that use muon information inside

jets, such as the tt̄ resonance analysis, due to the high tt̄ invariant mass, because the

Lorentz boost, the muons will be close to the b-jets. Specific and dedicated measure-

ments of the reconstruction efficiency of muons as a function of the distance with

respect to jets is fundamental for these kind of measurements. So, the measurement

of the reconstruction efficiency, as well as of the momentum scale and resolution is

mandatory. The reconstruction efficiencies are determined using the Tag-and-Probe

method with J/Ψ samples and the Combined Muon reconstruction (described in

this chapter) type is used.

After introducing the ATLAS muon reconstruction and identification algorithms,

this chapter describes the performance of muon close to jets reconstruction using

the LHC dataset recorded at
√
s = 13 TeV in 2016. Using a sample of J/Ψ→ µ+µ−

decay, reconstruction efficiencies and scale factors are compared with the recom-

mended ones by the Muon Combined Performance (MCP) ATLAS group [68]. MCP

Scale factors are used to correct the simulation to improve the agreement with data

and to minimise the systematic uncertainties in physics analyses; my study confirms

that MCP setup recommendations are applicable to the dilepton analysis.

66
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4.1 Muon Reconstruction

Muon reconstruction is performed [68] indipendently in the Inner Detector (ID) and

in the Muon Spectrometer (MS), and this information is combined to form the muon

tracks.

The combined ID–MS muon reconstruction is performed according to various algo-

rithms based on the information provided by the ID, MS, and calorimeters. The

muon system allows the identification of muons with a pT above 3 GeV. Muons

with momenta lower than that are difficult to reconstruct since they do not reach

the spectrometer, loosing too much energy in the calorimeter and/or do not leave a

significant signal over the noise in the muon spectrometer.

Four muon types are defined depending on which sub-detectors are used in the re-

construction:

• Combined muon (CB): the track reconstruction is performed independently

in the ID and the MS and a combined track is formed by a global refit that

uses the hits from both the ID and MS subdetectors. During the global fit

procedure, MS hits may be added to or removed from the track to improve

the fit quality;

• Segment− tagged muon (ST): a track in the ID is classified as a muon if, once

extrapolated to the MS, it is associated with at least one local track segment

in the MDT or CSC chambers;

• Calorimeter − tagged muon (CT): a track in the ID is identified as a muon

if it can be matched to an energy deposit in the calorimeter compatible with

a minimum-ionizing particle. This type has the lowest purity of all the muon

types but it recovers acceptance in the region where the ATLAS MS is only

partially instrumented to allow for cabling and services to the calorimeters and

ID;

• Extrapolated muon (ME): the muon trajectory is reconstructed based only on

the MS track and a loose requirement on compatibility with originating from

the ID. The parameters of the muon track are defined at the interaction point,

taking into account the estimated energy loss of the muon in the calorimeters.
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Overlaps between different muon types are resolved before producing the collection

of muons used in physics analyses. When two muon types share the same ID track,

preference is given to CB muons, then to ST, and finally to CT muons. The overlap

with ME muons in the muon system is resolved by analyzing the track hit content

and selecting the track with better fit quality and larger number of hits.

In this analysis the Combined Muon reconstruction is used. For CB muons, the

variables used in muon identification are:

• q/p significance: defined as the absolute value of the difference between the

ratio of the charge and momentum of the muons measured in the ID and MS

divided by the sum in quadrature of the corresponding uncertainties;

• ρ′: defined as the absolute value of the difference between the transverse mo-

mentum measurements in the ID and the MS divided by the pT of the combined

track;

• normalised χ2 of the combined track fit.

4.2 Muon Identification

Muon identification [68] is performed by applying quality requirements that suppress

background, mainly from pion and kaon decays, while selecting prompt muons with

high efficiency and/or guaranteeing a robust momentum measurement.

Muon candidates originating from in-flight decays of charged hadrons in the ID are

often characterized by the presence of a distinctive “kink” topology in the recon-

structed track. As a consequence, it is expected that the fit quality of the resulting

combined track will be poor and that the momentum measured in the ID and MS

may not be compatible.

In a similar way to the electrons (described in Chapter 3) the muon tracks are done

using a Kalman Filter algorithm. Moreover, some requirements on the number of

hits in the ID and MS are used in order to have a good momentum measurement.

For the ID, the quality selections require at least one Pixel hit, at least five SCT

hits, fewer than three Pixel or SCT holes, and that at least 10% of the TRT hits
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originally assigned to the track are included in the final fit (the TRT measurements

are included in the track fits for tracks with |η| < 2.0).

Four muon identification selections (Medium, Loose, Tight and High-pT ) are pro-

vided to address the specific needs of different physics analyses. Loose, Medium, and

Tight are inclusive categories in that muons identified with tighter requirements are

also included in the looser categories.

In dilepton analysis a muon configuration that minimises the systematic uncertain-

ties is needed, because it improves the signals sensitivity significantly.

• Medium Muons (MM): The Medium identification criteria provide the de-

fault selection for muons in ATLAS. This selection minimises the systematic

uncertainties associated with muon reconstruction and calibration. Only CB

and ME tracks are used. The former are required to have ≥ 3 hits in at least

two MDT layers, except for tracks in the |η| < 0.1 region, where tracks with

at least one MDT layer but no more than one MDT hole layer are allowed.

• Tight Muons (TM): Tight muons are selected to maximise the purity of muons

at the cost of some efficiency. Only CB muons with hits in at least two sta-

tions of the MS and satisfying the Medium selection criteria are considered.

The normalised χ2 of the combined track fit is required to be < 8 to remove

pathological tracks. A two dimensional cut in the ρ′ and q/p significance vari-

ables is performed as a function of the muon pt to ensure stronger background

rejection for momenta below 20 GeV where the misidentification probability

is higher.

• Loose Muons (LM): The Loose identification criteria are designed to maximise

the reconstruction efficiency while providing good-quality muon tracks. They

are specifically optimised for reconstructing Higgs boson candidates in the

four-lepton final state. All muon types are used. All CB and ME muons

satisfying the Medium requirements are included in the Loose selection. CT

and ST muons are restricted to the |η| < 0.1 region.

• High − pT Muons (HM): The High-pT selection aims to maximise the mo-

mentum resolution for tracks with transverse momentum above 100 GeV. The

selection is optimised for searches for high-mass Z’ and W’ resonances. CB

muons passing the Medium selection and having at least three hits in three
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MS stations are selected. Specific regions of the MS where the alignment is

suboptimal are vetoed as a precaution. Requiring three MS stations, while re-

ducing the reconstruction efficiency by about 20%, improves the pT resolution

of muons above 1.5 TeV by approximately 30%.

The MM identification criteria is used as default selection for muons in ATLAS and

it minimises the reconstruction and calibration uncertainties. Some corrections are

applied to MC simulations in form of efficiency scale factors (SF), in order to match

isolation and trigger efficiency in data.

In this analysis the Medium Muon selection is used because, it aims to lower sys-

tematics in high-pT region, where the muons are close to jets. These corrections

are obtained by comparing MC predictions to large samples of J/Ψ → µ+µ− and

Z → µ+µ− data events using the tag-and-probe method, as shown in the next

sections.

4.3 Muon Isolation

The measurement of the activity around a muon candidate, called muon isolation

[68], is useful for those muons that come from semileptonic decays of b-hadrons,

which are embedded in jets.

Two variables are defined to assess muon isolation, defined before:

• pvarcone30
T is the track-based isolation variable, it is defined as the scalar sum

of the transverse momenta of the tracks with pT > 1 GeV in a cone of size

∆R = min(10 GeV/pµT , 0.3) around the muon of transverse momentum pµT ,

excluding the muon track itself;

• Etopocone20
T is the calorimeter-based isolation variable, it is defined as the sum of

the transverse energy of the topological clusters [70] in a cone of size ∆R = 0.2

around the muon, after subtracting the contribution from the energy deposit

of the muon itself and correcting for pileup effects.

Where the pileup is a situation where a particle detector is affected by several events

at the same time that are not in the center-of-mass.
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For the muon isolation performance, seven isolation selection criteria, or ”working

point”, are defined and each one is optimised for different physics analysis; the isola-

tion criteria are determined using the relative isolation variables, which are defined

as the ratio between the track-based or the calorimeter-based isolation variables and

the transverse momentum of the muon.

Tab. 4.1 lists the seven isolation working point with the definitions and discrimi-

nating variables. For the first five working points, cuts are provided in bins of pT

and η of the muon; they are tuned aiming for a uniform efficiency in all bins. The

LooseTrackOnly and the FixedCutT ightTrackOnly working points are exclusively

defined by cuts on the relative track based isolation variable only. The other working

points are defined by cuts applied separately on both track and calorimeter-based

relative isolation variables.

Isolation WP Discriminating variables Definition

LooseTrackOnly pvarcone30
T /pµT 99% eff. constant in η and pT

Loose pvarcone30
T /pµT ,Etopocone20

T /pµT 99% eff. constant in η and pT
Tight pvarcone30

T /pµT ,Etopocone20
T /pµT 96% eff. constant in η and pT

Gradient pvarcone30
T /pµT ,Etopocone20

T /pµT ≥ 90(99)% eff. at 25(60) GeV

GradientLoose pvarcone30
T /pµT ,Etopocone20

T /pµT ≥ 95(99)% eff. at 25(60) GeV

FixedCutTightTrackOnly pvarcone30
T /pµT pvarcone30

T /pµT < 0.06

FixedCutLoose pvarcone30
T /pµT ,Etopocone20

T /pµT pvarcone30
T /pµT < 0.15,

Etopocone20
T /pµT < 0.30

Table 4.1: Definition of the seven isolation working points for the muon isolation
performance.

The efficiencies for the isolation working points are measured with Z → µ+µ− de-

cays, in data and simulation, using the Tag-and-Probe method. To avoid probe

muons near to jets, a ∆R > 0.4 is required, where ∆R is the angular difference

between the muon and its nearest jet, that is reconstructed using anti-kt algorithm

[58] with radius parameter 0.4 and with the transverse momentum pT > 20 GeV.

Fig. 4.1 shows the isolation efficiencies for medium muons measured in data and

Monte Carlo simulation, as a function of the transverse momentum of the muon for

the LooseTrackOnly and GradientLoose working points; the respective data/MC

ratios are shown in the bottom panel of each plot. The blue bar is the statistical un-

certainty and the yellow bar is both statistical and systematic uncertainties, where

the systematic uncertainty is evaluated in the Z → µ+µ− analysis by taking the
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maximum variation of the transfer factor T when estimated with a simulation-based

approach as described in [69]. In the low-pT region the uncertainties are due to the

background estimation and the mass window variation; the high-pT region is dom-

inated by statistical uncertainty in data and simulation. The efficiency decreases,

between 40 GeV and 80 GeV for LooseTrackOnly and between 30 GeV and 60 GeV

for GradientLoose, This is due to the dependence of the selection on the transverse

momentum. Moreover, the main uncertainty in both pT regions arises from having

neglected the η dependence of the Scale Factors (SFs), shows in Section 4.6, which

are usually provided as a function of η and pT (SFs will be fully describe in Section

4.5).

In this analysis, the FixedCutT ightTrackOnly isolation is used because it is only

track-dependent; so it implies an higher amount of simulated signal events, increas-

ing the signal/background ratio as shown in Section 5.3.

4.3.1 Muon energy scale and resolution

The muon momentum scale and resolution are studied using J/Ψ → µ+µ− and

Z → µ+µ− decays. Although the simulation contains an accurate description of the

ATLAS detector, the level of detail is not enough to describe the muon momentum

scale to the per mille level and the muon momentum resolution to the percent level.

A set of corrections is applied to the simulated muon momentum in order to obtain

the data/MC agreement.

To improve the precision, the pT and η distributions of the Z and J/Ψ resonances

in simulation are reweighted to the distributions observed in data, as shown in

Fig. 4.2, for the invariant mass distribution of the Z → µ+µ−. The invariant mass

window for the two muons to result form a Z decay is 75−105 GeV. After correction,

the line-shape of the Z resonance in simulation (red solid line) agrees with the data

within the systematic uncertainties, demonstrating the overall effectiveness of the pT

calibration. A better demonstration of the effectiveness of the momentum calibration

is obtained by comparing, in data and simulation, the measurement of the position

mµµ and resolution σµµ of the dimuon mass peaks, extracted in bins of η and pT

from fits to the J/Ψ→ µ+µ− and Z → µ+µ− invariant mass distributions.
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(a)

(b)

Figure 4.1: Isolation efficiencies for LooseTrackOnly (a) and GradientLoose
(b) working points. The black dots are data and the red dots are the simulation,
measured in Z → µ+µ− samples using Tag-and-Probe method. The uncertainties
shown on the efficiency are statistical only. The bottom panels are the data/MC
ratio; blue is the statistical uncertainty only and yellow are both statistical and

systematic [68].
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Figure 4.2: Dimuon invariant mass distribution of Z → µ+µ− events recon-
structed with combined muons. The points show the data. The continuous line
corresponds to the simulation with the momentum corrections applied. The band
represents the effect of the systematic uncertainties on the momentum corrections.

Simulation is normalised to data.
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4.4 Tag-and-Probe method with J/Ψ→ µ+µ− sam-

ple

As the muon reconstruction in the ID and MS detectors is performed independently,

a precise determination of the muon reconstruction efficiency in the region |η| < 2.5

is obtained with the tag-and-probe method.

The Tag-and-Probe method is employed to measure the efficiency of the muon iden-

tification selections within the acceptance of the ID (|η| < 2.5). The method is based

on the selection of an almost pure muon sample from J/Ψ→ µ+µ− events, requiring

one leg of the decay (tag) to be identified as a Medium muon that fires the trigger

and the second leg (probe) to be reconstructed by a system independent of the one

being studied. Tag and probe tracks are extrapolated to the MS trigger surfaces

and the extrapolated positions are required to be ∆R > 0.2 far apart. The invariant

mass requirement on the dimuon pair to select the J/Ψ is 2.75 GeV < mµµ < 3.5

GeV.

In this work, two kind of efficiencies are measured:

• Efficiency for Medium muons with Calo muon as probes (CP);

• Efficiency for ID tracks with MS muon as probes (MS).

The Calo muons are the ID tracks tagged as muons by the calorimeter deposit. Calo

muons allow a measurement of the efficiency in the MS, while MS tracks are used

to determine the complementary efficiency of the muon reconstruction in the ID.

The efficiency measurement for Medium muons consists of two stages. First, the

efficiency ε(Medium|CP ) of reconstructing these muons assuming a reconstructed

ID track is measured using a CP muon as probe; then this result is corrected by the

efficiency ε(ID|MS) of the ID track reconstruction, measured using MS probes:

ε(Medium) = ε(Medium|CP ) · ε(ID|MS) = ε(Medium|ID) · ε(ID) (4.1)
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A similar approach is used when using ID probe tracks for cross-checks.

This approach is valid if two assumptions are satisfied. First, the ID track recon-

struction efficiency is independent from the muon spectrometer track reconstruc-

tion ε(ID) = ε(ID|MS); then the use of a CP muon as a probe instead of an ID

track does not affect the probability for Medium reconstruction ε(Medium|ID) =

ε(Medium|CP ).

The level of agreement of the measured efficiency, εData(Medium) with the efficiency

measured with the same method in simulation, εMC(Medium), is expressed as the

ratio of these two numbers, called ”efficiency scale factor” (SF):

SF =
εData(Medium)

εMC(Medium)
(4.2)

This quantity describes the deviation of the simulation from the real detector be-

haviour, and it is useful to physics analyses, which use it to correct the simulation.

The efficiency and SF measurements for medium muons are shown in section 4.6.

4.5 Non-isolated muon reconstruction efficiency

with J/Ψ→ µ+µ−

MCP ATLAS group provides official SFs calculated for isolated muons; so additional

studies are requested in order to provide the efficiency and SF for muon close to jets.

4.5.1 Event selection

Events are selected by requiring muon pairs with an invariant mass between 2.7

GeV and 3.5 GeV; a transverse momentum of at least 4 GeV and |η| < 2.5 for each

muon. The tagged muon is required to satisfy Medium muon identification selection

and to have triggered the read-out of the events. A difference |ztag0 − zprobe0 | < 5

mm is required and ∆R(jet, probe) < 0.4, where ∆R =
√

∆η2 + ∆φ2 is the angular

difference between the muon and its nearest jet.

ATLAS dataset 2016 belonging to the Good Run List (GRL) is used; Monte Carlo
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samples are used for the Calo muons and the MS probes. Events used to measure

the muon reconstruction efficiency are selected according to a trigger list containing

a mixture of unprescaled single muon trigger and special muon+track triggers de-

signed for efficiency measurements (a three-muon trigger with a J/Ψ mass window,

HLT muX bJpsi Trkloose with X = 4, 6, 10 and 18 GeV). Tab. 4.2 shows the trig-

gers list.

The list of sample and trigger names are listed in Appendix A.

µ trigger

HLT mu4
HLT mu6

HLT mu6 idperf

HLT mu4 bJpsi Trkloose
HLT mu6 bJpsi Trkloose
HLT mu10 bJpsi Trkloose
HLT mu18 bJpsi Trkloose

Table 4.2: List of muon triggers used for this study about the efficiency for
muons close to jets.

4.5.2 Reconstruction efficiency

Selected tag-and-probe pairs are grouped in two independent samples: pairs in which

the probe is matched to the muon type (matched sample) and pairs in which the

probe is not matched (unmatched sample). The matching is performed requiring a

distance ∆R < 0.005 between the probe and the matched object. The reconstructed

muons of a given type (in the following Medium Muons) are considered the probes

that are angularly matched to that selected muon; CP muons are the ones that are

considered to be reconstructed so that the efficiency is obtained by calculating:

Nmatched −Nunmatched

Nmatched +Nunmatched

(4.3)

The efficiency is derived by a simultaneous log-likelihood fit of the two statistically

independent distributions of the invariant mass. The fits are performed in the seven

pT bins and nine η bins of the probe:
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• pT : [5-6,6-7,7-8,8-10,10-12,12-15,15-20] GeV;

• η: (±0.1, ± 1.05, ± 1.3, ± 2 and ± 2.5)

The signal is modelled with a Crystal Ball function with a single set of parameters

for the two independent samples. Separate first-order polynomial fits are used to

describe the background shape for matched and unmatched probes.

Fig. 4.3 shows examples of the J/Ψ fits, in this case using CP muons to measure the

reconstruction efficiency for medium muons, for probes with ratio pvarcone30
T /pT >

0.06 (non-isolated muons).

After the fits, a study on the reconstruction efficiencies is done for different regions

of isolation (pvarcone30
T /pT (probe) and Etopocone20

T /pT (probe)) of the calo muon probes

that are matched to medium muons and ∆R(jet, µ) between the medium muon

and its nearest jet. An example of the reconstruction efficiency, for data 2016 in a

precise bin in η and in the two regions of isolation for muons close to jets, is shown

in Fig. 4.4.

All the plots are presented in Appendix A.
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(a) (b)

(c) (d)

Figure 4.3: Invariant mass distributions for the calorimeter-tagged probes
matched (empty circles) and unmatched (full circles) to Medium muons from
data with the corresponding fits reported as continuos lines. The η − pT inter-
vals are specified on each figure. The probes are CP muons passing an isolation

requirement pvarcone30
T /pT > 0.06.
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(a)

(b)

Figure 4.4: (a): medium muon efficiency, using data samples, with calo muons
as probes in the region of isolation pvarcone30

T /pT (probe) > 0.06. (b): medium
muon efficiency, using data samples, with calo muons as probe in the region of
isolation Etopocone20

T /pT (probe) > 0.06. η bin 0.1 < η <1.05 . Bottom panels show
ratio between the non isolated muon efficiencies and the isolated muon efficiencies.
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The cuts are applied to the muon pT for both the track and calorimeter-based

isolation variables; Fig. 4.5 shows the distribution of this variables in muons in

non-isolated regions pvarcone30
T /pT (probe) > 0.06 and Etopocone20

T /pT (probe) > 0.06.

Fig. 4.6 shows the distribution of the ∆R variable and a zoom in the no-isolated

region (∆R < 0.4), splitted in two sub-regions, in order to measure SFs for muon

close to jets (0.2 < ∆R < 0.4) and very close to jets (0 < ∆R < 0.2).

(a)

(b)

Figure 4.5: Track-based (a) and calorimeter-based (b) isolation variables
divided by the transverse momentum of the muon in no-isolated regions:

pvarcone30
T /pT (probe) > 0.06 and Etopocone20

T /pT (probe) > 0.06.
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(a)

(b)

Figure 4.6: Distribution of the ∆R variable (a) and a zoom in the no-isolated
region (∆R < 0.4), splitted in two sub-regions (b).
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4.5.3 Results

In this section the results of the reconstruction efficiencies and Scale Factors (SFs)

are shown.

Figure 4.7 (a) shows the muon reconstruction efficiency in different η regions mea-

sured from J/Ψ→ µ+µ− events for Medium muon selection in the no-isolated-region

pvarcone30
T /pT (probe) > 0.06. Within each η region, the efficiency is measured in seven

pT bins (5-6,6-7,7-8,8-10,10-12,12-15 and 15-20 GeV). The resulting values are plot-

ted as distinct measurements in each η bin and with pT increasing from 5 to 20 GeV

going from left to right. The error bars on the efficiencies indicate the statistical

uncertainty. The panel at the bottom shows the ratio of the measured to predicted

efficiencies, the SFs are close to unity within the uncertainties. Figure 4.7 (b) shows

the efficiency SFs total uncertainty as a function of the η regions and the increasing

pT bins; the combined uncertainty is the sum in quadrature of the individual con-

tributions. It is possible to see that in this region of isolation (pvarcone30
T /pT (probe))

the largest component of the uncertainty is referred to as truth closure. This arises

from possible biases in the tag-and-probe method, such as biases due to different

kinematic distributions between reconstructed probes and generated muons or cor-

relations between ID and MS efficiencies. The truth closure is estimated in simula-

tion by comparing the efficiency measured with the tag-and-probe method with the

“true” efficiency given by the fraction of generator-level muons that are successfully

reconstructed.

Figure 4.8 (a) shows the muon reconstruction efficiency in different η regions mea-

sured in J/Ψ→ µ+µ− events for Medium muon selection, in the region

Etopocone20
T /pT (probe) > 0.06. The panel at the bottom shows the ratio of the mea-

sured to predict efficiencies, the SFs are close to unity within the uncertainties.

Figure 4.8 (b) shows the total uncertainty in the efficiency SFs as a function of the η

regions and the increasing pT bins. It is possible to see that in this region of isolation

the dominant uncertainty is the truth closure.

Figure 4.9 (a) shows the muon reconstruction efficiency in different η regions mea-

sured in J/Ψ → µ+µ− events for Medium muon selection, in the region 0 < ∆R <

0.2. The panel at the bottom shows the ratio of the measured to predict efficiencies,

the SFs are close to unity within the uncertainties. Figure 4.9 (b) shows the total

uncertainty in the efficiency SFs as a function of the η regions and the increasing pT
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bins. It is possible to see that in this region the dominant uncertainty is statistic,

because there are very few events in this ∆R region.

Figure 4.10 (a) shows the muon reconstruction efficiency in different η regions mea-

sured in J/Ψ→ µ+µ− events for Medium muon selection, in the region 0.2 < ∆R <

0.4. The panel at the bottom shows the ratio of the measured to predict efficiencies,

the SFs are close to unity within the uncertainties. Figure 4.10 (b) shows the effi-

ciency SFs total uncertainty as a function of the η regions and the increasing pT bins.

It is possible to see that in this region 0.2 < ∆R < 0.4 the dominant uncertainty is

statistic and truth closure.

The scale factors measured in the Tag-and-Probe study, within the statistical un-

certainty, are close to the official SFs calculated by the MCP group, referred in

[68].
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Figure 4.7: (a): Muon reconstruction efficiency in different η regions mea-
sured in J/Ψ → µ+µ− events for Medium muon selection, in the region
pvarcone30
T /pT (probe) > 0.06. (b): Total uncertainty in the efficiency scale fac-

tor for medium muons as a function of η obtained by J/Ψ→ µ+µ− sample in the
region pvarcone30

T /pT (probe) > 0.06 .
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Figure 4.8: (a): Muon reconstruction efficiency in different η regions mea-
sured in J/Ψ → µ+µ− events for Medium muon selection, in the region
Etopocone20
T /pT (probe) > 0.06. (b): Total uncertainty in the efficiency scale factor

for medium muons as a function of η obtained by J/Ψ → µ+µ− sample in the
region Etopocone20

T /pT (probe) > 0.06 .



Chapter 4. Reconstruction efficiency of muon close to jets 87

0.5− 5.5 11.5 17.5 23.5 29.5 35.5 41.5 47.5 53.5

E
ffi

ci
en

cy

0.6

0.8

1

R < 0.2∆CaloTag Probes with 0 < 

 PreliminaryATLAS
-1 = 13 TeV, 33.0 fbs

µµ→ψJ/

 muonsMedium Data (2016)
MC

D
at

a 
/ M

C

0.8

1

1.2

<-2.0
η

-2.5< <-1.3
η

-2.0< <-1.05

η
-1.3<

<-0.1
η

-1.05<
<0.1

η
-0.1< <1.05

η
0.1<

<1.3
η

1.05<
<2.0

η
1.3<

<2.5
η

2.0<

 [5-15 GeV]
T

p Stat only  Stat⊕Sys Stat only  Stat⊕Sys 

(a)

R
el

at
iv

e 
S

ys
te

m
at

ic
 U

nc
er

ta
in

ty
 (

%
)

3−10

2−10

1−10

1

10

210

310

<-2.0
η

-2.5< <-1.3
η

-2.0< <-1.05

η
-1.3<

<-0.1
η

-1.05<
<0.1

η
-0.1< <1.05

η
0.1<

<1.3
η

1.05<
<2.0

η
1.3<

<2.5
η

2.0<

ID Extrapolation Statistics
Signal Truth closure
Statistics (MC) Background
Total

 PreliminaryATLAS
-1 = 13 TeV, 33.0 fbs

 muonsMedium
R < 0.2∆CaloTag Probes with 0 < 

(b)

Figure 4.9: (a): Muon reconstruction efficiency in different η regions measured
in J/Ψ → µ+µ− events for Medium muon selection, in the region 0 < ∆R <
0.2. (b): Total uncertainty in the efficiency scale factor for medium muons as a

function of η obtained by J/Ψ→ µ+µ− sample in the region 0 < ∆R < 0.2 .
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Figure 4.10: (a): Muon reconstruction efficiency in different η regions measured
in J/Ψ → µ+µ− events for Medium muon selection, in the region 0.2 < ∆R <
0.4. (b): Total uncertainty in the efficiency scale factor for medium muons as a
function of η obtained by J/Ψ→ µ+µ− sample in the region 0.2 < ∆R < 0.4 .
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A comparison between SF measurements for muon close to jets and official MCP

SFs in the pseudorapidity bin 0.1 < η < 1.05 for the isolation and ∆R variables are

shown in Fig. 4.11 and Fig. 4.12. All SF plots are shown in Appendix A.

(a)

(b)

Figure 4.11: Comparison between SFs measured in this analysis (Red) and
the default MCP SFs (Black) in the two regions of isolation for muons close
to jets in η bin 0.1 < η < 1.05 . (a): pvarcone30

T /pT (probe) > 0.06; (b):

Etopocone20
T /pT (probe) > 0.06 .
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(a)

(b)

Figure 4.12: Comparison between SFs measured in my analysis (Red) and the
default MCP SFs (Black) in the two regions of ∆R between muon and it’s nearest

jet: (a): 0 < ∆R < 0.2 ; (b): 0.2 < ∆R < 0.4 in η bin 0.1 < η < 1.05 .
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Finally, a χ2 test has been done for all bins in pT and η, between our SFs and the offi-

cial MCP SFs; all P (χ2) of these exceeded the 5% which confirmed the compatibility,

Tab. 4.3 shows the measured P (χ2) between SFs measurement for muons close to

jets and the official MCP SFs for isolated muons, both are related to medium muons.

Region P (χ2)

pvarcone30
T /pT (probe) > 0.06 0.74

Etopocone20
T /pT (probe) > 0.06 0.32

0 < ∆R < 0.2 0.36
0.2 < ∆R < 0.4 0.83

Table 4.3: Measured P (χ2) between my SFs done for muons close to jets and
the official MCP SFs for isolated muons, both are related to medium muons.

In conclusion, the SFs measured for muon close to jets are compatible to the default

MCP SFs measured for isolated muons within the global uncertainties, so they are

added in MCP recommendations; this can be observed seeing the SFs plots and the

P (χ2) table.

Many analysis that use the information from muon close to jets will benefit from

this additional SFs; such as, the tt̄ resonances in dilepton final state. Moreover, as

described in the following chapters, such recommendations will be followed in the

setup concerning muons.



Chapter 5

Electron isolation efficiency and

overlap removal extension

The second part of my work involved detailed studies on the electron isolation ef-

ficiency and the Overlap Removal (OR) needed for electron and muon candidates.

This study has been produced in collaboration with the tt̄ Resonance group of the

ATLAS experiment. The main motivation for this work is similar to the muon

case:the request of electron isolation and how the choice can be improved are very

useful if I want to get a very sensitive measurement for the BSM signals.

In this analysis, the different isolation working points and the extension of the OR

procedure were compared, to find the best setup, because the leptons from X → tt̄,

for X sufficiently heavy, will have a good chance of being close to a jet (specifically

the b-jet from the top and antitop decays) and therefore the normal requirements of

isolation of the leptons are in some cases inappropriate, reducing signal efficiency.

5.1 Electron Isolation

In this section the different isolation working points were compared. The study was

done using the Tight electron quality.

The isolation study is based on the measurement of two classes of electron isolation
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variables [51] (similar to the muon isolation variables described in Chapter 4). The

main variables are the following:

• pvarcone20
T : is the track isolation variable, defined as the sum of transverse

momenta of all tracks, satisfying quality requirements, within a cone of ∆R =

min(0.2, 10 GeV/ET ) around the candidate electron track and originating from

the reconstructed primary vertex of the hard collision, excluding the electron

associated tracks;

• Etopocone20
T : is the calorimetric isolation, defined as the sum of transverse

energies of topological clusters, calibrated at the electromagnetic scale, within

a cone of ∆R = 0.2 around the candidate electron cluster. Only clusters with

reconstructed positive energy are considered in the sum. The ET contained

in a rectangular cluster of size ∆η x ∆φ = 0.125 x 0.175 centered around the

electron cluster barycentre is subtracted.

The implementation of isolation criteria is a trade off between a highly efficient

identification of prompt electron and a good rejection of electrons from heavy fla-

vor decay or light misidentified hadrons. Tab. 5.1 shows different electron isolation

working points. The working points can be defined in two ways: targeting a fixed

value of efficiency or with fixed cuts on the isolation variables.

Working Point Calo. Isolation Track Isolation
Gradient ε = 0.1143 x pT + 92.14% ε = 0.1143 x pT + 92.14%

GradientLoose ε = 0.057 x pT + 95.57% ε = 0.057 x pT + 95.57%
FCHighPtCaloOnly Econe20

T < max(0.015 x pT ,3.5GeV) -
FCLoose Econe20

T /pT < 0.2 pvarcone20
T /pT < 0.15

FCTight Econe20
T /pT < 0.06 pvarcone20

T /pT < 0.06
FCTightTrackOnly - pvarcone20

T /pT < 0.06

Table 5.1: Definition of the electron isolation working points. In the Gradient
and GradientLoose working point definitions the unit of pT is GeV.

The Gradient working point has an efficiency of 90% at pT = 25 GeV and 99% at

pT = 60 GeV; the GradientLoose working point has an efficiency of 95% at pT = 25

GeV and 99% at pT = 60 GeV.
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5.1.1 Electron Isolation in the tt̄ resonance analysis

This study is done using the ATLAS Top analysis framework. Only Monte Carlo re-

ferred to 2015+2016 dataset (36.1 fb−1) simulated samples are used: the tt̄ dilepton

sample as the main background; the tt̄ no all hadronic sample (tt̄ events for which

at least one of the W bosons decays leptonically) as fakes (described later); Z ′, gKK

and G as simulated signals.

Electron candidates are required to have transverse momentum pT > 25 GeV and

|η| < 2.5. The region 1.37 ≤ |η| ≤ 1.52 is excluded because it corresponds to a

transition region between the barrel and end-cap calorimeters that has a degraded

energy resolution. The electrons are required to satisfy the Tight quality selection.

Jets are reconstructed using the anti-kt algorithm (R = 0.4). Only jets with pT >

25 GeV and |η| < 2.5 are considered.

In the standard configuration used for the ATLAS analyses the working point

Gradient or GradientLoose are used, but there are other four working points

(listed in Tab. 5.1) that are recommended from the Electron-Gamma ATLAS group:

FCLoose, FCTight, FCHighPtCaloOnly and FCTightTrackOnly. For this rea-

son, I compared the performance of using electrons selected with different working

points, to find the best setup for my analysis.

The comparison was made observing the isolation efficiency (defined as the ratio be-

tween the electrons that pass the isolation and the total number of electrons) versus

the leading lepton pT of the various samples described before. Given that the ∆R

distance between the electron and its nearest jet is a key variable for the search I

presented in this thesis, this variable is also shown in the following.

Fig. 5.1 and Fig. 5.2 show, for eµ-channel and ee-channel respectively, the isolation

efficiencies as obtained considering electrons object selected with different working

points, for the samples used: the main background tt̄ dilepton, the events where

there is a non-reconstructed lepton or where a light jet is reconstructed as a lepton

(referred as fakes) and some examples of signals samples (all isolation efficiency

plot for the signal samples are shown in Appendix B.

The plots show that the FCTightTrackOnly working point has the better isolation

efficiency (∼ 99%) in all pT range of leading electron. Despite the performance for

electrons selected using the FCTightTrackOnly working point being slightly better,
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the no-isolated electron is used for the analysis. This is a compromise between care-

ful evaluation of the performance and uncertainties and readiness of the complete

study at the time of the publication of this analysis.

(a) (b)

(c)

Figure 5.1: Comparison between different isolation efficiencies, for the eµ-
channel, for tt̄ dilepton (a), tt̄ fake (b), SSM Z’ with a mass of 3 TeV (c). The

upper part of the plots show the trend of the events.

In addition, the isolation efficiency of the other working points in the plots decreases

at high pT , especially for signal models characterised by a high mass of the Z’ boson.

So it is not useful in a high-pT region analysis.

In this analysis I chose not to use any isolation requirement for the electrons. This

choice introduces some more background events but the amount of them is negligible
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(a) (b)

(c)

Figure 5.2: Comparison between different isolation efficiencies, for the ee-
channel, for tt̄ dilepton (a), tt̄ fake (b), SSM Z’ with a mass of 3 TeV (c). The

upper part of the plots show the trend of the events.

in the dilepton channel, so it is a good compromise for my setup. Moreover, the

increase in the signal acceptance is shown in Fig. 5.3. These plots are related to

the leading electron in the ee− channel. Signal events are multiplied by a factor of

10000 only to aid observation in the plots.

Finally, the effectiveness of the choice is confirmed from the increase of the sig-

nal/background ratio in Tab. 5.2, that shows the comparison between the standard

configuration and the configuration used in my dilepton analysis. The background
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(a)

(b)

Figure 5.3: Comparison between the standard isolation working point configu-
ration (a) and my setup without any electron isolation (b). The main background
tt̄ dilepton is in white and the dashed red is the Z’ signal sample. Only statistical

uncertainty.

under study was only the SM tt̄ and the fakes come from tt̄ events; the QCD multi-

jet background was not taken into account because, in the dilepton analysis, events
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with two or more fake leptons are negligible.

Gradient No− isolation

tt̄ background 504411 568199
Z’ (3 TeV) 661 950

S√
S+B

0.93 1.26

Table 5.2: Comparison of background and signal sample and the signal-
background ratio between the standard isolation configuration (using Gradient
working point) and the setup configuration used in this analysis (without any

electron isolation).
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5.2 Extension of the Overlap Removal procedure

After finding the best setup for the electron isolation, the next step was to extend

the Overlap Removal (OR) procedure [72] in my analysis. The overlap removal

studies for electrons have been carried on specifically in the dilepton-channel analysis

context, while in the case of muons the outcomes of previous studies performed for

the lepton + jet channel analysis [29] have been considered and applied.

The standard configuration in the top pair measurements rejects electrons close to

jets (∆Rel,jet < 0.4), but for this analysis I need a different requirement because in

the high pT -region the electrons tend to be close to jets and I want to keep electrons

information. In this section I will describe the Overlap Removal extension procedure

for the electrons close to jets (0.2 < ∆Rel,jet < 0.4). The OR procedure was fully

described in Section 3.5.

5.2.1 Electrons

In this analysis, since many signal events are in a boosted regime, where the lepton

originating from the top-quark decay tends to be close to the b-jet, we want to keep

precisely both the lepton and the jet, recovering electrons in the region 0.2 < ∆R <

0.4 but without double-counting their energy and that of their close-by jet.

As mentioned in the beginning of this section, I investigated the OR procedure to

verify any improvements for the analysis. The modified jet-in-electron OR proce-

dure is described in the following.

If an electron is reconstructed within ∆R < 0.4 from a jet, the electron four-

momentum is subtracted from the jet one. If the jet pT after the subtraction is

below a certain threshold, the reconstructed jet is assumed to come from the en-

ergy deposit of the electron itself, and the jet is removed from the event 1. If the

jet survives this selection, the ∆R between the electron and the corrected jet is

recalculated: if ∆R < 0.2, the electron is removed from the collection, because it

is interpreted as a non-prompt electron from a heavy-flavor hadron decay, and its

four-momentum is re-added to the jet one; otherwise, both the electron and the

reduced jet are recognised as independent and are kept in the analysis. Such OR

1The threshold is not zero, because of the difference in the particle calibrations. Moreover, if
the el-subtracted jet pT is below the pT threshold, the jet is rejected
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procedure is expected to improve the acceptance for X → tt̄ events with large mtt̄

values, by keeping a larger fraction of high-pT electron-b-jet pairs coming from a

single high-pT top quark.

This procedure is applied in order to keep or remove the electrons and jets with ∆R <

0.4 in tt̄ events; for each jet if there is an electron within a radius of ∆R < 0.4 it is

subtracted from the four-momentum jet to obtain a subtracted-jet-four-momentum:

if this subtracted jet fails the pT cut is removed, if the jet passes the pT cut and the

angular distance is ∆R(electron, subtracted jet) > 0.2 then both the electron and

the jet are recognised as independent and are kept in the measurements; instead, if

the jet passes the pT cut but the angular distance is ∆R(electron, subtracted jet) <

0.2, it assumed that the electron is a b-jet decay product and is not counted as a

prompt electron.

To improve the measurements presenting in this thesis, the OR procedure I developed

is compared with the standard one used in tt̄ cross-section measurements. I extended

the procedure by including the electron-in-jet subtraction described before. The

results of these studies will be described in section 5.3.

5.2.2 Muons

In the dilepton analysis the information about muons close to jets is needed (for the

µµ−channel and the muon in eµ−channel); for this reason theBoostedSlidingDrMu

procedure is used, as explained in the following: the ∆R depends on the muon pT

and tends to be zero for high-pT muons; with this procedure, in a similar way de-

scribed before for the electron case, the region ∆R(µ, jet) < 0.4 (where the muon

is really close to the jet or b-jet) is taken into account and the muon is not rejected

from the collection. Moreover, the effectiveness of the procedure is confirmed by the

reconstruction efficiencies measured for muons close to jets, described in Chapter 4.

This part was performed by the lepton+ jets analysis and this study confirms that

also in the dilepton analysis the BoostedSlidingDrMu procedure works better than

the standard procedure.
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5.3 Isolation and overlap removal studies for elec-

trons and muons: results

This study is done using the ATLAS Top analysis framework. Only Monte Carlo

referred to 2015+2016 dataset (36.1 fb−1) simulated samples are used: the tt̄ dilep-

ton sample as the main background, the tt̄ no all hadronic sample as fakes and Z ′

with mZ′ = 3 TeV as simulated signals.

The simulated samples are listed in Appendix B.

In the ATLAS top pair measurements there are some standard setup: the Gradient

working point for both electron and muons is used and also the standard overlap

removal, as described above, is done for ∆R(`, jet) > 0.4 .

In my analysis, instead, lepton closest to jets information are relevant, for this reason

a comparison between the standard configuration and the dilepton analysis config-

uration is done.

As in the previous study about the isolation, the electron candidates are required

to have transverse momentum pT > 25 GeV and |η| < 2.5. The region 1.37 ≤ |η| ≤
1.52 is excluded. The electrons are required to satisfy the Tight quality selection.

Moreover, muon candidates are required to have transverse momentum pT > 25 GeV

and |η| < 2.5. The muons are required to satisfy the Medium quality selection. The

FixedCutT ightTrackOnly isolation criteria was used. Jets are reconstructed using

the anti-kt algorithm (R = 0.4). Only jets with pT > 25 GeV and |η| < 2.5 are

considered.

The differences between the standard configuration, defined by:

• Gradient isolation working point both for electrons and muons;

• Default Overlap Removal (∆R > 0.4) procedure both for electrons and muons;

and the configuration used for the dilepton analysis, defined by:

• No electron isolation;
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• FixedCutT ightTrackOnly working point muon isolation;

• El − in− jet− subtraction OR (0.2 < ∆R < 0.4) procedure for electrons;

• BoostedSlidingDRMu OR (∆R < 0.4) procedure for muons;

are shown in Fig. 5.4, Fig. 5.5, Fig. 5.6 and Fig. 5.7 for ee− channel, µµ− channel
and electrons and muons in eµ− channel, respectively. Signal events are multiplied

by a factor of 1000 only to aid observation in the plots.

The samples used for this study and shown in the plots are the SM tt̄ dilepton and

Z ′ mZ′ = 3 TeV. In all plots the error is only statistical.

The ∆R distribution for electrons in the ee−channel and eµ−channel shows a dou-

ble peak. The second peak contains events where the electron is correctly matched.

The first peak, instead, is connected with different effects: the first effect is that the

presence of the jet disturbs the electron identification and therefore there is a loss

of efficiency; the second effect is that the electron-in-jet-4-momentum subtraction,

even if the jet survives, causes a recalculation of the ∆R.
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(a)

(b)

Figure 5.4: Comparison between the standard configuration (Gradient isolation
and standard OR for electrons) (a) and this analysis configuration (No electron
isolation and Electron−in−Jet−subtraction OR for electrons) (b). In white the
tt̄ dilepton background and in dashed red the signal (Z’ with mZ′ = 3 TeV). The
plots are for ee− channel of the leading electron. Only statistical uncertainty.
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(a)

(b)

Figure 5.5: Comparison between the standard configuration (Gradient
isolation and standard OR for muons) (a) and this analysis configuration
(FixedCutT ightTrackOnly muon isolation in addition to BoostedSlidingDrMu
OR for muons) (b). In white the tt̄ dilepton background and in dashed red the
signal (Z’ with mZ′ = 3 TeV). The plots are for µµ−channel of the leading muon.

Only statistical uncertainty.
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(a)

(b)

Figure 5.6: Comparison between the standard configuration (Gradient isolation
and standard OR for both electrons and muons) (a) and this analysis configuration
(No electron isolation and FixedCutT ightTrackOnly muon isolation in addition
to Electron− in− Jet− subtraction and BoostedSlidingDrMu for electron and
muons, respectively) (b). In white the tt̄ dilepton background and in dashed red
the signal (Z’ with mZ′ = 3 TeV). The plots are for the electron in eµ− channel.

Only statistical uncertainty.
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(a)

(b)

Figure 5.7: Comparison between the standard configuration (Gradient isolation
and standard OR for both electrons and muons) (a) and this analysis configuration
(No electron isolation and FixedCutT ightTrackOnly muon isolation in addition
to Electron− in− Jet− subtraction and BoostedSlidingDrMu for electron and
muons, respectively) (b). In white the tt̄ dilepton background and in dashed red
the signal (Z’ with mZ′ = 3 TeV). The plots are for the muon in eµ − channel.

Only statistical uncertainty.
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These plots show that the configuration used for my analysis can recover many

events in the lepton-close-to-jet region. The effectiveness of my configuration can

be confirmed in Tab. 5.3, that shows the signal/background ratio between the two

different configurations. It is possible to see also that there is a satisfying increase

of the signal sample events using this analysis configuration, specially in the µµ −
channel.

Channel: Z ′ events tt̄ Fake S√
S+B

ee− channel mZ′ = 3 TeV

Default OR 777 2082918 594265 0.47
Dilepton OR 1277 2349108 697985 0.73

eµ− channel mZ′ = 3 TeV tt̄ Fake S√
S+B

Default OR 1113 4634558 1317518 0.45
Dilepton OR 3435 5503025 1614445 1.29

µµ− channel mZ′ = 3 TeV tt̄ Fake S√
S+B

Default OR 416 2538907 720284 0.23
Dilepton OR 2325 3192341 926846 1.15

Table 5.3: Number of Z ′ signal events, the tt̄ dilepton and fake backgrounds
and the signal-background ratio for the three channels decay and in two different
configuration: the standard configuration and the analysis configuration, referred

as ”Dilepton”.

Finally, also the fake information is taken into account. Fig. 5.8 shows the compari-

son between the two different configuration for the leading electron in ee− channel.
It is possible to see that in all these plots, the fake quantity increases with the dilep-

ton analysis configuration; this is not a problem because the fake rate is not so big

and, moreover, other background cuts will be applied (as will be described in Chap-

ter 6). All these studies, confirmed from the tables, assert that this configuration

is the best choice for the subsequent steps regarding the measurement of invariant

masses and signal limits.
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(a)

(b)

Figure 5.8: Comparison between the standard configuration (Gradient isolation
and standard OR for electrons) (a) and this analysis configuration (No electron
isolation and Electron − in − Jet − subtraction OR for electrons) (b) for fake
events. The plots are for ee − channel of the leading electron. Only statistical

uncertainty.



Chapter 6

Search for a tt̄ resonance in the

dilepton channel

In this chapter the last part of my analysis is shown. A search for tt̄ resonances is

described, performed in the dilepton final state and considering the full pp collision

dataset collected by ATLAS at
√
s = 13 TeV, corresponding to 139 fb−1 of integrated

luminosity. The analysis strategy is based on the combination of two observables,

one carrying information on the tt̄ invariant mass (either the complete reconstructed

invariant mass or a partial invariant mass variable, referred to as ”invariant mass

proxy” in the following) and one sensitive to the tt̄ spin correlation (e.g. the angular

separation between the two charged leptons in the transverse plane, ∆φ``). In the

dilepton final state, high-mass resonances tend to produce leptons close to b-jets,

making the setup described in the previous two chapters for muon and electron se-

lection essential for the sensitivity of the analysis to multi-TeV signals. As described

in Chapter 1, the BSM models under study in this are the neutral heavy gauge boson

Z ′, the Randall-Sundrum graviton G and the Kaluza-Klein gluon gKK .

This chapter will describe the event selection, the used Monte Carlo simulations, the

analysis strategy, the considered systematic uncertainties and finally the expected

sensitivity evaluation. Exclusion limits are set on the production cross-section times

branching ratio for hypothetical Z ′ bosons, Randall-Sundrum graviton and Kaluza-

Klein gluons, that decay into top quark pairs. Only expected exclusion limits ob-

tained from simulation are reported at the end of the chapter, because at the moment

109
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of the writing of this thesis the data are still blinded, so the data in the relevant

signal regions cannot be used in any of the steps of the analysis, until all the aspects

of the analysis setup are finalised.

6.1 Event selection

The event selection is used to maximize the signal sensitivity and in order to be

complementary to other tt̄ resonance channels [29] [73]. The tt̄ final state is quite

complex. The top quarks decay nearly 100% of times in a W boson and a bottom

quark. The W boson decays into a lepton and neutrino pair or in a quark anti-

quark pair. Requiring dilepton tt̄ decays, we expect exactly two leptons and missing

transverse energy due to two escaping neutrinos and jets. The decay products should

have high transverse momenta, because the mass of the resonance particles is of the

order of several top quark masses. I consider only reconstructed electrons and muons.

To select the reconstructed objects (jets, lepton and Emiss
T ), the following criteria

have been applied.

As first criterion, events of interest are required to have exactly two opposite-sign

charged leptons (electrons or muons). Of this two, at least one is required to match,

within ∆R < 0.05, the lepton with the same flavour reconstructed by the trigger

algorithm.

The main backgrounds are: the SM tt̄ dilepton, the Z + jets, the diboson, and the

single − top processes. A fully description about these backgrounds is described

in Section 6.4. Tab. 6.1 shows the amount of event backgrounds for each channel

before the selections.

Table 6.1: Percentage of the event backgrounds in each channel before the
selection cuts.

channel ee ≥ 1 b [%] eµ ≥ 1 b [%] µµ ≥ 1 b [%]

tt̄ dilep. ∼39.4 ∼94 ∼37.2
Single top ∼1.8 ∼4.2 ∼1.7

Z+jets ∼56.5 ∼0.2 ∼59.3
Diboson ∼1.4 ∼0.3 ∼1.4
tt̄+ V ∼0.3 ∼0.2 ∼0.2
Fakes ∼0.6 ∼0.8 ∼0.1
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In both ee and µµ channels, the dilepton invariant mass (m``) must be above 15

GeV, to reject Drell-Yan processes and outside the Z-boson mass window 80-100

GeV, to reduce the Z+jets background. A single lepton trigger is used and the lep-

ton (both electron and muon) passes the threshold if pT > 27 GeV.

Moreover, the Z+jets background is further reduced throught a cut in the Missing

Transverse Energy, MET > 45 GeV.

Electron candidates are required to:

• satisfy transverse momentum pT > 25 GeV;

• satisfy pseudorapidity |η| < 2.5. The region 1.37 ≤ |η| ≤ 1.52 is excluded

because it corresponds to a transition region between the barrel and end-cap

calorimeters that has a degraded energy resolution;

• satisfy the Tight quality selection;

• not pass any electron isolation criterion;

• the electron-in-jet-subtraction OR procedure is used (electron in 0.2< ∆R(el, jet) <

0.4 region).

Muon candidates are required to:

• satisfy transverse momentum pT > 25 GeV;

• satisfy pseudorapidity |η| < 2.5;

• Be within d0/σd0 < 3 and |z0sinθ| < 0.5 cm;

• satisfy the Medium quality selection;

• passes the FixedCutT ightTrackOnly isolation criteria (only the track isola-

tion requirement pvarcone30
T /pT < 0.06);

• The BoostedSlidingDRMu OR procedure was used (muon in ∆R < 0.4 re-

gion).
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Jets are reconstructed using the anti-kt algorithm (R = 0.4) and satisfy the quality

and kinematic criteria discussed in Chapter 3. These jets are then calibrated to the

hadronic energy scale [74], using pT and η dependent correction factors obtained

during simulation. The jet position is corrected to the primary vertex. Only jets

with pT > 25 GeV and |η| < 2.5 are considered. In this analysis a multivariate

b-tagging with a 77% tagging efficiency (mv2c10 @77%) is used and requires ≥1

b-jet.

The Jet Vertex Tagger (JVT) tool, to discard jets with 20 GeV < pT < 50 GeV, is

used; this tool is useful to suppress jets from pileup interactions and it guarantees a

valid measurement of the Emiss
T .

A summary of the event selection is shown in Tab. 6.2.

Table 6.2: Summary of the object selection.

Object Kinematics Type/Quality

Electron pT > 25 GeV No− isolation
|η| < 2.5 Tight

exclude 1.37 ≤ |η| ≤ 1.52 el − in− jet subtraction

Muon pT > 25 GeV FCTightTrackOnly
|η| < 2.5 Medium

BoostedSlidingDRMu subtraction

Jet pT > 25 GeV anti-kt R = 0.4
|η| < 2.5 JVT 20 GeV < pT < 50 GeV
≥ 1 b-jet mv2c10 @77%

MET EmissT > 45 GeV

6.2 Analysis strategy and setup

Following the event selection, a two-dimensional scan is performed on an observable

correlated with invariant mass of the tt̄ system (mtt̄) and an observable sensitive to

the tt̄ spin correlation. Data are compared to the SM expectation resulting from MC

simulated events for the main expected background (tt̄, single-top, Z/W+jets and

diboson). In the absence of significant excesses, limits are set on the cross-section

times branching ratio to tt̄ for new physics resonances according to the different

signal models discussed in Chapter 1.

The considered tt̄-spin-correlation sensitive variable is ∆φ``, the angular separation
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between the two selected charged leptons in the transverse plane. The variable is

computed in the laboratory frame.

The considered proxies for the mtt̄-related observable are: the invariant mass of

the two charged leptons and the two b-jets (mllbb); the transverse invariant mass of

the two charged leptons, the two b-jets and the MET (MT,tt̄); finally, the invariant

mass of the tt̄ system (mNW
tt̄ ) reconstructed through the neutrino weighting method

[75]. These variables will be further described in the following sections.

The exclusion limits are derived from a 2-dimensional fit: the considered invariant-

mass variable is divided into a number of bins and in each of these bins the ∆φ``

distribution is exploited, effectively performing a simultaneous fit of 10 ∆φ`` dis-

tributions. The chosen bin number and size are based on the available simulated

sample and expected data sample statistics (as shown in the next sections). Tab. 6.3,

Tab. 6.4 and Tab. 6.5 show the various signal simulations used in this analysis; they

are related to seven mass regions of Z ′, nine mass regions of gKK and five mass

regions of G, respectively. The number of events are considered before the different

selections and selections carried in the analysis setup.

This analysis is done using the ATLAS Top analysis framework with full Run2 data

(from 2015 to 2018) produced by LHC with a center-of-mass energy of
√
s = 13 TeV,

and Monte Carlo simulated samples referred to the full Run2 dataset, representing

a total integrated luminosity of 139 fb−1. The MC samples are splitted because each

distribution is simulated with pileup conditions similar to those in the corresponding

dataset.

Table 6.3: List of Z ′ MC signal samples.

DSID Process Generator Signal mass [TeV] Events

301323 Z ′ → tt̄ PYTHIA8 mZ′ = 0.5 200000
301324 Z ′ → tt̄ PYTHIA8 mZ′ = 0.75 200000
301325 Z ′ → tt̄ PYTHIA8 mZ′ = 1 300000
301327 Z ′ → tt̄ PYTHIA8 mZ′ = 1.5 200000
301329 Z ′ → tt̄ PYTHIA8 mZ′ = 2 200000
301333 Z ′ → tt̄ PYTHIA8 mZ′ = 3 300000
301334 Z ′ → tt̄ PYTHIA8 mZ′ = 4 200000
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Table 6.4: List of gKK MC signal samples.

DSID Process Generator Signal mass [TeV] Events

307522 gKK → tt̄ PYTHIA8 mgKK = 0.5 58051
307523 gKK → tt̄ PYTHIA8 mgKK = 1 67772
307524 gKK → tt̄ PYTHIA8 mgKK = 1.5 72268
307527 gKK → tt̄ PYTHIA8 mgKK = 2 74804
307528 gKK → tt̄ PYTHIA8 mgKK = 2.5 75699
307529 gKK → tt̄ PYTHIA8 mgKK = 3 75248
307530 gKK → tt̄ PYTHIA8 mgKK = 3.5 74694
307531 gKK → tt̄ PYTHIA8 mgKK = 4 73840
307532 gKK → tt̄ PYTHIA8 mgKK = 4.5 72800

Table 6.5: List of G MC signal samples.

DSID Process Generator Signal mass [TeV] Events

305012 G→ tt̄ MADGRAPH+PYTHIA8 mG = 0.4 60492
305013 G→ tt̄ MADGRAPH+PYTHIA8 mG = 0.5 67311
305014 G→ tt̄ MADGRAPH+PYTHIA8 mG = 0.75 75887
305015 G→ tt̄ MADGRAPH+PYTHIA8 mG = 1 78697
305016 G→ tt̄ MADGRAPH+PYTHIA8 mG = 2 88066
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6.3 Top pair invariant mass reconstruction

As mentioned before, different alternative observables carrying information on the

tt̄ invariant mass can be used. The presence of two undetected neutrinos from the

leptonic decays of the two top quarks makes the reconstruction of such invariant mass

non-trivial: either special reconstruction techniques have to be used to obtain the

missing information on the two neutrinos (such as the neutrino weighting, described

in Section 6.3.1), or only a partial invariant mass observable can be used.

6.3.1 Neutrino weighting

The full invariant mass reconstruction of the tt̄ system (mNW
tt̄ ) uses information

about the charged leptons, the b-jets and the two neutrinos. While for charged

leptons and b-jets one can rely on the precisely measured four-momenta from the

detector, the only information about neutrinos comes from the measurement of the

MET and its direction in the transverse plane. To reconstruct the neutrino infor-

mation the Neutrino Weighting (NW) method is used.

Taking into account that the three particles (lepton, bottom and neutrino) must be

reconstructed with the vertex towards their top quark, some constraints are applied

to measure the invariant tt̄ mass:

(`1 + ν1)2 = m2
W,1 and (`1 + ν1 + b1)2 = m2

t,1 (6.1)

(`2 + ν2)2 = m2
W,2 and (`2 + ν2 + b2)2 = m2

t,2 (6.2)

where `1,2 represent the four-momenta of the two charged leptons, b1,2 represent

the four-momenta of the two b-jets, ν1,2 represent the four-momenta of the two

neutrinos, mW = 80.4 GeV is the W boson mass and mt = 172.5 GeV is the top

quark mass. The other constraints, required for ν1,2, are the pseudorapidities of the

neutrino (anti-neutrino) η(ν) (η(ν̄)) and, being these quantities unknown, a scale in
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0.2 increments between -5 and 5 is used and only real solutions without imaginary

terms are taken into consideration.

At this point, the Emiss
T terms measured by the NW tool are compared with the

observed events and, subsequently, is applied a weight to quantify the agreement:

w = exp

(
−∆E2

x

2σ2
x

)
·
(−∆E2

y

2σ2
y

)
(6.3)

where ∆Ex (∆Ey) is the difference between the x (y) component of the missing

transverse momentum computed from the neutrino four momenta and the observed

one; σx (σy) is a fixed scale related to the resolution of the Emiss
T observed in the

detector in the x (y) axis, based on Z boson events [76]. To reconstruct the top and

antitop quarks the highest weights of η(ν) and η(ν̄) are used.

Some selected events contain more than two b-jets and this may lead to combinato-

rial problems; in such cases, the two b-jets are chosen among those with the highest

weights measured by the b-tagging algorithm.

Unfortunately, the equation 6.1 cannot always be solved, due to a mis-measurement

of the input objects four-momenta. This effect causes inefficiency in the invariant

mass reconstruction, as shown in Fig. 6.1, where different signals and the tt̄ dilepton

SM sample are compared; in the first bin, that defines the mis-reconstruction, the

inefficiency increases when the signal mass rises.

Tab. 6.6 shows the inefficiency of the invariant mass reconstruction using the neu-

trino weighting. For example, the efficiency ranges from ∼60% for a Z ′ with mass

of 4 TeV to ∼88% for the same model with mass of 500 GeV.

6.3.2 Invariant mass proxies

The viable alternative approach to a full reconstruction of the tt̄ system is to rely

on observables that retain sensitivity to the mass of a signal by combining only

transverse and/or directly detectable particle kinematic variables. In addition to

the mNW
tt other two invariant mass proxies are being studied:
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(a) (b)

(c)

Figure 6.1: Invariant mass mtt comparison between tt̄ dilepton background and
different mass signals: Z’ (a), KK-gluon (b) and RS-Graviton (c).

• m``bb : the invariant mass of the system built using the two charged leptons

and the two highest-pT b-tagged jets, ordered in pT ;

• MT,tt̄ : the transverse mass of the system built using the same object as for

m``bb plus the missing transverse momentum.

The first proxy, m``bb, is the momenta and energies of the two charged leptons and

the two b-jets. The m``bb can be written as:

m2
``bb = (E`1 + E`2 + Eb1 + Eb2)

2 − (−→p `1 +−→p `2 +−→p b1 +−→p b2)
2 (6.4)



Chapter 6. Search for a tt̄ resonance in the dilepton channel 118

Table 6.6: Mis-measurement of reconstructed events using the neutrino weight-
ing, compared with different simulated signal samples.

Sample Mis-measurement [%]

SM tt̄ dilepton 15
Data (full Run2) 15

Z’ 500 GeV 12.5
Z’ 750 GeV 19.2

Z’ 1 TeV 22.8
Z’ 2 TeV 29.4
Z’ 3 TeV 35.6
Z’ 4 TeV 40.2

G 400 GeV 20.9
G 500 GeV 24.8
G 750 GeV 31.8

G 1 TeV 34.1
G 2 TeV 39.1

gKK 500 GeV 13.4
gKK 1 TeV 21.9
gKK 1.5 TeV 24.8
gKK 2 TeV 25.9
gKK 2.5 TeV 26.8
gKK 3 TeV 27.4
gKK 3.5 TeV 27.5
gKK 4 TeV 27.5
gKK 4.5 TeV 27.5

where E`1 (−→p `1) is the energy (three-momentum) of the first charged lepton, E`2

(−→p `2) is the energy (three-momentum) of the second charged lepton, Eb1 (−→p b1) is

the energy (three-momentum) of the first b-jet and Eb2 (−→p b2) is the energy (three-

momentum) of the second b-jet; moreover, in the case of events with only one b-

tagged jet, this one and the highest-pT non-b-tagged jet (because not always the jets

are b-tagged as well) are taken into account to reconstruct the mass variable.

The second proxy MT,tt̄ tries to add to the previous variable some information about

the escaping neutrinos, by incorporating the missing trasverse energy. The MT,tt̄ can

be written as:

M2
T,tt̄ = (ET,`1+ET,`2+ET,b1+ET,b2+Emiss

T )2−(−→p T,`1+−→p T,`2+−→p T,b1+−→p T,b2+−→p miss
T )2

(6.5)
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Holding information about neutrinos (from Emiss
T ), MT,tt̄ proxy is prone to count

in additional systematic uncertainties regarding MET which have to be taken into

consideration.

These three variable masses are then used in the systematics measurements and

signal research, in order to reconstruct the best expected signal mass limits.

6.4 Signal and background modelling

Signal and background predictions after the event selection are obtained through

Monte Carlo simulated samples.

The dominant background is the Standard Model tt̄ and it is simulated using

POWHEG+PYTHIA8 [63] [67]. This is an irreducible background, with final states

that is identical to those from BSM signal processes. In order to improve the pre-

diction of highly boosted top quark kinematics, which can improve the agreement

between the MC predictions and the data, a top pT correction is applied to the

simulated sample (as shown in the next subsection).

The second main background, in ee−channel and µµ−channel, is the Z+jets and

is simulated using SHERPA2.2.1 NLO [66]. It is a reducible background because

the Z boson decay produces two charged leptons without MET; in this analysis the

Z + jets background was reduced through different methods, further described in

the following section.

The other sources of backgrounds are: the diboson process (ZZ, W+W− and ZW±),

simulated using SHERPA2.2.1 NLO; the single− top process simulated with

POWHEG+PYTHIA8, and including the three production channels, t − channel,
s − channel and Wt (using the diagram-removal scheme to avoid double count-

ing of tt̄) [71]. The W + jets is simulated with SHERPA2.2.1 NLO; finally, the

tt̄ + V background (tt̄Z, tt̄W , tZ and tWZ samples) is simulated with MAD-

GRAPH5 aMC@NLO+PYTHIA8 [64].

The ”fake lepton background”, or simply ”fakes”, are events with only one prompt

charged lepton (from a W or Z decay) with a non-prompt lepton that pass the dilep-

ton event selection, and they are treated separately in the following. This category
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includes the entire W + jets and single-top s- and t- channels, as well as single-

lepton tt̄ and single top Wt events. Events with two non-prompt or fake leptons are

negligible.

The Z ′ signal samples are simulated using PYTHIA8 for all the seven samples

(mZ′ = 500 GeV, 750 GeV, 1 TeV, 1.5 TeV, 2 TeV, 3 TeV and 4 TeV). The

Kaluza-Klein gluon gKK samples are simulated using PYTHIA8 for all the nine

samples (mgKK
= 500 GeV, 1 TeV, 1.5 TeV, 2 TeV, 2.5 TeV, 3 TeV, 3.5 TeV, 4

TeV and 4.5 TeV). The Randall-Sundrum graviton G samples are simulated using

MADGRAPH5 aMC@NLO+PYTHIA8.1 for all the five samples (mG = 400 GeV,

500 GeV, 750 GeV, 1 TeV and 2 TeV).

6.4.1 Top pT correction to NNLO-QCD + NLO-EW predic-

tions

Recently, more and more accurate theoretical predictions have been released for the

tt̄ differential cross-section as a function of several quantities. In particular, cal-

culations performed at NNLO in QCD, including NLO EW [77] effects have been

released. These calculations predict a significantly softer top pT spectrum than the

NLO QCD fixed order calculations as well as the various MC ”NLO+PS” imple-

mentations, like those used for the prediction of the tt̄ events in this analysis. In

addition, scale and PDF uncertainties on the prediction of the top pT spectrum

from these calculations are smaller than uncertainties of the same quantity derived

by comparing different MC setups. Therefore, all tt̄ MC simulation samples are cor-

rected to match the parton-level top pT spectrum as predicted by these calculations.

The reweighting is obtained, for each MC sample, as follows. The top parton four-

momentum in tt̄ simulation events is obtained from the last top quark replica in the

MC record. Then a histogram is built with this top parton pT for all the generated

events, without the application of any event selection. This histogram, normalised

to unity, is then compared with the histogram from the normalised differential cross-

section prediction (using the prediction for the pT,avg.), and the ratio between the

two histograms is then used to derive a top-pT dependent scale factor. This scale-

factor is then applied to selected tt̄ events according to the value of the top parton
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pT , as just defined. Fig. 6.2 shows the difference of the leading electron pT before

and after the pT correction. Fig. 6.3, Fig. 6.4 show the leading lepton pT and the

∆R between the leading lepton and its nearest jet; the variables shown are measured

after the pT correction. In all plots the MC predictions are absolute. All plots are

labeled ”Pre-Fit”, this mean that these variables and their uncertainties are mea-

sured before the fit method (that will be described in Section 6.7).

Tab. 6.7 shows the list of all expected events for each background.

Table 6.7: Expected events for each background.

channel ee ≥ 1 b [x103] eµ ≥ 1 b [x103] µµ ≥ 1 b [x103]

tt̄ dilep. 190 ± 50 480 ± 70 287 ± 9
Single top 8.9 ± 2.7 22 ± 7 13 ± 4

Z+jets 60 ± 18 0.76 ± 0.23 100 ± 30
Diboson 2.6 ± 1.3 1.8 ± 0.9 3.9 ± 2.0
tt̄+ V 1.11 ± 0.33 1.07 ± 0.32 1.5 ± 0.5
Fakes 2.8 ± 0.8 3.8 ± 1.1 0.86 ± 0.26

Total 270 ± 50 510 ± 70 406 ± 32

In ee − channel and µµ − channel the Z+jets background (orange) and the SM tt̄

dilepton (white) are the largest contributions to the total backgrounds; the other

backgrounds are single top (blue), diboson (yellow), tt̄ + V (green) and the fakes

(purple). In eµ− channel the main backgrounds are the SM tt̄ dilepton (white) and

the single top contribution (blue). The errors are both statistical and systematics,

and the data are in agreement with the simulated predictions.
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(a)

(b)

Figure 6.2: Difference in the leading electron pT in eµ− channel before (a) and
after (b) the pT correction.
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(a) (b)

(c) (d)

Figure 6.3: Transverse momentum of the leading lepton, after the pT correction,
in ee−channel (a) µµ−channel (b) and eµ−channel: electron (c) and muon(d).

Errors are both statistical and systematics.
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(a) (b)

(c) (d)

Figure 6.4: ∆R between the charged leading lepton and its nearest jet, after the
pT correction, in ee − channel (a) µµ − channel (b) and eµ − channel: electron

(c) and muon(d). Errors are both statistical and systematics.
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6.5 Control regions and background assessment

Two control regions are defined for the backgrounds coming from Z+jet (only rele-

vant for the ee − channel and µµ − channel) events and from single lepton events

with a fake or non-prompt lepton from various processes (mainly tt̄, single-top and

W+jet events). Even if the predictions shown in Fig. 6.3 and Fig. 6.4 are good,

further confirmations are made using the Control Regions (CR). These CRs are not

currently included in the fit.

6.5.1 Z+jet background

Z+jets is the second main background after the SM tt̄ but it can be reduced. Reduc-

ing this background is very important, due to the fact that the Z boson can decay

in two same-flavor leptons and if jets are mis-measured they could mimic missing

transverse momentum.

The Z+jets control region (referred as ”CRZ” from now on) is obtained by se-

lecting the ee and µµ events and inverting the Z-mass window cut, i.e. requiring

80 < m`` < 100 GeV. Fig. 6.5 shows the m`` distributions in the ee and µµ channels,

without the Z-mass window selection; because the Z+jets background is relevant af-

ter signal selection, to reduce it I apply a Missing Energy Transverse MET > 45 GeV

cut. Fig. 6.6, Fig. 6.7, and Fig. 6.8 show the leading lepton pT , the ∆R between the

leading lepton and its nearest jet and the leading jet pT distribution, respectively, in

CRZ ; in these plots the MET cut is applied. Additional plots are shown in Appendix

C.

There is a satisfying agreement between data and Monte Carlo and also the Z peak

is well reconstructed; the other backgrounds are SM tt̄ dilepton (white), single top

(blue), diboson (yellow), tt̄+ V (green) and the fakes (purple). The errors are both

statistical and systematics. Tab. 6.8 shows the reduction of the Z+jets background

event.
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Table 6.8: Difference between the expected events for the Z+jets background,
before and after the MET cut.

Z + jets ee ≥ 1 b [x103] µµ ≥ 1 b [x103]

No MET cut 390 ± 120 630 ± 190
MET cut 60 ± 18 100 ± 30

6.5.2 Fake lepton background

A sample enriched in events with a real prompt lepton and a fake or non-prompt

lepton, referred to as ”CRfakes” in the following, is obtained by inverting the opposite-

sign requirement on the electric charges of the selected leptons, i.e. requiring same-

sign dilepton events. Fig. 6.9, Fig. 6.10, and Fig. 6.11 show various distributions in

this control region (leading lepton pT , the ∆R between the leading lepton and its

nearest jet and the leading jet pT , respectively), for the three channels ee, µµ and eµ.

The contributions in the fake region are Z+jets (orange), diboson (yellow), tt̄ + V

(green) and the fakes (purple); furthermore. The SM tt̄ dilepton (white) is negligible.

This is due to the fact that to have a pair of same sign leptons, the charge of one of

the leptons should be mis-reconstructed. The probability of this mis-reconstruction

(charge flip) is very low. The errors are both statistical and systematics and the MC

predictions are absolute. Additional plots are shown in Appendix C.

The ee and eµ channels show a significant contribution from tt̄ and Z+jets with two

real prompt leptons, due to the non-negligible electron charge mis-identification.

In all channels, there is a non-negligible contribution from tt̄ + V , especially from

tt̄+W . The fake background appear well modelled.
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(a)

(b)

Figure 6.5: Invariant mass of the two charged leptons in ee − channel (a) and
µµ− channel (b) in CRZ region. Errors are both statistical and systematics.
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(a)

(b)

Figure 6.6: Transverse momentum of the leading lepton in ee− channel (a) and
µµ− channel (b) in CRZ region. Errors are both statistical and systematics.
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(a)

(b)

Figure 6.7: ∆R between the charged lepton and its nearest jet in ee−channel (a)
and µµ− channel (b) in CRZ region. Errors are both statistical and systematics.
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(a)

(b)

Figure 6.8: Transverse momentum of the leading jet in ee − channel (a) and
µµ− channel (b) in CRZ region. Errors are both statistical and systematics.
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(a) (b)

(c) (d)

Figure 6.9: Transverse momentum of the leading lepton in ee − channel (a)
µµ− channel (b) and eµ− channel: electron (c) and muon(d) in CRfakes region.

Errors are both statistical and systematics.
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(a) (b)

(c) (d)

Figure 6.10: ∆R between the charged leading lepton and its nearest jet in
ee − channel (a) µµ − channel (b) and eµ − channel: electron (c) and muon(d)

in CRfakes region. Errors are both statistical and systematics.
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(a) (b)

(c)

Figure 6.11: Transverse momentum of the leading jet in ee− channel (a) µµ−
channel (b) and eµ − channel (c) in CRfakes region. Errors are both statistical

and systematics.
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6.6 Signal regions

Before defining the Signal Region (SR) (or mass region), measurements in the total

mass variables (mNW
tt̄ and m``bb) and the spin-sensitive variable |∆φ``| ranges are

shown, to confirm the effectiveness of the distributions. Fig. 6.12 and Fig. 6.13 show

the mNW
tt̄ and m``bb inclusive distribution, respectively. Fig. 6.14 shows the ∆φ``/π

inclusive distribution. All plots are taken after the selections; moreover, both MC

statistical and systematics errors are used. Unfortunately, MT,tt̄ systematics errors

of the MET information are too high for now to perform a fit and, successively, the

limit mass plots, as shown in Fig. 6.15. For this reason it will not show in the final

results for now, but future improvements are expected on the reconstruction of this

proxy variable aiming to reduce the MET systematics errors.

Figure 6.12: Distribution of mtt̄ invariant mass. The errors are MC statistical
and systematics.

A signal region is defined for each bin of the mass variables mNW
tt̄ and m``bb, and in

each of these regions the spin-sensitive variable ∆φ``/π is considered. In these SRs

the signal sensitivity increases in the region of ∆φ``/π > 0.5, as shown in the next

plots. The number of bins chosen is based on the simulated statistics I have and to
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Figure 6.13: Distribution of m``bb invariant mass. The errors are MC statistical
and systematics.

Figure 6.14: Distribution of the spin-sensitive variable ∆φ``/π. The errors are
MC statistical and systematics.
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Figure 6.15: Distribution of MT,tt̄ invariant mass. The errors are MC statistical
and systematics.

have enough expected signal statistics in comparison with the total background.

Tab. 6.9 summarises the mass region binning for mtt̄NW and m``bb distributions.

Fig. 6.16 shows the signal (Z’ 2 TeV) in the two mass variables. Mass region between

2 TeV and 2.5 TeV for mNW
tt̄ and between 1.5 TeV and 2 TeV for m``bb. Fig. 6.17

shows the ∆φ``/π distribution in two of the ten mNW
tt̄ mass region bins (0.5 TeV

< mNW
tt̄ < 0.75 TeV and 2 TeV < mNW

tt̄ < 2.5 TeV, respectively), the second plot

shows that in the high mass region the signal tend to be higher in the ∆φ``/π > 0.5

region. The signal sample used is Z ′ 2 TeV (red area). The main background are

SM tt̄ (white) and single-top (blue).

Fig. 6.18 shows the ∆φ``/π distribution in two of the ten m``bb mass region bins (0.5

TeV < m``bb < 0.75 TeV and 1.5 TeV < m``bb < 2 TeV, respectively), the second

plot shows that in the high mass region the signal tend to be higher in the ∆φ``/π >

0.5 region. The signal sample used is Z ′ 2 TeV (red are). The main background are

SM tt̄ (white), Z+jets (orange), single-top (blue) and diboson (yellow).

Plots for the other mass bins under study are shown in Appendix C.
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Table 6.9: Mass region binning for mtt̄NW and m``bb distributions.

Variable Bins [TeV]

0-0.3
0.3-0.4
0.4-0.5
0.5-0.75

m``bb 0.75-1
1-1.25

1.25-1.5
1.5-2
2-2.5
> 2.5

0.3-0.5
0.5-0.75
0.75-1
1-1.25

mNW
tt̄ 1.25-1.5

1.5-2
2-2.5
2.5-3
3-4
> 4

Finally, Tab. 6.10 shows the Control Regions and Signal Regions selection crite-

ria.

Table 6.10: Control Regions and Signal Regions selection criteria.

Region Use Selection

CRZ Constraint EmissT > 45 GeV
to Z + jets ≥ 1 b-jet
background 80 < m`` < 100 GeV

CRfakes Constraint EmissT > 45 GeV
to fake ≥ 1 b-jet

Inclusive Validation EmissT > 45 GeV
plots of fit ≥ 1 b-jet

inclusive

SR Signal EmissT > 45 GeV
research ≥ 1 b-jet

mass region bins
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(a)

(b)

Figure 6.16: ∆φ``/π distribution, only for signal sample Z ′ with a mass of 2
TeV, in mNW

tt̄ mass region bin 2 TeV < mNW
tt̄ < 2.5 TeV (a) and in m``bb mas

region bin 1.5 TeV < m``bb < 2 TeV (b). The errors are MC statistical.
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(a)

(b)

Figure 6.17: ∆φ``/π distribution in mNW
tt̄ mass region bins for 0.5 TeV <

mNW
tt̄ < 0.75 TeV (a) and 2 TeV < mNW

tt̄ < 2.5 TeV (b). The errors are MC
statistical and systematics.
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(a)

(b)

Figure 6.18: ∆φ``/π distribution in m``bb mass region bins for 0.5 TeV < m``bb <
0.75 TeV (a) and 1.5 TeV < m``bb < 2 TeV (b). The errors are MC statistical

and systematics.
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6.7 2-dimensional Fit and likelihood technique

The two-dimensional fit is described as follows: the two dimensions are the invariant

mass (mNW
tt̄ or m``bb) and the ∆φ (as showed in the SR plots). The mass variable

is split in bins and the ∆φ distribution in each bin is evaluated; finally, I fit all

distributions simultaneously.

The profile likelihood technique is used when fitting models with some parameters of

interest (POI, in our case the signal-strength µ for a particular signal hypothesis) and

with more than one unknown parameters or nuisance parameters θ (NP, in our case

used to encode the effect of systematic uncertainties in the measurement) that are

used to define the fit model. The general likelihood function is written as a product

of Poisson measurements in all considered bins plus a probability density function

(G) for each of the nuisance parameters and it is defined, for binned likelihood, as:

L(n, θ0|µ, θ) =
∏
i∈bins

P (ni|µ, Si(θ) +Bi(θ)) ·
∏
j∈n.p.

G(θ0
j |θj) (6.6)

where n is the yield, µ is the signal strength, defined as a ratio of the signal produc-

tion (Z ′, G or gKK) cross-section times branching ratio in the dilepton final state to

its theoretically predicted value, θ0 is the nominal value of the nuisance parameter

θ, S is the predicted signal and B is the predicted background, both for each mass

bin, i.

The probability that the background fluctuates creating a signal-like excess is de-

fined as p0 (p-value) and it is important to assess if an excess is real or it is due to

the background fluctuation. The p-value is defined with a test statistic:

q0

0 for µ < 0;

−2lnL(data|0,θ0)
L(data|µ,θ) for µ ≥ 0;

(6.7)

that is used to reject the background-only hypothesis.

The probability p0 corresponding to a given experimental observation qobs0 is:



Chapter 6. Search for a tt̄ resonance in the dilepton channel 142

p0 =

∞∫
q0

P (q0|0)dq0 . (6.8)

Normally, the p-values are translated in a scale of Significance Z defined as:

Z = Φ−1(1− p0) (6.9)

where Φ−1 is the inverse of the cumulative function for the normal Gaussian [78].

Such a likelihood is built with all the bins ∆φ`` in all the mass regions (for a particular

choice of the mass-sensitive valriable, mNW
tt̄ or m``bb). The normalisation of the tt̄

background is left free floating (ktt) in the fit. The expected exclusion limits obtained

through this technique for the BSM particles will be shown in the result section.

6.8 Systematic uncertainties

In this analysis, information from theoretical models, Monte Carlo simulations, and

control regions are all required and each information carries uncertainties.

Several sources of systematic uncertainty are included in the analysis, affecting signal

and background process cross sections and event kinematics, as well as the detector

response description by the simulation. Each individual source of uncertainty is as-

sociated to an independent nuisance parameter in the profile likelihood fit, and its

effect on different signal or background samples is treated as fully correlated.

Only tt̄ systematics uncertainties are taken into account because in this analysis it is

the main background and it is also irreducible. The sources of systematic uncertain-

ties include modelling and experimental uncertainties. The modelling uncertainties

are:

• initial and final state radiation (ISR/FSR) variations. These systematic uncer-

tainties on the amount of initial- and final-state QCD radiation, in tt̄ dilepton

events, are assessed in the following way:

- ISR hdamp: the comparison is done between the nominal simulation and

the Powheg+Pythia8 sample, that have the hdamp parameter (which controls
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the pT of the first additional emission beyond the Born configuration) varied.

The nominal hdamp parameter is set to 1.5×mt, while the varied hdamp param-

eter is set to 3×mt. In order to relax the constraint for this uncertainty, the

normalization and the shape components are splitted. Moreover, a decorrela-

tion of the shape component for each mass bin is applied;

- ISR µF : this uncertainty is obtained by comparing the nominal simula-

tion with a simulation where the factorisation scale in the initial-state parton

shower process is varied up and down of a factor of 2 and 0.5;

- ISR µR: this uncertainty is obtained by comparing the nominal simulation

with a simulation where the normalisation scale in the initial-state parton

shower process is varied up and down of a factor of 2 and 0.5;

- ISR A14 tune: the comparison is done between the nominal simulation

and simulations where the ”Var3c” up and down variations of the A14 tune

are used;

- FSR: this uncertainty is obtained by comparing the nominal simulation

with a simulation where the normalisation scale in the final-state parton shower

process is varied up and down of a factor of 2 and 0.5;

• parton shower and hadronisation model (PS) choice: a systematic uncertainty

related to the PS choice for the tt̄ dilepton simulation is included by comparing

the nominal Powheg+Pythia8 sample with a sample produced with Powheg

interfaced with Herwig7. In order to relax the constraint for this uncertainty,

the normalization and the shape components are splitted. Moreover, a decor-

relation of the shape component for each mass bin is applied;

• matrix element generator (ME) choice: a systematic uncertainty associated

with the choice of the Monte Carlo simulation of the matrix element at NLO

in QCD and of its matching scheme with the parton shower, is evaluated, for

the tt̄ dilepton process, by comparing the nominal simulation with a sample

generated using aMC@NLO interfaced with Pythia8. In order to relax the

constraint for this uncertainty, the normalization and the shape components

are splitted. Moreover, a decorrelation of the shape component for each mass

bin is applied;
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• background cross-section uncertainties: a 5% total cross-section uncertainty,

obtained from NNLO scale variation, is applied to the tt̄ prediction, while for

non-tt̄ simulated samples larger uncertainties, using ad − hoc numbers (30%

for Z+ jets, Wt single− top, ttV and Fake backgrounds and 50% for diboson

background), are applied to take into account acceptance effects without di-

rectly including the comparison between different simulation setups;

• top-pT reweighting: an uncertainty is included in the fit. The systematic is

obtained from from the difference between the tt̄ dilepton process with and

without reweighting. To apply this uncertainty the nominal sample is taken

and the weights, described in Section 6.4.1, are applied and added as system-

atics.

Instead, the instrumental uncertainties are:

• uncertainties in lepton reconstruction, identification and trigger efficiencies;

• jet energy scale (JES) uncertainty: the jet energy scale was derived using infor-

mation from test-beam data, LHC collision data and simulation and includes

uncertainties in the flavor composition of the samples and mis-measurements

from close-by jets and pileup. There are 22 parameters associated to the JES

uncertainty;

• jet energy resolution (JER) uncertainty: the energy resolution was derived

from dijet events and it is important for the measurement top-quark cross-

sections, mass measurements and searches involving resonances decaying to

jets, and all these effects are associated to separate nuisance parameters;

• uncertainties related to missing transverse energy: beside the fact that uncer-

tainties on energy scale and resolution for jets and leptons are propagated to

the MET, specific sources of systematic uncertainty are included for the soft

part of the MET calculation (the part not associated with any reconstructed

object);

• b-tagging uncertainties: the uncertainties on the determination of the tagging

efficiency for b-jets, c-jets and light-flavour jets are propagated from the algo-

rithm calibration in data;
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• luminosity uncertainty: a 1.7% luminosity uncertainty is applied to all samples

(it is the integrated luminosity uncertainty of full Run2 dataset [79]);

• uncertainty on the efficiency to pass the JVT requirement is evaluated by

varying the scale factors within their uncertainties;

• uncertainty on pileup activity is evaluated according to the uncertainty on the

average number of interactions per bunch crossing.

In order to minimise numerical instabilities of the fit procedure, the following pruning

procedure was applied to neglect irrelevant systematic uncertainty sources:

• a source of systematic uncertainty is not included in the fit for a particular

simulated sample (and in a particular selected region) if its effect in all of the

bins is smaller than 0.5% of the predicted yield in that bin for that sample;

• some sources can be kept only for some of the samples;

• for some sources only the overall effect in each selected sample is kept, if the

shape effect is negligible, applying the criterion explained in the first point to

the shape variation induced by the systematic shift;

• similarly, for some sources only the shape effect is kept, if the overall effect of

the systematic shift is below 0.5% of the total predicted yield.

Fig. 6.19 shows in a graphical way which systematic uncertainty sources are removed

or partially removed from the fit model. The systematics uncertainties are only for

tt̄, as described before. Only normalization uncertainties for other backgrounds are

taken into account.
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Figure 6.19: List of all systematics used in the analysis samples.
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The remaining sources of systematic uncertainty after the pruning procedure are the

following:

• luminosity, pileup, JVT and background modeling;

• the Jet Energy Scale (JES EffectiveNP1,JES EffectiveNP2,JES EffectiveNP3),

JES of the b-jets (JES BJES Resp), pseudorapidity modelling

(JES EtaModelling), pileup (JES Pileup PtTerm and JES Pileup RhoTopology)

and flavor composition and respond (JES Flavor Comp and JES Flavor Resp);

• the b-tagging systematics (btag b 0,btag b 1,btag b 2,btag b 3,btag c 1,

btag extrap,btag light 0,btag light 1,btag light 2,btag light 3);

• the lepton scale factor uncertainties (leptonSF EL SF ID and

leptonSF MU SF ID SYST).

Fig. 6.20 shows example systematics for the mNW
tt̄ mass variable that survive the

pruning step, namely PS hadronisation and pileup JES. Fig. 6.21 shows example

systematics for the m``bb mass proxy that survive the pruning step, namely PS

hadronisation and pileup JES. The black line is the shape of the nominal sample

and in red (blue) is the +1% (−1%) of deviation standard from it, the dashed lines

are before the symmetrization and smoothing1 and the continuous lines are after

these.

1Smoothing techniques can be applied to systematic variations, to wash away or mitigate sta-
tistical fluctuations.
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(a)

(b)

Figure 6.20: Example of JES systematics in mNW
tt̄ : the shape component parton

shower (a) and the JES pileup pT (b).
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(a)

(b)

Figure 6.21: Example of JES systematics in m``bb: the shape component parton
shower (a) and the JES pileup pT (b).
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Fig. 6.22 shows the list of surviving nuisance parameter post-fit values and uncer-

tainties when performing a S+B fit to the Asimov dataset, i.e. to a pseudo-data

sample where the yields in each bin are set to be exactly equal to the background

prediction in that bin. The central values are all equal to zero, indicating the absence

of serious numerical instabilities in the fit, and the size of the error bars indicate

the level of in-situ reduction of each of systematic uncertainty through the profile

likelihood procedure. Systematic uncertainties here described provide in reality just

a simplified model, that turned out not to be flexible enough for the final fit to

the data. This can be seen from the strong constraints on the nuisance param-

eters related to some of the tt̄ modelling systematic uncertainties, when applying

the fit to the Asimov data-set (see Fig. 6.22). This is happening because some of

these systematic variations on the tt̄ prediction are so large that the data in high-

statistics bins of the discriminant distributions (mainly the low part of the mtt̄-proxy

spectrum) has enough power to constrain the related nuisance parameters, i.e. to

restrict their allowed values to intervals significantly smaller than the standard de-

viation of their Gaussian constraints in the likelihood (the ”pre-fit” values of the

uncertainties). This effect is dangerous and considered in most cases inappropriate

for theory modelling systematic uncertainties, especially for those obtained by vary-

ing different things at the same time in the MC simulation, lacking flexibility for

an effective ”in situ” calibration such as this nuisance-parameter constraining effect.

However, in this case the expected limits evaluated with such simplified model can

be taken seriously, as it is expected that a more elaborated and flexible systematic

uncertainty model, foreseen to be ready for the final analysis of the real data, will

include smaller systematic uncertainty variations, eventually with a larger number

of associated nuisance parameters controlling different effects, and therefore looser

constraints on the nuisance parameters after the fit to the data (or Asimov data).

These two effects, i.e. systematic variations being smaller but nuisance parameters

being less constrained, would then partially cancel out, for a net effect of a final

signal sensitivity roughly equal to the one estimated in this thesis. Fig. 6.23 and

Fig. 6.24 show, for different signal samples (Z ′ 750 GeV, gKK 2 TeV and G 500

GeV) the ranking of m``bb and mNW
tt̄ main systematic uncertainties, including the

pulls and the impact of constraining the systematic uncertainties. The leading sys-

tematics uncertainties depend from the simulated signal and the mass variable used,

as shown in the plots. These uncertainties are only for the tt̄ background sample;
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simulated signals and other background samples are not taken into account, as de-

scribed before.

Figure 6.22: List of the nuisance parameters under study for a signal sample Z ′

2 TeV in m``bb variable.

Other plots showing the effect of systematic uncertainties are shown in Appendix C.
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(a) (b)

(c)

Figure 6.23: Ranking plots for m``bb: Z
′ 750 GeV (a), gKK 2 TeV (b) and G

500 GeV (c). Only tt̄ systematics uncertainties are taken into account.
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(a) (b)

(c)

Figure 6.24: Ranking plots for mNW
tt̄ : Z ′ 750 GeV (a), gKK 2 TeV (b) and G

500 GeV (c). Only tt̄ systematics uncertainties are taken into account.
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6.9 Results

In this section, the final expected limits on the theoretical models (described in

Chapter 1) are shown. To improve the signal sensitivity, the three final states (ee,µµ

and eµ) are combined together in each of the two mass variables (mNW
tt̄ and m``bb)

considered in this analysis.

Limits on cross section times branching ratio as a function of the signal mass are

obtained, using a two-dimensional fit of the spin-sensitive variable |∆φ``|/π versus

the mass variable (either m``bb or mNW
tt̄ ), with the setup described in section 6.6.

Fig. 6.25 shows the 95% C.L. expected exclusion limit on the cross section times

branching ratio versus the mass of the Z ′ signal (from 500 GeV to 4 TeV), Kaluza-

Klein gluon gKK signal (from 500 GeV to 4.5 TeV) and Randall-Sundrum graviton

G (from 400 GeV to 2 TeV), respectively, using the ∆φ scan in the mNW
tt̄ invariant

mass variable. The black dots are the expected limit, the red line is the theory

and in green and yellow are ± 1σ and ± 2σ standard deviation, respectively. Plots

show that the dilepton analysis is sensible to the low-mass region of Z ′ and G. In

particular a Z ′ mass below 1.85 TeV, a gKK mass below 3.25 TeV and a G mass

below 800 GeV can be exluded. In this limits statistical (taken into account from

the expected data statistics) and systematics uncertainties are included.

Fig. 6.26 shows the 95% C.L. expected exclusion limit on the cross section times

branching ratio versus the mass of the Z ′ signal (from 500 GeV to 4 TeV), Kaluza-

Klein gluon gKK signal (from 500 GeV to 4.5 TeV) and Randall-Sundrum graviton

G (from 400 GeV to 2 TeV), respectively, using the ∆φ scan in the m``bb invariant

mass variable. The black dots are the expected limit, the red line is the theory and

in green and yellow are ± 1σ and ± 2σ standard deviation, respectively. Plots show

that the dilepton analysis is sensible to the low-mass region of Z ′ and G. In partic-

ular a Z ′ mass below 1.8 TeV, a gKK mass below 3.1 TeV and a G mass below 800

GeV can be exluded. In this limits statistical (taken into account from the expected

data statistics) and systematics uncertainties are included.

As it is possible to see in the limits plots, comparing the two mass variables, the

expected limits obtained from mNW
tt̄ are slightly worse than the m``bb, due to the

fact that, as described in section 6.3.2, the NW method becomes inefficient in re-

constructing top quark pairs produced by high mass resonances.

Tab. 6.11 shows the expected limits obtained with m``bb and mNW
tt̄ for the three
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different simulated signal samples. These limits can be compared to the expected

limits from different analyses ([25], [29] and [31]), as shown in Tab. 6.12. It is possi-

ble to see, using the dilepton analysis, that a very good improvement in the expected

limits of the resonance masses is measured. Moreover, in the low mass region (less

than 1 TeV) the systematics uncertainties are dominant, instead, the statistical un-

certainties are dominant in the higher mass regions; an increasing of the statistics

can improve the limits at higher resonance masses. In conclusion, it can be assert

that this analysis, comparing it with the old ones, is a good way to search the BSM

resonances from the top quark pair decays.

Table 6.11: Expected mass limits obtained with the dilepton analysis.

Variable Z ′ [TeV] gKK [TeV] G [TeV]

m``bb 1.8 3.1 0.8
mNW
tt̄ 1.85 3.25 0.8

Table 6.12: Expected mass limits obtained in different analyses.

Analysis, CoM, Int. Lumi. Z ′ [TeV] gKK [TeV] G [TeV]

ATLAS l + jets, 13 TeV, 36.1 fb−1 [29] 2.6 3.2 0.65
ATLAS Dilepton, 7 TeV, 1.04 fb−1 [31] 0.84

CMS All − channels, 13 TeV, 35.9 fb−1 [25] (Γ/m 1%) 3.8
(Γ/m 10%) 5.25
(Γ/m 30%) 6.65

4.55
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(a) (b)

(c)

Figure 6.25: Expected limit of the ∆φ scan with the mNW
tt̄ invariant mass

variable. The plots are for Z ′ (a), gKK (b) and G (c). Errors are both statistical
and systematics. The limits exclude a Z ′ mass below 2 TeV, a gKK mass below

3.3 TeV and a G mass below 900 GeV.
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(a) (b)

(c)

Figure 6.26: Expected limit of the ∆φ scan with the m``bb proxy variable. The
plots are for Z ′ (a), gKK (b) and G (c). Errors are both statistical and systematics.
The limits exclude a Z ′ mass below 2.35 TeV, a gKK mass below 3.5 TeV and a

G mass below 1 TeV.



Chapter 7

Conclusions

Between 2015 and 2018, the LHC delivered proton-proton collisions with a centre-

of-mass energy of
√
s = 13 TeV. In this thesis results are shown from the analysis

of the high energy collision data recorded by the ATLAS detector.

Three studies covering different aspects of the search for a tt̄ resonance in the dilepton

final state have been presented. The first part aims to measure the reconstruction

efficiency for muons close to jets. This study was done using 2016 data collected from

the ATLAS experiment and confirms that the reconstruction efficiency for muons

close to jets is unchanged with respect to the isolated muons.

The second part aims to study different electron isolation working points and the

extension of the electron overlap removal procedure for the region 0.2 < ∆R < 0.4

(electrons close to jets). An increase of the signal over background ratio can be

achieved using this setup compared to the default one of the ATLAS experiment

Group.

The last part illustrates the analysis performed to targed heavy mass resonances in

case the new particle decays into top quark pairs, done with the simulated sample

referred to the full Run2 collected by the ATLAS experiment (139 fb−1). The 95%

C.L. exclusion limits on the cross section times branching ratio versus the mass of

the signal samples are produced in this thesis. The expected limits, using the m``bb

proxy variable, exclude a Z ′ mass below 1.8 TeV, a gKK mass below 3.1 TeV and

a G mass below 0.8 TeV, respectively. The expected limits, using the mNW
tt̄ proxy

variable, exclude a Z ′ mass below 1.85 TeV, a gKK mass below 3.25 TeV and a G

mass below 0.8 TeV, respectively.
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Appendix A

Muon close to jets efficiency

Tag-and-Probe study

This appendix shows the additional event selections and plots about the reconstruc-

tion efficiencies, discussed in Chapter 4.

About the selection, events are required to be included in good luminosity block;

the GRL

data16 13TeV.periodAllYear DetStatus-v89-pro21-01 DQDefects-00-02-04 PHYS StandardGRL All Good 25ns.xml

For the Monte Carlo simulation we are used two kind of sets:

• group.perf-muons.mc16 13TeV.424108.Pythia8B A14 CTEQ6L1 Jpsimu6.NTUP MCP.r9781 r9778 p3374 v047 EXT0, used

for information about the Calo muon probes;

• group.perf-muons.mc16 13TeV.424108.Pythia8B A14 CTEQ6L1 Jpsimu6.NTUP MCP.r9955 r9315 v047 EXT0, used for

information about the MS probes.

Single muon triggers and triggers requiring one muon and an ID track are used in

Overlap Removal:

• HLT mu4,

• HLT mu6,

159
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• HLT mu6 idperf.

The following triggers are added to the list when using ID tracks, CaloTagged muons,

Loose Muions, Medium muons or Tight muons as probes:

• HLT mu4 bJpsi Trkloose,

• HLT mu6 bJpsi Trkloose,

• HLT mu10 bJpsi Trkloose,

• HLT mu18 bJpsi Trkloose.

For the medium muon efficiencies we used seven bin in pT [5-6,6-7,7-8,8-10,10-

12,12-15,15-20] GeV and nine bin in η [-2.5,-2.0,-1.3,-1.05,-0.1,0.1,1.05,1.3,2.0,2.5].

Figure A.1 show the reconstruction efficiency, using only data 2016, for medium

muons with calo muons as probes, versus the pT in two different regions of isolation

pvarcone30
T /pT (probe): in black the values of efficiency for isolation smaller than 0.06

(isolated muons), in red the values of efficiency for isolation larger than 0.06 (non-

isolated muons). Is possible to see that the shapes are similar and there are not big

difference between isolated and non-isolated muons.

Figure A.2 show the reconstruction efficiency, using only data 2016, for medium

muons with calo muons as probes, versus the pT in two different regions of isolation

Etopocone20
T /pT (probe): in black the values of efficiency for isolation smaller than 0.06

(isolated muons), in red the values of efficiency for isolation larger than 0.06 (non-

isolated muons). Is possible to see that the shapes are similar and there are not big

difference between isolated and non-isolated muons.

Figure A.3 show the reconstruction efficiency, using only data 2016, for medium

muons with calo muons as probes, versus the pT in two different regions of ∆R for

non-isolated muons: in black the non-isolated muons between 0 < ∆R < 0.2, in red

the non-isolated muons between 0.2 < ∆R < 0.4. Is possible to see that the shapes

are similar but there are some difference between the two regions of ∆R for low pT

values when the ∆R is between 0 and 0.2, this is due the fact that there are some

background events in the Tag-ad-Probe samples.
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For the medium muon efficiencies we used seven bin in pT [5-6,6-7,7-8,8-10,10-12,12-

15,15-20] GeV and nine bin in η [-2.5,-2.0,-1.3,-1.05,-0.1,0.1,1.05,1.3,2.0,2.5]. Fig-

ure A.4 show the reconstruction efficiency, using only Monte Carlo, for medium

muons with calo muons as probes, versus the pT in two different regions of isolation

pvarcone30
T /pT (probe): in black the values of efficiency for isolation smaller than 0.06

(isolated muons), in red the values of efficiency for isolation larger than 0.06 (non-

isolated muons). Is possible to see that the shapes are similar and there are not big

difference between isolated and non-isolated muons.

Figure A.6 show the reconstruction efficiency, using only Monte Carlo, for medium

muons with calo muons as probes, versus the pT in two different regions of isolation

Etopocone20
T /pT (probe): in black the values of efficiency for isolation smaller than 0.06

(isolated muons), in red the values of efficiency for isolation larger than 0.06 (non-

isolated muons). Is possible to see that the shapes are similar and there are not big

difference between isolated and non-isolated muons.

Figure A.5 show the reconstruction efficiency, using only Monte Carlo, for medium

muons with calo muons as probes, versus the pT in two different regions of ∆R for

non-isolated muons: in black the non-isolated muons between 0 < ∆R < 0.2, in red

the non-isolated muons between 0.2 < ∆R < 0.4. Is possible to see that the shapes

are similar but there are some difference between the two regions of ∆R for low pT

values when the ∆R is between 0 and 0.2, this is due the fact that there are some

background events in the Tag-and-Probe samples.

Figures A.7, A.8 and A.9 show the scale factors for, respectively, the various regions

of isolation pvarcone30
T /pT (probe), ∆R between muon and its nearest jet and isolation

Etopocone20
T /pT (probe). For the SF in these regions, within the statistical error there

are not big differences. Moreover, a χ2 test confirms that efficiencies for non-isolated

muons are compatible with those of isolated muons.

For the ID muon efficiencies we used eight bin in pT [4-5,5-6,6-7,7-8,8-10,10-12,12-

15,15-20] GeV and nine bin in η [-2.5,-2.0,-1.3,-1.05,-0.1,0.1,1.05,1.3,2.0,2.5]. Fig-

ure A.10 show the reconstruction efficiency, using only data 2016, for ID muons with

MS muons as probes, versus the pT in two different regions of isolation pvarcone30
T /pT (probe):

in black the values of efficiency for isolation smaller than 0.06, in red the values of

efficiency for isolation larger than 0.06. Is possible to see that the shapes are similar
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.1: Top of plots: medium muon efficiency, using data sam-
ples, with calo muons as probes in two different regions of isolation: Black:
pvarcone30
T /pT (probe) < 0.06 ; Red: pvarcone30

T /pT (probe) > 0.06. Bottom of plots:
ratio between the isolated and non-isolated muons, data only.

and there are not big difference between isolated and non-isolated muons.

Figure A.11 show the reconstruction efficiency, using only data 2016, for ID muons

with MS muons as probes, versus the pT in two different regions of isolationEtopocone20
T /pT (probe):

in black the values of efficiency for isolation smaller than 0.06, in red the values of

efficiency for isolation larger than 0.06. Is possible to see that the shapes are similar

and there are not big difference between isolated and non-isolated muons.

Figure A.12 show the reconstruction efficiency, using only data 2016, for ID muons

with MS muons as probes, versus the pT in two different regions of ∆R: in black

the region 0 < ∆R < 0.2, in red the isolated muons 0.2 < ∆R < 0.4. Is possible

to see that the shapes are similar and there are not big difference between the two

regions.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.2: Top of plots: medium muon efficiency, using data sam-
ples, with calo muons as probes in two different regions of isolation: Black:
Etopocone20
T /pT (probe) < 0.06; Red: Etopocone20

T /pT (probe) > 0.06. Bottom of plots:
ratio between the two regions of isolation, data only.

Figure A.13 show the reconstruction efficiency, using only Monte Carlo, for ID

muons with MS muons as probes, versus the pT in two different regions of isola-

tion pvarcone30
T /pT (probe): in black the values of efficiency for isolation smaller than

0.06, in red the values of efficiency for isolation larger than 0.06. Is possible to see

that the shapes are similar and there are not big difference between isolated and

non-isolated muons.

Figure A.14 show the reconstruction efficiency, using only Monte Carlo, for ID

muons with MS muons as probes, versus the pT in two different regions of isola-

tion Etopocone20
T /pT (probe): in black the values of efficiency for isolation smaller than

0.06, in red the values of efficiency for isolation larger than 0.06. Is possible to see

that the shapes are similar and there are not big difference between isolated and
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.3: Top of plot: medium muon efficiency, using data samples, with calo
muons as probes in two different regions of ∆R: Black: 0 < ∆R < 0.2; Red: 0.2
< ∆R < 0.4 . Bottom of plots: ratio between the two different regions, data only.

non-isolated muons.

Figure A.15 show the reconstruction efficiency, using only Monte Carlo, for ID muons

with MS muons as probes, versus the pT in two different regions of ∆R: in black

the region 0 < ∆R < 0.2, in red the isolated muons 0.2 < ∆R < 0.4. Is possible

to see that the shapes are similar and there are not big difference between the two

regions.

Figures A.16, A.17 and A.18 show the scale factors for, respectively, the two regions

of isolation pvarcone30
T /pT (probe), the two regions of isolation Etopocone20

T /pT (probe)

and the various regions of ∆R between the muon and its nearest jet. All these SFs

are close to one.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.4: Top of plots: medium muon efficiency, using MC samples,
with calo muons as probes in two different regions of isolation: Black:
pvarcone30
T /pT (probe) < 0.06 ; Red: pvarcone30

T /pT (probe) > 0.06. Bottom of plots:
ratio between the isolated and non-isolated muons, MC only.

Was also made a comparison between my SFs and the official MCP SFs that are

show below. In the following plot the SFs are measured as the product of the ef-

ficiencies of medium muons with calo muons as probes and the ID tracks with the

MS muons as probes.

In all regions of isolation (e.g. the ratio pvarcone30
T /pT (probe) andEtopocone20

T /pT (probe))

under study is possible to see a good agreement between the two SFs; for the ∆R

regions, instead, there are some differences, this is due to the fact that the MC of

the J/Ψ sample does not have enough probes close the jets and in the data there are

some background events. But within the statistical errors there is a good agreement

between the SFs for muons close to jets and the official MCP SFs.

Figure A.19 show the comparison between the SFs in the region pvarcone30
T /pT (probe) <
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.5: Top of plots: Medium muon efficiency, using MC sample, with calo
muons as probes in two different regions of ∆R: Black: 0 < ∆R < 0.2; Red: 0.2
< ∆R < 0.4 . Bottom of plots: ratio between the two different regions, MC only.

0.06 (red) and the official MCP SFs (black). In some bin of η for values of pT of the

probe around 12-15 and 15-20 GeV there is some difference between the two SFs,

this is due to the fact that there are not enough non-isolated muons in this sample.

But within the statistical errors, there is a good agreement.

Figure A.20 show the comparison between the SFs in the region pvarcone30
T /pT (probe) >

0.06 (red) and the official MCP SFs (black). In this region there is a good agreement

between the SFs measured in this study and the official MCP SFs.

Figure A.21 show the comparison between the SFs in the regionEtopocone20
T /pT (probe) <

0.06 (red) and the official MCP SFs (black). In this region there is a good agreement

between the SFs measured in this study and the official MCP SFs.

Figure A.22 show the comparison between the SFs in the regionEtopocone20
T /pT (probe) >

0.06 (red) and the official MCP SFs (black). In this region there is a good agreement
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.6: Top of plots: medium muon efficiency, using MC samples,
with calo muons as probes in two different regions of isolation: Black:
Etopocone20
T /pT (probe) < 0.06 ; Red: Etopocone20

T /pT (probe) > 0.06. Bottom of
plots: ratio between the isolated and non-isolated muons, MC only.

between the SFs measured in this study and the official MCP SFs.

Figure A.23 show the comparison between the SFs in the region 0 < ∆R < 0.2 (red)

and the official MCP SFs (black). Is possible to see a certain difference between the

two SFs, is due to the fact that in this region there are not enough probe in the

sample, which entails an increase of the statistical error. But within the errors there

is a good agreement.

Figure A.24 show the comparison between the SFs in the region 0.2 < ∆R < 0.4

(red) and the official MCP SFs (black). Is possible to see a certain difference between

the two SFs, is due to the fact that in this region there are not enough probe in the

sample, which entails an increase of the statistical error, but the SFs are better than

the region 0 < ∆R < 0.2. But within the errors there is a good agreement.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.7: Scale factor of the two different regions of isolation: Black:
pvarcone30
T /pT (probe) < 0.06; Red: pvarcone30

T /pT (probe) > 0.06 .
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.8: Scale factor of the two different regions of ∆R: Black: 0 < ∆R <
0.2; Red: 0.2 < ∆R < 0.4 .
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.9: Scale factor of the two different regions of isolation: Black:
Etopocone20
T /pT (probe) < 0.06; Red: Etopocone20

T /pT (probe) > 0.06 .
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.10: Top of plots: ID muon efficiency, using data samples,
with MS muons as probes in two different regions of isolation: Black:
pvarcone30
T /pT (probe) < 0.06 (isolated muons); Red: pvarcone30

T /pT (probe) > 0.06
(non-isolated muons). Bottom of plots: ratio between the two regions of isolation,

data only.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.11: Top of plots: ID muon efficiency, using data samples,
with MS muons as probes in two different regions of isolation: Black:
Etopocone20
T /pT (probe) < 0.06 (isolated muons); Red: Etopocone20

T /pT (probe) > 0.06
(non-isolated muons).Bottom of plots: ratio between the two regions of isolation,

data only.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.12: Top of plot: ID muon efficiency, using data samples, with MS
muons as probes in two different regions of ∆R: Black: 0 < ∆R < 0.2; Red: 0.2
< ∆R < 0.4 . Bottom of plots: ratio between the two different regions, data only.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.13: Top of plots: ID muon efficiency, using MC samples,
with MS muons as probes in two different regions of isolation: Black:
pvarcone30
T /pT (probe) < 0.06 (isolated muons); Red: pvarcone30

T /pT (probe) > 0.06
(non-isolated muons). Bottom of plots: ratio between the two regions of isolation,

MC only.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.14: Top of plots: ID muon efficiency, using data samples,
with MS muons as probes in two different regions of isolation: Black:
Etopocone20
T /pT (probe) < 0.06 (isolated muons); Red: Etopocone20

T /pT (probe) > 0.06
(non-isolated muons). Bottom of plots: ratio between the two regions of isolation,

MC only.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.15: Top of plots: ID muon efficiency, using MC sample, with MS
muons as probes in two different regions of ∆R: Black: 0 < ∆R < 0.2; Red: 0.2
< ∆R < 0.4 . Bottom of plots: ratio between the two different regions, MC only.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.16: Scale factor of the two different regions of isolation for ID muons:
Black: pvarcone30

T /pT (probe) < 0.06; Red: pvarcone30
T /pT (probe) > 0.06.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.17: Scale factor of the two different regions of isolation for ID muons:
Black: Etopocone20

T /pT (probe) < 0.06; Red: Etopocone20
T /pT (probe) > 0.06.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.18: Scale factor of the two different regions of ∆R for ID muons:
Black: 0 < ∆R < 0.2; Red: 0.2 < ∆R < 0.4 .
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.19: Comparison between the SFs of the region pvarcone30
T /pT (probe) <

0.06 (red) and the official MCP SFs (black).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.20: Comparison between the SFs of the region pvarcone30
T /pT (probe) >

0.06 (red) and the official MCP SFs (black).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.21: Comparison between the SFs of the region Etopocone20
T /pT (probe) <

0.06 (red) and the official MCP SFs (black).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.22: Comparison between the SFs of the region Etopocone20
T /pT (probe) >

0.06 (red) and the official MCP SFs (black).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.23: Comparison between the SFs of the region 0 < ∆R < 0.2 (red)
and the official MCP SFs (black).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A.24: Comparison between the SFs of the region 0.2 < ∆R < 0.4 (red)
and the official MCP SFs (black).



Appendix B

Electron isolation study

In this appendix will be show the additional electron isolation comparison, discussed

in Chapter 5.

B.1 Electron isolation study

In Fig. B.1 is possible to see the efficiency plots about the comparison between

different isolation working point, in the ee-channel, for the Z ′ → tt̄ events. The

FCTightTrackOnly has the best efficiency trend and remains flat when the Z’ mass

rises; the second best working point is FCLoose, but in this case the efficiency de-

creases with increasing Z’ mass; the FCTight working point efficiency rises with

increasing the electrons pT but is not so good, specially for the high Z’ masses; the

FCHighPtCaloOnly working point is better than the FCTight for the Z’ low masses,

but the efficiency decrease when the Z’ mass is 2 TeV or higher. In Fig. B.2 is

possible to see the efficiency plots about the comparison between different isolation

working point, in the eµ-channel, for the Z ′ → tt̄ events. The FCTightTrackOnly

has the best efficiency trend and remains flat when the Z’ mass rises; the second best

working point is FCLoose, but in this case the efficiency decreases with increasing Z’

mass, starting around mZ′ = 3 TeV; the FCTight working point efficiency remains

flat when the electrons pT increases until 1 TeV, but is not so good when the Z’

186
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mass increases above this quantity; the FCHighPtCaloOnly working point tend to

decrease around 100 GeV of the electron pT , and is not so good increasing the Z’

mass.

(a) (b) (c)

(d) (e) (f)

(g)

Figure B.1: Efficiency plots comparing different electron isolation working point.
The comparison is done for different Z ′ → tt̄ signal samples: Z’ with a mass of
500 GeV (a), 750 GeV (b), 1 TeV (c), 2 TeV (d), 3 TeV (e), 4 TeV (f) and 5 TeV

(g). The samples are measured in the ee-channel.

In Fig. B.3 is possible to see the efficiency plots about the comparison between dif-

ferent isolation working point, in the ee-channel, for the GRS → tt̄ events. The



Appendix B. Electron isolation and overlap removal studies 188

(a) (b) (c)

(d) (e) (f)

(g)

Figure B.2: Efficiency plots comparing different electron isolation working point.
The comparison is done for different Z ′ → tt̄ signal samples: Z’ with a mass of
500 GeV (a), 750 GeV (b), 1 TeV (c), 2 TeV (d), 3 TeV (e), 4 TeV (f) and 5 TeV

(g). The samples are measured in the eµ-channel.

FCTightTrackOnly has the best efficiency trend and remains flat when the graviton

mass rises; the second best working point is FCLoose and has a good trend until

mGRS
= 750 GeV; the FCTight working point efficiency is the lowest for low-pT

and increase when the electron transverse momentum rises; the FCHighPtCaloOnly

working point is better than the FCTight for the GRS low masses, but the efficiency

decrease when the GRS mass is 2 TeV or higher. In Fig. B.4 is possible to see the
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efficiency plots about the comparison between different isolation working point, in

the eµ-channel, for the GRS → tt̄ events. The FCTightTrackOnly has the best

efficiency trend and remains flat when the GRS mass rises; the second best working

point is FCLoose, but in this case the efficiency decreases for mGRS
= 3 TeV; the

FCTight working point efficiency remains flat until mGRS
= 1 TeV, but is not so

good when the GRS mass increases above this quantity and also for high electron

transverse momentum; the FCHighPtCaloOnly working point tend to decrease for

high electron pT and for high signal masses.

(a) (b) (c)

(d) (e) (f)

Figure B.3: Efficiency plots comparing different electron isolation working point.
The comparison is done for different GRS → tt̄ signal samples: graviton with a
mass of 400 GeV (a), 500 GeV (b), 750 GeV (c), 1 TeV (d), 2 TeV (e) and 3 TeV

(f). The samples are measured in the ee-channel.

In Fig. B.5 is possible to see the efficiency plots about the comparison between

different isolation working point, in the ee-channel, for the gKK → tt̄ events. The

FCTightTrackOnly has the best efficiency trend and remains flat when the KK-

gluon mass rises; the second best working point is FCLoose and has a good trend

until mgKK
= 2.5 TeV; the FCTight working point efficiency is the lowest for low-pT
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(a) (b) (c)

(d) (e) (f)

Figure B.4: Efficiency plots comparing different electron isolation working point.
The comparison is done for different GRS → tt̄ signal samples: graviton with a
mass of 400 GeV (a), 500 GeV (b), 750 GeV (c), 1 TeV (d), 2 TeV (e) and 3 TeV

(f). The samples are measured in the eµ-channel.

and increase when the electron transverse momentum rises; the FCHighPtCaloOnly

working point is better than the FCTight for the GRS low masses, but the efficiency

decrease when the gKK mass is 2.5 TeV or higher. In Fig. B.6 is possible to see

the efficiency plots about the comparison between different isolation working point,

in the eµ-channel, for the gKK → tt̄ events. The FCTightTrackOnly has the best

efficiency trend and remains flat when the gKK mass rises; the second best working

point is FCLoose, but in this case the efficiency decreases a little for mgKK
= 3 TeV;

the FCTight working point efficiency remains flat until mgKK
= 1.5 TeV, but is not

so good when the gKK mass increases above this quantity and also for high electron

transverse momentum; the FCHighPtCaloOnly working point tend to decrease for

high electron pT and for high signal masses.
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B.2 Overlap Removal study

Tab. B.1 shows the samples used for this study.

Fig. B.7 shows the differences between the default configuration and the dilepton

analysis configuration, for the subleading electron in the ee− channel. It is possible

to see a double peak both for electron and signal, the second one is due to the fact

that we always match the electron correctly, the first one is due to the fact that

there are different effects: first of all, the presence of the jet disturbs the electron

identification and therefore there is a loss of efficiency, then the electron-in-jet-4-

momentum subtraction for which, even if the jet survives it, causes a recalculation

of the ∆R, and therefore the distribution is more complicated than before.

The Fig. B.8 shows the differences between the default configuration and the dilep-

ton analysis configuration, for the subleading muon in the µµ− channel.

The Fig. B.10 and Fig. B.12 show the comparison between the two different configu-

ration for the fake leading leptons, in µµ−channel and eµ−channel, respectively.The

same thing can be stated with the subleading leptons shown in Fig. B.9 Fig. B.11

and Fig. B.13.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j)

Figure B.5: Efficiency plots comparing different electron isolation working point.
The comparison is done for different gKK → tt̄ signal samples: Kaluza-Klein gluon
with a mass of 500 GeV (a), 1 TeV (b), 1.5 TeV (c), 2 TeV (d), 2.5 TeV (e), 3 TeV
(f), 3.5 TeV (g), 4 TeV (h), 4.5 TeV (i) and 5 TeV (j). The samples are measured

in the ee-channel.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j)

Figure B.6: Efficiency plots comparing different electron isolation working point.
The comparison is done for different gKK → tt̄ signal samples: Kaluza-Klein gluon
with a mass of 500 GeV (a), 1 TeV (b), 1.5 TeV (c), 2 TeV (d), 2.5 TeV (e), 3 TeV
(f), 3.5 TeV (g), 4 TeV (h), 4.5 TeV (i) and 5 TeV (j). The samples are measured

in the eµ-channel.
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(a)

(b)

Figure B.7: Comparison between the default configuration (Gradient isolation
and default OR for electrons) (a) and this analysis configuration (No electron
isolation and Electron−in−Jet−subtraction OR for electrons) (b). In white the
tt̄ dilepton background and in dashed red the signal (Z’ with mZ′ = 3 TeV). The
plots are for ee− channel of the subleading electron. Only statistical uncertainty.
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(a)

(b)

Figure B.8: Comparison between the default configuration (Gradient
isolation and default OR for muons) (a)and this analysis configuration
(FixedCutT ightTrackOnly muon isolation in addition to BoostedSlidingDrMu
OR for muons) (b). In white the tt̄ dilepton background and in dashed red the
signal (Z’ with mZ′ = 3 TeV). The plots are for µµ − channel of the subleading

muon. Only statistical uncertainty.
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(a)

(b)

Figure B.9: Comparison between the default configuration (Gradient isolation
and default OR for electrons) (a) and this analysis configuration (No electron
isolation and Electron − in − Jet − subtraction OR for electrons) (b) for fake
events. The plots are for ee− channel of the subleading electron. Only statistical

uncertainty.
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(a)

(b)

Figure B.10: Comparison between the default configuration (Gradient
isolation and default OR for muons) (a) and this analysis configuration
(FixedCutT ightTrackOnly muon isolation in addition to BoostedSlidingDrMu
OR for muons) (b) for fake events. The plots are for µµ− channel of the leading

muon. Only statistical uncertainty.
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(a)

(b)

Figure B.11: Comparison between the default configuration (Gradient
isolation and default OR for muons) (a) and this analysis configuration
(FixedCutT ightTrackOnly muon isolation in addition to BoostedSlidingDrMu
OR for muons) (b) for fake events. The plots are for µµ−channel of the subleading

muon. Only statistical uncertainty.
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(a)

(b)

Figure B.12: Comparison between the default configuration (Gradient isolation
and default OR for both electrons and muons) (a) and this analysis configuration
(No electron isolation and FixedCutT ightTrackOnly muon isolation in addition
to Electron− in− Jet− subtraction and BoostedSlidingDrMu for electron and
muons, respectively) (b) for fake events. The plots are for the electron in eµ −

channel. Only statistical uncertainty.
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(a)

(b)

Figure B.13: Comparison between the default configuration (Gradient isolation
and default OR for both electrons and muons) (a) and this analysis configuration
(No electron isolation and FixedCutT ightTrackOnly muon isolation in addition
to Electron− in− Jet− subtraction and BoostedSlidingDrMu for electron and
muons, respectively) (b) for fake events. The plots are for the muon in eµ −

channel. Only statistical uncertainty.



Appendix C

Search of a BSM resonance in tt̄

dilepton final state

In this appendix will be show the additional plots about kinematics, various regions

(Control and Signal) that I studied and systematics discussed in Chapter 6.

The backgrounds that contribute in the analysis and there will be see in the next

plots are: Z+jets background (orange), SM tt̄ dilepton (white), single top (blue),

diboson (yellow), tt̄+ V (green) and the fakes (that contain W+jets, mis-measured

tops and single-top-single-lepton) (purple). Both statistical and systematic errors

are taken into account.

Tab. C.1 shows the various single electron triggers used in this analysis setup, while

Tab. C.2 shows the different single muon triggers used in this analysis setup. The

GRL used for the data samples are listed in Tab. C.3. Tab. C.4, Tab. C.5 and

Tab. C.6 show the list of Z’, Kaluza-Klein gluon and Randall-Sundrum graviton

samples used for this analysis, respectively.
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C.1 System kinematics

In this section the generic kinematics plots are shown.

Fig. C.1 shows the distribution of the sub-leading lepton pT in ee − channel and

µµ− channel, respectively.

Fig. C.2 shows the ∆R between the charged sub-leading lepton and its nearest jet

in ee− channel and µµ− channel, respectively.

Fig. C.3 shows the distribution of the leading jet pT in ee− channel, µµ− channel
and eµ− channel, respectively.

Fig. C.4 shows the distribution of the sub-leading jet pT in ee−channel, µµ−channel
and eµ− channel, respectively.

Fig. C.5 shows the distribution of the pseudorapidity η for the leading lepton in

ee− channel, µµ− channel and eµ− channel, respectively.

Fig. C.6 shows the distribution of the pseudorapidity η for the sub-leading lepton in

ee− channel and µµ− channel, respectively.

Fig. C.7 shows the number of jets in ee− channel, µµ− channel and eµ− channel,
respectively.

Fig. C.8 shows the number of b-jets in ee−channel, µµ−channel and eµ−channel,
respectively.

In all plots, it is possible to see a good agreement data/MC. Both statistical and

systematic errors are taken into account.
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(a) (b)

Figure C.1: Transverse momentum of the sub-leading lepton in ee − channel
(a) and µµ − channel (b). Both statistical and systematic errors are taken into

account.

(a) (b)

Figure C.2: ∆R between the charged sub-leading lepton and its nearest jet in
ee− channel (a) and µµ− channel (b). Both statistical and systematic errors are

taken into account.
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(a) (b)

(c)

Figure C.3: Transverse momentum of the leading jet in ee− channel (a) µµ−
channel (b) and eµ − channel. Both statistical and systematic errors are taken

into account.
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(a) (b)

(c)

Figure C.4: Transverse momentum of the sub-leading jet in ee − channel (a),
µµ − channel (b) and eµ − channel. Both statistical and systematic errors are

taken into account.
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(a) (b)

(c) (d)

Figure C.5: Pseudorapidity η of the leading lepton in ee − channel (a) µµ −
channel (b) and eµ − channel: electron (c) and muon(d). Both statistical and

systematic errors are taken into account.
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(a) (b)

Figure C.6: Pseudorapidity η of the sub-leading lepton in ee− channel (a) and
µµ− channel (b). Both statistical and systematic errors are taken into account.
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(a) (b)

(c)

Figure C.7: Number of jets in ee − channel (a), µµ − channel (b) and eµ −
channel. Both statistical and systematic errors are taken into account.
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(a) (b)

(c)

Figure C.8: Number of b-jets in ee − channel (a), µµ − channel (b) and eµ −
channel. Both statistical and systematic errors are taken into account.
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C.2 Control regions

In this part of section the kinematics variable in CRZ control region are shown. In

these plots is possible to see a trend of over-estimation; this is due to the fact that,

at this point, the Z+jets normalization has not yet been done.

Fig. C.9 shows the distribution of the sub-leading lepton pT in ee − channel and

µµ− channel, respectively, in CRZ control region.

Fig. C.10 shows the ∆R between the charged sub-leading lepton and its nearest jet

in ee− channel and µµ− channel, respectively, in CRZ control region.

Fig. C.11 shows the distribution of the sub-leading jet pT in ee − channel and

µµ− channel, respectively, in CRZ control region.

Fig. C.12 shows the distribution of the pseudorapidity η for the leading lepton in

ee− channel and µµ− channel, respectively, in CRZ control region.

Fig. C.13 shows the distribution of the pseudorapidity η for the sub-leading lepton

in ee− channel and µµ− channel, respectively, in CRZ control region.

It is possible to see, in all plots, a good agreement data/MC within the error bars.

Both statistical and systematic errors are taken into account.

In this part of section the kinematics variable in CRFake control region are shown.

In these plots is possible to see a trend of over-estimation; this is due to the fact

that the statistics is very low.

Fig. C.14 shows the distribution of the sub-leading lepton pT in ee − channel and

µµ− channel, respectively, in CRFake control region.

Fig. C.15 shows the ∆R between the charged sub-leading lepton and its nearest jet

in ee− channel and µµ− channel, respectively, in CRFake control region.

Fig. C.16 shows the distribution of the sub-leading jet pT in ee − channel and

µµ− channel, respectively, in CRFake control region.

Fig. C.17 shows the distribution of the pseudorapidity η for the leading lepton in

ee− channel and µµ− channel, respectively, in CRFake control region.

Fig. C.18 shows the distribution of the pseudorapidity η for the sub-leading lepton

in ee− channel and µµ− channel, respectively, in CRFake control region.



Appendix C. Search of a BSM resonance in tt̄ dilepton final state 218

(a) (b)

Figure C.9: Transverse momentum of the sub-leading lepton in ee − channel
(a) and µµ− channel (b), in CRZ control region. Both statistical and systematic

errors are taken into account.

(a) (b)

Figure C.10: ∆R between the charged sub-leading lepton and its nearest jet in
ee − channel (a) and µµ − channel (b), in CRZ control region. Both statistical

and systematic errors are taken into account.
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(a) (b)

Figure C.11: Transverse momentum of the sub-leading jet in ee − channel (a)
and µµ − channel (b), in CRZ control region. Both statistical and systematic

errors are taken into account.

(a) (b)

Figure C.12: Pseudorapidity η of the leading lepton in ee − channel (a) and
µµ − channel (b), in CRZ control region. Both statistical and systematic errors

are taken into account.
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(a) (b)

Figure C.13: Pseudorapidity η of the sub-leading lepton in ee−channel (a) and
µµ − channel (b), in CRZ control region. Both statistical and systematic errors

are taken into account.

(a) (b)

Figure C.14: Transverse momentum of the sub-leading lepton in ee−channel (a)
and µµ− channel (b), in CRFake control region. Both statistical and systematic

errors are taken into account.
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(a) (b)

Figure C.15: ∆R between the charged sub-leading lepton and its nearest jet in
ee− channel (a) and µµ− channel (b), in CRFake control region. Both statistical

and systematic errors are taken into account.

(a) (b)

Figure C.16: Transverse momentum of the sub-leading jet in ee − channel (a)
and µµ− channel (b), in CRFake control region. Both statistical and systematic

errors are taken into account.
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(a) (b)

Figure C.17: Pseudorapidity η of the leading lepton in ee − channel (a) and
µµ−channel (b), in CRFake control region. Both statistical and systematic errors

are taken into account.

(a) (b)

Figure C.18: Pseudorapidity η of the sub-leading lepton in ee − channel (a)
and µµ− channel (b), in CRFake control region. Both statistical and systematic

errors are taken into account.
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C.3 Signal regions

Here all the 10 bins of invariant mass variable are shown.

Fig. C.19 shows the 10 bins of mNW
tt̄ invariant mass variable, only simulated samples

without data, due to the blinding study.

Fig. C.20 shows the 10 bins of m``bb proxy variable, only simulated samples without

data, due to the blinding study.

It is possible to see that the systematics errors increase with the rising of the region

mass under study. The signal here is the Z ′ with a mass of 2 TeV and is possible to

see that the signal events increase with the rises mass region, as we expected.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j)

Figure C.19: The 10 bins of mNW
tt̄ invariant mass variable signal region. The

signal is Z ′ with a mass of 2 TeV Errors are MC statistics and systematics.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j)

Figure C.20: The 10 bins of m``bb proxy variable signal region. The signal is Z ′

with a mass of 2 TeV Errors are MC statistics and systematics.
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C.4 Ranking plots and nuisance parameters

In this section all plot regarding the ranking plots and nuisance parameters are

shown.

Fig. C.21, Fig. C.22 and Fig. C.23 show the ranking plots of m``bb proxy variable in

all Z ′, gKK and G signal mass points, respectively.

Fig. C.24, Fig. C.25 and Fig. C.26 show the ranking plots of mNW
tt̄ invariant mass

variable in all Z ′, gKK and G signal mass points, respectively.

The empty squares in the plots are the pre-fit systematics and the full squares are

the post-fit systematics.

Fig. C.27, Fig. C.28 and Fig. C.29 show the pull of nuisance parameter of m``bb

proxy variable in all Z ′, gKK and G signal mass points, respectively.

Fig. C.30, Fig. C.31 and Fig. C.32 show the pull of nuisance parameter of mNW
tt̄

invariant mass variable in all Z ′, gKK and G signal mass points, respectively.

The errors are inside the limit significance of the systematics.
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(a) (b) (c)

(d) (e) (f)

(g)

Figure C.21: Ranking plots of m``bb proxy variable in all seven Z ′ signal mass:
500 GeV (a), 750 (b), 1 TeV (c), 1.5 TeV (d), 2 TeV (e), 3 TeV (f) and 4 TeV (g).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure C.22: Ranking plots of m``bb proxy variable in all nine gKK signal mass:
500 GeV (a), 1 TeV (b), 1.5 TeV (c), 2 TeV (d), 2.5 TeV (e), 3 TeV (f), 3.5 TeV

(g), 4 TeV (h), and 4.5 TeV (i).
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(a) (b) (c)

(d) (e)

Figure C.23: Ranking plots of m``bb proxy variable in all five G signal mass:
400 GeV (a), 500 (b), 750 GeV (c), 1 TeV (d) and 2 TeV (e).
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(a) (b) (c)

(d) (e) (f)

(g)

Figure C.24: Ranking plots of mNW
tt̄ variable in all seven Z ′ signal mass: 500

GeV (a), 750 (b), 1 TeV (c), 2 TeV (d), 3 TeV (e) and 4 TeV (f).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure C.25: Ranking plots of mNW
tt̄ variable in all nine gKK signal mass: 500

GeV (a), 1 TeV (b), 1.5 TeV (c), 2 TeV (d), 2.5 TeV (e), 3 TeV (f), 3.5 TeV (g),
4 TeV (h) and 4.5 TeV (i).
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(a) (b) (c)

(d) (e)

Figure C.26: Ranking plots of mNW
tt̄ variable in all five G signal mass: 400 GeV

(a), 500 (b), 750 GeV (c), 1 TeV (d) and 2 TeV (e).
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(a) (b) (c)

(d) (e) (f)

(g)

Figure C.27: Nuisance parameters of m``bb proxy variable in all seven Z ′ signal
mass: 500 GeV (a), 750 (b), 1 TeV (c), 1.5 TeV (d), 2 TeV (e), 3 TeV (f) and 4

TeV (g).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure C.28: Nuisance parameters of m``bb proxy variable in all nine gKK signal
mass: 500 GeV (a), 1 TeV (b), 1.5 TeV (c), 2 TeV (d), 2.5 TeV (e), 3 TeV (f),

3.5 TeV (g), 4 TeV (h), and 4.5 TeV (i).
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(a) (b) (c)

(d) (e)

Figure C.29: Nuisance parameters of m``bb proxy variable in all five G signal
mass: 400 GeV (a), 500 (b), 750 GeV (c), 1 TeV (d) and 2 TeV (e).
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(a) (b) (c)

(d) (e) (f)

(g)

Figure C.30: Nuisance parameters of mNW
tt̄ variable in all seven Z ′ signal mass:

500 GeV (a), 750 (b), 1 TeV (c), 2 TeV (d), 3 TeV (e) and 4 TeV (f).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure C.31: Nuisance parameters of mNW
tt̄ variable in all nine gKK signal mass:

500 GeV (a), 1 TeV (b), 1.5 TeV (c), 2 TeV (d), 2.5 TeV (e), 3 TeV (f), 3.5 TeV
(g), 4 TeV (h) and 4.5 TeV (i).
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(a) (b) (c)

(d) (e)

Figure C.32: Nuisance parameters of mNW
tt̄ variable in all five G signal mass:

400 GeV (a), 500 (b), 750 GeV (c), 1 TeV (d) and 2 TeV (e).
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