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Abstract

A measurement of the tt̄Z production cross section with the ATLAS de-
tector in pp collisions at the LHC is presented. The search is performed
on 13.0 fb−1 of data collected in 2012. Only final states with three leptons
are considered, in which the Z boson decays to a pair of leptons and one
of the W bosons coming from t → bW decays gives rise to a lepton after
decay. An excess of 8.95 ± 0.62 (stat) +0.37

−0.59 (sys) events above background
is observed with a significance of 3.64 standard deviations above zero. We
have assumed no statistical error on the acceptance or efficiency of detec-
tion. In the trilepton channel, a direct measurement of the tt̄Z production
cross section of σtt̄Z = 254 ± 104 (stat) ± 19 (sys) fb is obtained.
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Chapter 1

Introduction

The large mass of the top quark and coupling to the Higgs boson of order
1 suggests that it could play an important role in EW symmetry breaking
(EWSB). New physics related to the EWSB may be found via top quark
precision observables. One possible signal for new physics is deviations of
the ttγ, ttZ and ttW couplings from the values predicted by the Standard
Model (SM). Although the top quark was discovered more than fifteen years
ago [2, 3], most of its properties are still not well known [4]. For instance,
the couplings of the top quark to the electroweak (EW) gauge bosons, in
particular the Z boson, have not been directly measured. These couplings
can also take different values in some of beyond the Standard Model (BSM)
models, such as technicolor [5] or Little Higgs models [6] . In many be-
yond standard model searches, as for example SUSY, the tt̄Z is a potential
background. Therefore, it is important to measure its cross section.

There is yet no direct evidence of top quarks coupling to the Z boson,
although there have been strong indirect bounds on this coupling from LEP
precision data [7].

The ttZ coupling could not be constrained via measuring the tt̄ produc-
tion at hadron colliders with intermediate virtual Z bosons, due to the fact
that the cross section for pp → tt̄ is mainly dominated by processes with
only QCD couplings. Coupling of the ttZ production may be constrained
via searches for direct production of tt̄ in association with a Z boson. This
process had a very low cross section at the Tevatron. Its cross section was
measured in the trilepton final state at 0.02 fb [7]. This is a very low cross
section therefore the process can only be observed at the LHC.

The ATLAS collaboration has placed a 95% credibility upper limit of
0.71 pb on the cross section of tt̄Z production using a Bayesian prescription
[8] with 4.7 fb−1 of

√
s = 7 TeV pp collision data collected.

The CMS collaboration recently presented a preliminary measurement
of the tt̄Z cross section [9], finding σtt̄Z = 0.30+0.14

−0.11 (stat) +0.04
−0.02 (syst) pb

with a significance of 3.66 standard deviations from the background only
hypothesis.
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Chapter 2

Theoretical Overview

2.1 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics is a Quantum Field Theory
(QFT) of electromagnetic (EM), weak, and strong interactions. SM is a the-
ory based on a SU(3)⊗SU(2)⊗U(1) local gauge symmetry which describes
the interactions between fundamental particles by the exchange of gauge
bosons.

From the gauge symmetry SU(2)⊗U(1) and the mechanism of spon-
taneous symmetry breaking [10], one can define gauge bosons (W+, W−

and Z) as mediators of the weak interaction, the photon (γ) of the elec-
tromagnetic interactions, and a new particle called the Higgs boson. The
SU(2)⊗U(1) gauge group does not incorporate the mass terms for the gauge
bosons or fermions without breaking the gauge invariance. When this sym-
metry is broken to U(1)QED, it gives mass to the three electroweak gauge
bosons while keeping the photon massless by leaving the electromagnetic
symmetry U(1)QED unbroken.

The gauge symmetry can be extended to SU(3)⊗SU(2)⊗U(1) to include
the strong interactions mediated by eight coloured massless gluons. This
is an exact symmetry that couples three different colour charges ( “red”,
“green” and “blue”) carried by the 6 quarks and 8 gluons. The gluons carry
both a colour and an anticolour charge.

All matter consists of quarks and leptons which are elementary fermions.
A fermion can be an elementary or compound particle with half-integer spin
(12 ,

3
2 ,...) while a boson has integer spin ( 0, 1, ...).
Quarks cannot exist freely due to the fact that only colour neutral states

are observed in nature. This is referred to as the “confinement” of quarks.
There are three generations of quarks discovered so far. Leptons also come
in three generations.

In the SM, charged current processes change the lepton or quark flavour.
This is done according to the weak eigenstates which are different from their
mass eigenstates. They are transformed by applying a rotation described by

2



2.1. The Standard Model of Particle Physics

fermions
Particle symbol EM charge Weak charge Strong charge Mass

(isospin) (colour) [MeV]
electron e -1 -1/2 0 0.511

electron neutrino νe 0 +1/2 0 ≤ 50×10−6

muon µ -1 -1/2 0 105.6
muon neutrino νµ 0 +1/2 0 ≤ 0.5

tau τ -1 -1/2 0 1776.8
tau neutrino ντ 0 +1/2 0 ≤ 70

up u +2/3 +1/2 R/G/B ∼ 2.3
down d -1/3 -1/2 R/G/B ∼ 4.8
charm c +2/3 +1/2 R/G/B ∼ 1275
strange s -1/3 -1/2 R/G/B ∼ 95
top t +2/3 +1/2 R/G/B ∼ 173.5×103

bottom b -1/3 -1/2 R/G/B ∼ 4180
bosons

photon γ 0 no no 0
Z Z 0 yes no 91.187×103

W W± ±1 yes no 80.39×103

gluon g 0 no yes 0
Higgs H

0 0 yes no ≥114×103

Table 2.1: Particles of the standard model.

the Cabbibo-Kobayashi-Maskawa (CKM) mixing matrix VCKM [11]:




d
�

s
�

b
�



 = VCKM




d

c

b



 (2.1)

VCKM =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



 =




0.974 0.225 0.003
0.225 0.973 0.041
0.009 0.040 0.999



 (2.2)

where d
�
, s

�
and b

�
are the weak eigenstates and the corresponding mass

eigenstates are d, s and b.
The PMNS matrix, or lepton mixing matrix is the analogue of the CKM

matrix describing the mixing of leptons.
Table 2.1 lists the standard model particles with names, symbols, mass

and different charges. For the fermions, these charges are quantum numbers

3



2.1. The Standard Model of Particle Physics

defining their interactions. Masses are listed in MeV, 106 electron volts. The
value of one electron volt, eV, is the amount of energy gained by the charge
of a single electron moved across an electric potential difference of one volt.

The Lagrangian of the SM is required to be local, gauge-invariant and
renormalizable. It can be divided into four pieces:

LSM = LMatter + LGauge + LY ukawa + LHiggs. (2.3)

The matter part, given by:

LMatter = Q̄
i
Liγ

µ
DµQ

i
L + ū

i
Riγ

µ
Dµu

i
R + d̄

i
Riγ

µ
Dµd

i
R

+L̄
i
Liγ

µ
DµL

i
L + ē

i
Riγ

µ
Dµe

i
R,

(2.4)

contains the kinetic energy of the fermions and their interactions with the
gauge fields. Q

i
L and L

i
L are the quark and lepton doublets, where i repre-

sents a sum on the generations.
The Gauge part, given by:

LGauge = −1

2
TrGµνGµν −

1

8
TrWµνWµν −

1

4
B

µν
Bµν , (2.5)

contain the kinetic energy of the gauge fields and their self interactions.
Gµν

,Wµν and B
µν above are the gluon, weak and hypercharge field-strength

tensors.
The Yukawa interaction of the Higgs field with the fermions, given by:

LY ukawa = −Γij
u Q̄

i
L�φ

∗
u
j
R − Γij

d Q̄
i
Lφd

j
R − Γij

e L̄
i
Lφe

j
R + h.c., (2.6)

where Γu, Γd, Γe are 3×3 complex matrices that result in the mixing between
different fermion generations.
Finally, the Higgs part, written as:

LHiggs = (Dµ
φ)†Dµφ+ µ

2
φ
†
φ− λ(φ†

φ)2, (2.7)

where

Dµ = (∂µ + igSGµ +
ig

2
Wµ +

ig
�

6
Bµ). (2.8)

In the Higgs Lagrangian λ describes the Higgs self-coupling and needs
to be a positive real number to make the potential large as φ the Higgs field
goes to infinity. To have a non-zero vacuum expectation value v of the Higgs
field given by

v =

�
−µ2

λ
, (2.9)

4



2.2. The Top Quark

the complex parameter µ needs to satisfy µ
2
< 0.

This expectation value can be used to calculate the Higgs mass mH :

mH =

�
λ

2v
. (2.10)

Although the constant λ cannot be calculated, limits can be put on the mass
since large masses lead to divergences in the self-coupling at a scale Λ below
the Planck scale.

2.2 The Top Quark

The top quark is the heaviest particle of the six fermions in the Standard
Model with a measured mass of mt=(173.2±0.9) GeV/c2.

In addition to its quantum numbers, its mass mt and decay width Γt[12]

ΓLO =
GFm

3
t

8π
√
2
|Vtb|2

�
1− M

2
W

m
2
t

�2�
1 + 2

M
2
W

m
2
t

�
(2.11)

are the most fundamental properties of the top quark. It has a very short
lifetime of 0.5×10−24s[13] which is about an order of magnitude smaller than
the hadronization timescale. As a result it cannot form bound states before
decaying to a W boson and a down-type quark. The down-type quark is
almost always a bottom quark because of the large CKM matrix element
Vtb = 0.999152+0.000030

−0.000045[14].
After including higher order quantum chromodynamics (QCD) correc-

tions, the decay width becomes:

Γ(t → Wb) = ΓLO

�
1− 2αs

3π
f(y)

�
, (2.12)

where αs =
g2s
4π is the strong coupling constant and f(y) is written as:

f(y) =
2π2

3
− 2.5− 3y + 4.5y2 − 9 ln y; y =

M
2
W

m
2
t
. (2.13)

2.3 Top Production

Top quarks are produced via both electroweak and strong interactions. In
the electroweak case, a single quark is produced. There are three channels
in the single top production case:

5



2.3. Top Production

• s-channel

• t-channel

• tW channel.

In the s-channel an off-shell W boson decays into a top and a bottom quark,
in the t-channel a virtual W boson transforms a bottom quark into a top
quark and finally in the tW channel the top quark is produced in association
with a W boson.

q

q̄�

t

b̄

q

W

b

g

b̄

t

q�

b

t

g

t

W−

b

g

b

W−

t

W

(a) (b)

(c) (d)

Figure 2.1: Single top production diagrams, (a) s-channel, (b) t-channel, (c)
tW s-channel, (d) tW t-channel.

In proton-proton collisions, the most common production channel for
top quarks is through the top and an anti-top pair production. The leading-
order Feynman diagrams of tt̄ production in gluon-gluon fusion and quark-
antiquark annihilation are shown in Figure 2.2. There is also the next-to-
leading order (NLO) quark-gluon that contributes to this process.

6



2.4. Production and Decay of tt̄Z

g

g

t

t̄

(a) (b)

(c) (d)

g

g

t

t̄

g

g

t

t̄

q

q̄

t

t̄

Figure 2.2: Leading order tt̄ production diagrams: (a) s-channel, (b) t-
channel, (c) u-channel, (d) qq̄.

2.4 Production and Decay of tt̄Z

The signal process pp → tt̄Z has a theoretical cross section of σNLO = 208 fb
at Next to Leading Order [15] [16]. The production diagram of the tt̄Z

process is shown in the Figure 2.3 where a gluon decays to a tt̄ pair along
with production of a Z boson. The tt̄Z has the same diagrams as the tt̄

production with the difference that a Z is emitted by one of the outgoing
top quarks.

Considering leptonic decay of the Z boson (Z→ l
+
l
−), the final topology

of a tt̄Z event only depends on the W boson decay. The W boson could decay
leptonically, W→ lνl, or hadronically, W→ qq̄

�
. This gives three different

decay channels:

• 4 lepton channel: this is when both W bosons decay leptonically, re-
sulting in two high-pT charge leptons from the W’s, two leptons from
the Z, and two jets from b-quark hadronization (b-jets).

• 3 lepton channel: this is when one W boson decays leptonically and
the other hadronically, resulting in one high-pT charged lepton from
the W, two leptons from the Z, two b-jets and two light-flavour jets.

7



2.4. Production and Decay of tt̄Z

• 2 lepton channel: this is when both W bosons decay hadronically,
giving two b-jets and four light-jets and again two leptons from the Z.

The leptonically decaying W boson can give any of the three flavours
(eνe, µνµ or τντ ). The analysis presented in this thesis focuses on tt̄Z

events with three leptons in the final state, resulting from decays of type
tt̄(→ qq̄

�
bb̄lν)Z(→ ll), where l denotes e, µ, or a τ decaying into e or µ. The

Feynman diagram for this decay channel is shown in the figure below. In
this thesis no hadronically decaying τ ’s were considered.

g

g

g
t

t

t̄

W

b̄

q

q̄�

W

b

l

ν

l+

l−

Z

Figure 2.3: tt̄Z production and decay channel diagram.
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2.5. The Monte Carlo Generation Method

2.5 The Monte Carlo Generation Method

At the LHC, proton beams are used. The proton is a baryon made of two up-
quarks and one down-quark. Gluons can also split into a qq̄ pair which can
then annihilate back into a gluon and be absorbed again. These additional
quark pairs in the proton are called sea quarks.

When two opposite-moving protons collide, their constituents interact in
an inelastic process. The interesting collisions will give rise to new particles.
Several concepts are needed to understand how a cross section at hadron
colliders is determined. Among others:

• The parton [17] distribution function (PDF): when gluons and quarks
inside two colliding protons interact, each carries a fraction of the total
momentum of the original particle. The PDFs describe the probability of
finding a certain quark or gluon with momentum fraction x at a given en-
ergy scale Q

2, where Q
2 is the momentum transfer from the lepton to the

interacting parton. PDFs are extracted from experimental data, e.g from
global fits to the data of deep-inelastic scattering experiments since they
cannot be estimated with pertubative QCD.

• The hard-process: The interaction between two partons from the orig-
inal colliding protons, if involving high Q

2, has the result to break their
confinement and lead to the appearance of new particles. The products of
the hard-process are usually the signature of interest. It is here that i.e. the
ZZ, WZ, top quarks etc. stem from.

• The initial state radiation (ISR): incoming partons can radiate quarks
or gluons due to quantum fluctuations. They stem from the quarks in the
initial composition, and therefore will result in the loss of some of the partons
initial momentum fraction and the emission of a particle.

• The final state radiation (FSR): similar to what happens in the case of
ISR, outgoing partons radiate quarks or gluons. ISR will have momentum
transfer of the order of the mass of the particle created in the collision, where
FSR will have a momentum transfer lower than the mass of the particle
created.

• The underlying event: it consists of partons from the original colliding
protons that are not participating in the hard scatter. They contribute
to the overall process as they hold a colour charge, but of course must
become colour neutral. Usually, the underlying event shows itself through
soft scatterings. The ISR/FSR processes can also be seen as part of the
underlying event.
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2.5. The Monte Carlo Generation Method

• Pile up: There may be more than one interaction per bunch crossing.
This is called in-time pile up. If the interaction is between two protons from
different bunches is called out-of-time pile up.

• Decays: Unstable particles like heavy hadrons or taus formed during
the hard-process will decay into more stable particles after hadronisation.
The decay are controlled by the branching fraction which is the likelihood
of a particle decaying to a particular mode.
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Chapter 3

The Experimental Setup

3.1 The Large Hadron Collider

The Large Hadron Collider, LHC is an underground particle accelerator ring
with a circumference of 27 km that started operating in November 2009
facilitates probing physics at higher energies than previous accelerators.

The LHC has been designed to accelerate protons1 to a centre-of-mass
energy of

√
s = 14 TeV, energies 14,000 times as high as the protons have

on their own. From summer 2012 LHC has operated with mean energies
of 4.0 TeV per proton resulting in a centre-of-mass energy of

√
s = 8 TeV.

The high
√
s is not the only feature of the LHC. Its large instantaneous

luminosity (L), a measure of the number of collisions per unit of area and
time, is designed to reach 1034cm−2s−1 and will allow analyses requiring
many proton collisions (events) to be performed in a few years. This rate of
events observed in a process under study is given by,

R = �σL (3.1)

where σ is the cross section and � the detection efficiency. The total number
of events (N) is given by

N = �σL (3.2)

where L =
�
Ldt is the integrated luminosity. The cross section is a fixed and

measurable quantity which expresses the likelihood of interaction between
specific particles, while the luminosity and the efficiency are determined by
the LHC and the detector respectively.

The LHC is at the end of an injection chain, a collection of accelerators
and other devices that help in bringing the proton beams into collision. Be-
fore being injected into the LHC, protons are produced and then accelerated
step by step up to a certain energy by a series of accelerators. This is done
by introducing hydrogen gas into a Duoplasmatron device [18]. The gas
held in a vacuum chamber is bombarded with electrons. The result is to

1
The LHC can also accelerate heavy ions, but this is a different experiment and will

not be discussed here.
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3.1. The Large Hadron Collider

Figure 3.1: CERN accelerator complex.

ionize the gas having it in a state of plasma. Then the plasma is accelerated
inside the Duoplasmatron device forming a beam. This beam is focused and
then accelerated to an energy of 50 MeV in a linear accelerator, the Linac-2.
The proton beam is then introduced into the Proton Synchrotron Booster
(PSB). The PSB is a circular accelerator in the injection chain with four
superimposed synchrotron rings. In each ring a bunch of 1.8×1012 protons
is formed. Here they are accelerated to an energy of 1.4 GeV subsequently.

Next accelerator is the Proton Synchrotron (PS) circular accelerator.
Here the beam is accelerated to 26 GeV.

Finally, the Super Proton Synchrotron (SPS) is used to further increase
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3.2. ATLAS - A Toroidal LHC Apparatus

their energy to 450 GeV.
Colliding protons are grouped together into a number of bunches, each

containing about 1011 protons. The design number of bunches is 2808,
leading to interactions happening every 25 ns at nominal running and every
50 ns in the data used for this analysis.

At four points on the LHC ring, the protons from the oppositely moving
beams cross and collisions occur. At these four interaction points major
experiments at the LHC are situated; ALICE, ATLAS, CMS and LHC-b.
The analysis presented in this thesis is performed on data collected by the
ATLAS detector.

Figure 3.2: The LHC experiment.

3.2 ATLAS - A Toroidal LHC Apparatus

The ATLAS detector is a cylindrical construction of 7000 tonnes in a cavern
at a depth of 100 m . With its height of 25 m and its length of 44 m, it is
positioned at one of the interaction points of the LHC (Point-1). It consists

13



3.2. ATLAS - A Toroidal LHC Apparatus

of several parts, referred to as sub-detectors, each designed and optimised
for special tasks.

Figure 3.3: The ATLAS detector.

3.2.1 Coordinate System

• The nominal interaction point is defined as the origin of the coordinate
system.

• The z-axis of the system runs parallel to the beam. The positive x-axis
of the system points towards the center of the LHC and the positive
y-axis points upwards towards the surface. They are perpendicular to
the beam, forming a right-handed cartesian coordinate system.

• Given the cylindrical structure of the detector it is convenient to use
polar coordinates. The azimuthal angle, φ ∈ [−π, π], is measured
around the z-axis and the polar angle, θ ∈ [0, π], is measured from the
z-axis.
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3.2. ATLAS - A Toroidal LHC Apparatus

• The polar angle runs on the xz-plane having θ = 0 on the positive z-
axis. For convenience this is replaced by the Lorentz invariant pseudo-
rapidity (η), which is defined by:

η = − ln

�
tan

θ

2

�
. (3.3)

• The distance of two particles on the detector, the Lorentz invariant
∆R is defined as:

∆R =
�
(∆φ)2 + (∆η)2 (3.4)

where small values show that particles are located close to each other.

3.2.2 The Inner Detector

The Inner Detector (ID) provides the identification of charged particles and
measurements of the vertex at which the hard interaction took place. It
extends up to a pseudorapidity of 2.5 and it is submerged in the 2 T axial
magnetic field of the solenoid superconducting magnet that surrounds it.

The ID consists of three separate sub-detector devices. Their main char-
acteristics are summarized in Table 3.1. The Pixel detector, the Semicon-
ductor Tracker (SCT) and the Transition Radiation Tracker (TRT) arranged
into central barrel parts and two end-cap parts forming the forward detector.

Subdetector section Radius Element Spatial Hits/track Readout
[cm] size resolution [µm] channels

Pixel 5 - 12 50 µm × 400 µm 3 80 × 106

Barrel 10 (R-φ) × 115 (z)
End-cap 10 (R-φ) × 115 (R)

SCT 80 µm 8 6 × 106

Barrel 25 - 55 17 (R-φ) × 580 (z)
End-cap 25 - 61 17 (R-φ) × 580 (R)

TRT 4 mm 30-36 3.5 × 105

Barrel 55 - 108 130
End-cap 61 - 110 130

Table 3.1: The main characteristics of the three ID subdetectors [1].

Pixel Detector

The Pixel detector is the closest to the interaction point of all the sub-
detector systems. It is a silicon pixel detector with 288 modules each with
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3.2. ATLAS - A Toroidal LHC Apparatus

Figure 3.4: The ATLAS inner detector.

46080 pixel elements. Therefore it has a very high granularity which provides
a high precision measurements of tracks as close to the interaction point
as possible. The innermost layer of the Pixel detector, with a radius of
about 5 cm, performs the highest precision of the reconstruction of secondary
vertices that occur, for example, in decays of bottom-flavoured hadrons.
The highest precision in the position measurement achieved are 10 µm in
the R− φ plane and 115 µm in z-direction.

SCT

The SCT is the second element of the Inner Detectors sub-systems, going
from the beam pipe outwards. It provides eight strip measurements (four
space-points) for particles originating in the beam-interaction region. The
SCT uses silicon microstrip technology for tracking charged particles and is
constructed from silicon sensors (like the pixel detector) which are segmented
in strips thus giving a position measurement. The SCT at the barrel region
consists of four cylindrical shaped layers with radii of 30, 37, 44 and 51 cm
of silicon strips which are arranged so that each layer has one set of silicon
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3.2. ATLAS - A Toroidal LHC Apparatus

Figure 3.5: The TRT and SCT overview.

strips parallel to the beam axis and another set tilted by angle of 40 mrad
in order to measure the radial and longitudinal position of the hit. With
the Pixel detector, it can determine where the interaction occurred (the
vertex position) and how much momentum a particle has (determined from
its curvature in the magnetic field). The main difference is that instead of
a pixel configuration the SCT modules follow a strip segmentation.

TRT

The TRT is the outermost system of the ID. It is a detector made from
straw tubes of 4 mm diameter containing gas (a mixture of 70% Xenon,
27% Carbon dioxide and 3% Oxygen) with a wire at the centre to detect
electromagnetic showers. The TRT straw layout is designed so that charged
particles with transverse momentum pT > 0.5 GeV and with pseudorapidity
|η| < 2.0 cross typically more than 30 straws [1].
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The detection is based on the ionization of the gas once a charged particle
traverses it. The straw hits at the outer radius contribute significantly to
the momentum measurement. It only provides R − φ information with an
intrinsic accuracy of 130 µm per straw [1].

For the electron identification the TRT straws are placed inside polypropy-
lene fibers with different refraction indices. This makes ultra-relativistic
particles radiate off photons in the X-ray region. Xenon is chosen as it is
sensitive to absorbing those photons resulting in massive ionisation and a
much larger signal readout. The transition radiation is efficiently absorbed
by the Xenon gas resulting in energy deposition of several keV in contrast to
an average of 200 eV that relate with the ionization process, discriminating
between the two processes.

The electron which has a small mass does emit a larger amount of ra-
diation that allows the separation between it and heavier particles with the
same momentum such as the π

+.

3.2.3 The Calorimeters

The calorimetry consists of the electromagnetic (EM) calorimeter which is
nearest to the interaction point covering the region |η| < 3.2, a hadronic
calorimeter covering |η| < 3.2, and forward calorimeters (FCal) extending
to 3.1 < |η| < 4.9. The whole system is symmetric around the beam axis
and has full coverage in the φ direction. The EM calorimeter is used for
the measurement of electrons and photons, the Hadronic calorimeter for the
measurement of hadrons. A schematic view of the calorimeter system is
shown in Figure 3.6. The main purpose of the calorimeters is to measure
the energy of the particles and their position. The detector can measure
both charged and neutral particles, through complete absorption, from a
few GeV up to the TeV scale. Weakly interacting particles such as muons
or neutrinos are not stopped by the Calorimeters. But muons leave a trace
that can be used along with information from the Inner Detector or the
Muon Spectrometer for their measurement. Nominal detector performance
limits and coverage for the calorimetric system are summarized in Table 3.2.

EM Calorimeter

The EM calorimeter is a lead Liquid-Argon (LAr) detector with interlacing
layers of lead and stainless steel. Lead has a short radiation length which
means electrons or photons moving through the calorimeter will shower and
create a large number of photons within short distances. The Argon will

18



3.2. ATLAS - A Toroidal LHC Apparatus

Figure 3.6: View of the ATLAS calorimeter system.

be ionised by the secondary electrons in the narrow gaps. An electric field
results in the electrons drifting in the liquid-gaps and being readout by
copper electrodes. The charged particles which generate the ionization can
be direct products of the hard scatter interaction, the result of conversion
(in the case of photons), or from showers originating in the absorbers. The
ionization signal is then shaped by electronics which induce a bipolar pulse
of integral zero. This shaping is designed to cancel the effect of a constant
energy injection into the calorimeter and therefore corrects for the high-
luminosity LHC environment and multiple interactions in an average sense.

Hadronic Calorimeter

The hadronic calorimeter is located just behind the EM calorimeter. It
measures the hadronic showers that develop from the interactions of the
particles with the nuclei of the calorimeters material. Such particles are
mainly the result of the hadronization of quark and gluons, or of the hadronic
decay of τ leptons.

The energy deposited by hadrons in the hadronic calorimeter varies
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much, unlike the electromagnetic showers that have constant shower en-
ergy to particle energy ratio. The size of hadronic showers depends linearly
on the interaction length λ of the material which is longer than the radiation
length.

Detector component Energy resolution (σE/E) η coverage

EM calorimetry 10%/
√
E ⊕ 0.7% ±3.2

Hadronic calorimetry
Barrel & End-Cap 50%/

√
E ⊕ 3% ±3.2

Forward 100%/
√
E ⊕ 3.1% ±4.9

Table 3.2: Nominal detector performance limits and coverage for the calori-
metric system [1].

Tile Calorimeter

The tile hadronic calorimeter consists of a central barrel section covering the
region |η| < 1.0 and two extended barrel sections for coverage of the region
0.8 < |η| < 1.7. These sections consist of 64 modular wedges. The wedges
use 3 mm-thick plastic scintillator tile as the active medium surrounded by
approximately 5 mm of steel absorber. Signals are transmitted from the
scintillating tiles to photomultiplier tubes (PMTs) via wavelength-shifting
fibers. [1] The tile calorimeter has 4,672 read-out channels and a test beam
energy resolution for isolated pions of 56% GeV1/2 /

√
E⊕5.5% at η = 0.35.

3.2.4 Muon Spectrometer

The Muon Spectrometer is the last sub-detector that a particle may travel
through in ATLAS as it is the outermost part of the detector.

The muon system is used for high precision tracking of muons and for
triggering on them. For this reason, the magnetic field from the toroid
bend the muons, so their momentum and charge can be identified since
most tracks in the muon detectors can be considered muons, as few other
particles make it to this stage. The detector is composed of two types of
muon detectors in three layers. The Monitored Drift Tubes (MDTs) and
the Cathode Strip Chambers (CSC). The trajectory is measured using the
trigger and high-precision tracking chambers. The main detection instru-
ment are the Monitored Drift Tubes. Each wire in the drift tubes filled
with gas is isolated and detects a hit when the gas is ionized by a muon.
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Figure 3.7: Cut-away view of the ATLAS muon system.

The voltage applied between the wire and the tube will move the electrons
towards the anode creating large number of charges. The particle’s distance
from the wire is calculated by measuring the arrival time of the first cluster
that passes a certain threshold.

The other technology employed for track detection are CSCs. They are
used at large η. The CSCs are constructed from multi-wire proportional
chambers filled with an Ar(80%) and CO2(20%) gas mixture [1]. The detec-
tion principle is the same as in the MDTs with ionization of the gas creating
an avalanche of electrons to the anode wire.

Concerning the triggering function of the muon system, it covers the
pseudorapidity range |η| < 2.4. Resistive Plate Chambers (RPC) are used in
the barrel and Thin Gap Chambers (TGC) in the end-cap regions. The trig-
ger chambers provide bunch-crossing identification and measure the muons
coordinate in the direction orthogonal to that determined by the MDT and
CSC. The efficiency of the muon spectrometer relies heavily on an accurate
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mapping of the relative position of the MDT chambers and of the magnetic
field. The typical signals left in the ATLAS detector for different particles
is drawn in Figure 3.8.

Detector component Chamber Resolution Chamber Resolution
z/R φ

MDT 35 µm in z N/A
CSC 60 µm in R 5 mm

RPC 10 mm in z 10 mm

TGC 2-6 mm in R 3-7 mm

Table 3.3: Nominal detector performance limits and coverage for the muon
system [1].

3.2.5 Forward Detectors

Luminosity measurement using Cerenkov Integrating Detector (LUCID) and
Absolute Luminosity For ATLAS (ALFA) are the two detectors measuring
the instantaneous luminosity delivered to ATLAS. LUCID is located at 17 m
from the interaction point and identifies the relative luminosity through the
detection of inelastic pp scattering in the forward direction. ALFA is located
further away at 240 m and is as close as 1 mm to the beam [1]. In ALFA
the optical theorem connects the elastic-scattering amplitude in the forward
direction to the total cross-section and can be used to extract luminosity.

3.2.6 Trigger

At designed luminosity there are over 40 million collisions per second and
an event is of the order of one megabyte (MB) in size, it is impossible to
record the information about all collision events. Without any filtering the
total amount of data from the ATLAS experiment alone would be in sizes of
terabytes each second, currently an impossible task. But on the other hand
interesting physics occurs mostly at rates of 10, 1 or <0.1 Hz and therefore
we are interested in a small fraction of the produced events. The challenge is
to quickly identify these events and discard the others. This is done through
three levels of trigger: Level-1 (L1), Level-2 (L2) and Event Filter (EF).
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Figure 3.8: The signal from various particles as seen in the ATLAS detector.

The Level-1 Trigger

The L1 is a configurable, pure-hardware trigger designed to make a deci-
sion on each event. It operates at the input rate of the bunch-crossing
(40 MHz) and reduces it down to 75 kHz. It makes an initial decision based
on timing from an electrostatic beam pickup (BPTX), coarse detector infor-
mation from muon trigger chambers and towers of calorimeter cells, together
with multiplicity information from the Minimum Bias Trigger Scintillators
(MBTS) and very forward detectors. The maximum time that the L1 has to
make a decision is only 2.5 µs from the time of its associated bunch-crossing.

The Level-2 Trigger

L2 triggers make a decision in less than 40 ms and have an output at a
rate of 3.5 kHz. It uses the regions of interest (RoIs) identified by the L1
trigger to make a more refined decision. L2 is a software-based trigger which
runs more thorough algorithms on the RoIs as there is more time to decide
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whether the event in question is interesting [1].

The Event Filter

The final trigger decision is made by the event filter where reconstruction
algorithms are run to find particles in the complete detector or just the RoIs.
Here EF makes a decision in less than four seconds and gives an output at
a rate of 200–400 Hz [1].

3.3 Experimental Signatures

3.3.1 Electrons

Electron reconstruction is first based on the identification of a set of energy
clusters in the EM calorimeter where a sliding window algorithm identifies
clusters of cells with a size of 3×5 and with at least 2.5 GeV of deposited en-
ergy (seed clusters). Both the Inner Detector (ID) and the Electromagnetic
(EM) calorimeter are used for electron detection.

In each reconstructed cluster, the reconstruction algorithm looks for a
matching track in the ID. An electron should leave a track in the ID. Mul-
tiple tracks may be matched to the seed cluster, in this case the one with
the smallest distance in ∆R is selected as the best-matched candidate. This
requirement is not sufficient in itself to ensure that the signature was caused
by an electron. It is very likely that the reconstruction algorithms provide
electron candidates which should be accounted as background instead, e.g.
converted photons or jets (faking electrons). In order to be able to distin-
guish between real and fake electrons, there are a number of cuts that are
applied on the candidate electron listed here:

• the energy in the Had Calorimeter inside the electron cone,

• the track transverse impact parameter d02,

• the track longitudinal impact parameter z03,

• the shape of the electromagnetic shower,

• the number of hits in the different layers of the ID,

2
distance in the transverse plane (x, y) between the point of the closest approach of a

track to the primary vertex.
3
z-coordinate of this point.
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• the difference between the calorimeter cluster and the extrapolated
track positions in η and φ,

• and the ratio of the cluster energy to the track momentum.

Three sets of identification criteria are established which define the fol-
lowing electron collections:

• Loose electrons: are identified using calorimeter information only. The
energy deposition of the electromagnetic shower on the first layer of
the hadronic calorimeter (hadronic leakage) is evaluated as well as the
shower-shape from the second layer of the EM calorimeter.

• Medium electrons: are identified using both calorimeter and tracking
information. In addition to selection cuts for “loose” candidates, the
first layer of the calorimeter for shower-shape estimates are used along
with ID track quality and matching criteria.

– medium++: was created to provide a low energy, high efficiency
electron sample which met the trigger bandwidth restrictions for
high luminosity[19].

• Tight electrons: has the same calorimeter cuts as the “medium” elec-
trons with a tighter requirement for track matching and quality cuts.
A number of hits on the Pixel B-Layer and the TRT sub-detectors are
also required. In addition, electrons that are matched to converted
photons are also rejected.

3.3.2 Muons

Muon reconstruction relies mainly on the muon spectrometer, ID and the
calorimeters. The first piece of data used is the existence of a track in the
bending plane of a muon station. The tracks are required to be consistent
with a particle that is coming from the center of the detector. There needs to
be more than one segment candidate that are joined together to reconstruct
a muon track. From the curvature of the track the momentum of the muon
is calculated. The following identification strategies are used to classify the
muon candidates:

• Standalone muons (SA): are reconstructed using only MS informa-
tion. Their track is extrapolated to the beam line for identifying the
trajectory and impact parameter.
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• Combined muons (CB): are formed by combining the calculated tracks
from the MS and the ID independently.

• Segment-tagged (ST) muons: are ID-reconstructed muons where the
track is extrapolated to the MS and then matched with straight-track
segments.

• Calorimeter-tagged (CT) muons: are ID-reconstructed muons that are
extrapolated to the calorimeters.

There are two different algorithms used in ATLAS to reconstruct the muons:
STACO, MuId. They both create combined tracks out of pairs of MS-only
and ID-only tracks.

• STACO uses a statistical combination of the track vectors to obtain
the combined track vector,

• MuId does a re-fitting in the combined track, starting from the ID
track and then adding MS measurements.

3.3.3 Jets

The proton collisions result in large production of quarks and gluons which
either come from the hard scattering or from the initial and final state
radiation. Subsequently they hadronize into a stream of particles, which
can simply be seen as a jet.

Other types of particles e.g. electrons could be misidentified as a jet
as well as being identified as an electron. Looking at the η, φ distribution
of objects can tell us if we are misidentifying them since each object has a
unique set of variables.

Jet clustering algorithms are the most important tools in analysing high-
energy partons that fragment and emerge as collimated sprays of hadrons.

Jet Algorithms

The mapping from partons to jets is quite complex and it depends mainly
on the jet algorithm that is used. In ATLAS and in this analysis the anti-
kT Algorithm [20] has been used. It is a kT algorithm with negative power
in the distance measurement between two objects or between an object and
the beam B. The anti-kT jet algorithm is defined using:

dij = min(k2pT i, k
2p
Tj)

∆2
ij

R2
, (3.5)
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diB = k
2p
T i, (3.6)

where ∆2
ij = (yi−yj)2+(φi−φj)2. kT i is the PT (transverse momentum) of

object i, ∆ij refers to the η− φ distance of two objects i and j, R indicates
the jet’s size and the parameter p is the power of the energy scale. In
practice, dij is the distance variable between entities (particles, proto-jets)
i and j and diB between entity i and the beam (B).

The algorithm identifies and starts from the smallest of all possible dis-
tances dij between all objects in an event. If dij is smaller than diB the
objects i and j are combined and their four-momenta are added. Otherwise
if diB < dij , i is considered as a single jet and it is removed from the list of
objects. The distances are recalculated and the above procedure is repeated
until no entities are left.

The choice of the ∆ parameter depends entirely on the analysis, eg. the
typical default values used in ATLAS are ∆ = 0.4 and ∆ = 0.6. For exam-
ple in top quark pair events a smaller cone size is more suitable, therefore
∆ = 0.4 has been chosen.

Jet Calibration

After the clustering of the objects into jets, in order to reconstruct the energy
of the jets, they need to be calibrated. Jets are reconstructed using standard
topological clusters and calibrated with the local cluster calibration, “LC”,
which consists of weighting differently the energy deposits arising from EM
showers and hadronic showers. MC simulation is used to optimise the cor-
rections applied to the topoclusters. The final jet energy calibration uses
the jet energy scale (JES) which corrects the calorimeter response to the
true jet energy. It corresponds to the LCW+JES calibration.

3.3.4 Flavor-Tagging

Top quarks decay predominantly into a W boson and a b-quark. Therefore
being able to tag the jets that come from b-quarks helps significantly in the
tt̄Z signal selection and eventually increases the signal to background ratio.
This type of identification is called flavor-tagging or b-tagging if the desired
candidates are b-quarks. There are multiple b-tagging algorithms available.
For this analysis, an algorithm called MV1 [21] was used.
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3.3.5 Missing Transverse Energy - Emiss
T

In tt̄Z decays a large part of the event’s energy is carried away by the neu-
trino. We can not directly measure this energy since neutrinos do not leave
a trace on any of the detectors components. By using the momentum con-
servation principle and balancing the contribution of the other objects in the
event, it is however possible to reconstruct the energy corresponding to all
non-interacting particles in an event. This “missing” energy or momentum,
will correspond to the vector sum of the momenta of all non-interacting
particles. This is not possible in the longitudinal direction where the ex-
act initial momentum of the interacting partons is not known. Instead, the
transverse (x - y) plane is used as it can be assumed that in this direc-
tion the partons momentum is zero, hence the missing transverse energy is
calculated. Emiss

T is then given by:

E
miss
T =

�
Emiss2

x + Emiss2
y . (3.7)

E
miss
T , is calculated from calibrated electrons, muons and jets and the

topological clusters falling outside of these objects. The definition used in
this analysis is called Egamma10NoTau-RefFinal-STVF, and is defined as:

E
miss
(x,y) = E

e
(x,y) + E

γ
(x,y) + E

jets
(x,y) + E

cl
(x,y) + E

µ
(x,y). (3.8)

The electron term (Ee
(x,y)) is calculated using electrons passing the

medium++ electron selection and with ET > 10 GeV. The photon term
(Eγ

(x,y)) is calculated using photons passing the tight electron selection (using

Egamma definition) and with ET > 10 GeV. The jet term (Ejets
(x,y)) is calcu-

lated using jets with local (x,y) calibration applied, corrected for pileup using
the jet vertex fraction, and with pT > 20 GeV [22]. Any remaining topoclus-
ters not associated with electrons, photons or jets with pT > 20 GeV are
used to calculate the soft jet term with local calibration. These are com-
bined with remaining low energy calorimeter deposits (with local calibration
and energy flow), together with pileup suppression to form the corrected cell
out term (Ecl

(x,y)). The muon term (Eµ
(x,y)) is calculated using all STACO

muons passing the selections given in Chapter 4.
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Chapter 4

Reconstruction and Selection
of tt̄Z

4.1 Data and Monte Carlo Samples

The data sample considered for analysis corresponds to a total integrated
luminosity of 13.0 fb−1. ATLAS data is divided into runs, which in turn are
divided into two-minute sections called luminosity blocks. Each luminosity
block is capable of having its own set of data-quality flags. Unstable beams
(where much of the detector remains off to protect it from damage), noisy
channels, and other detector issues are logged and the affected luminosity
blocks are not used for analysis.

Several MC generators are used in this analysis. A brief description of
each generator is given below. Fragmentation and hadronisation for the
ALPGEN [23] and MC@NLO [24] samples are performed with HERWIG
[25], using JIMMY [26] for the underlying event. In case of the MADGRAPH
[27] samples, PYTHIA [28] is used for the shower. All MC@NLO, SHERPA
and Powheg MC samples are generated using the next-to-leading order PDF
set CT10, while the ALPGEN and MADGRAPH samples are generated
using the PDF set CTEQ6L1.

PYTHIA and HERWIG: Both of these general purpose generators con-
tain a large number of built-in processes which are generated at the lowest
QCD order, therefore they are at fixed leading-order.

ALPGEN: The ALPGEN generator is a leading-order matrix element
generator specialized for multi-parton final states. In contrast to PYTHIA
and HERWIG, it provides a more accurate description by using perturbation
theory on all the relevant tree-level Feynman diagrams with a fixed number
of outgoing partons.

JIMMY: It will allow you to generate multiple parton scattering events
in hadron-hadron, photon-photon or photon-hadron events.

MADGRAPH: Allows matrix element generation and event generation
for any model that can be written as a Lagrangian, using the output of the
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4.2. Selection

FeynRules Feynman rule calculator.
SHERPA: Similarly to ALPGEN it provides a more accurate description

of multi-parton final states based on matrix element calculation. However,
it can also handle internally the rest of the processes without needing to
couple with an external package.

MC@NLO and POWHEG: Primarily used for the production of top
quark events. Differences between MC@NLO and POWHEG are due to the
treatment of higher orders.

4.2 Selection

The analysis presented in this thesis focuses on tt̄Z events with three leptons
in the final state, resulting from decays of type tt̄(→ qq̄

�
bb̄lν)Z(→ ll), where

l denotes e, µ, or a τ decaying into e or µ.

4.2.1 Object Selection

Electrons

Electrons are identified using the medium++ selection [19], based on infor-
mation about the shower shape in the EM calorimeter, energy leakage into
the hadronic calorimeters and the property of the track and the track-cluster
matching. Additional selection cuts are then applied:

• Transverse energy ET > 10 GeV. The electron energy in Monte Carlo is
smeared to reproduce the resolution observed in data (as recommended
by the EGamma Working Group [29]).

• Cluster pseudorapidity |ηcl| < 2.47.

• Only electrons reconstructed by the egamma-algorithm optimised for
high pT electrons are accepted.

• Electrons which pass regions in the electromagnetic calorimeter where
the signal can not be read due to dead optical transmitters or calorime-
ter problems are discarded.

• An isolation requirement defined as pT cone30/ET <0.16 where pT cone30
is the transverse momentum of all other tracks pT > 1 GeV within a
cone ∆R =

�
(∆η)2 + (∆φ)2 ≤ 0.3 around the electron track and ET

is the electron transverse energy [30].
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• An isolation requirement defined as eT cone30corrected/ET < 0.18, where
eT cone30corrected = eT cone30−A×Nvtx and A = 20.15 MeV (17.94 MeV)
in data (MC simulation), Nvtx is the number of vertices with at least 5
tracks, and eT cone30 is the pT and energy-density corrected isolation.

• d0 significance (|d0|/σ(d0)) less than 5.

• |z0 sin θ| less than 0.4 mm.

• The egamma tight++ requirement [19].

Muons

Muons are reconstructed using the STACO (STAtistical COmbination) algo-
rithm combining a reconstructed muon spectrometer track with a matched
inner detector track (combined muons) or an inner-detector seeded identi-
fication (segment-tagged muons) [31]. Both combined and segment tagged
muons are used and the pT of the MS and ID tracks in MC are smeared
before recombining to match the resolution observed in data. Muons of
“loose” quality are selected. Additional cuts are then applied:

• Transverse momentum pT > 10 GeV. The muon pT is shifted and
smeared in MC to better reproduce the resolution in data (as recom-
mended by the Muon Combined Performance Group [32][33].

• Pseudorapidity |η| < 2.40.

• The track must have at least one b-layer hit (if expected).

• The track must have more than 1 pixel hit and at least 6 SCT hits.

• The track must have less than 3 holes in the pixel and SCT.

• The track must satisfy the following TRT requirements:

– (0.1< |η| <1.9): require n > 5 and n
outliers
TRT < 0.9× n.

– (|η| < 0.1 or |η| > 1.9): if n > 5, require n
outliers
TRT < 0.9× n.

where n = n
hits
TRT + n

outliers
TRT .

• An isolation requirement defined as pT cone30corrected/pT <0.12, where
pT cone30corrected = pT cone30−A×Nvtx and A = 10.98 MeV (6.27 MeV)
in data (MC simulation).

• d0 significance (|d0|/σ(d0)) less than 3.

• |z0 sin θ| less than 1 mm.
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Overlap Removal

If two electrons are identified within ∆Re1,e2 < 0.1, the lowest energy elec-
tron is discarded. Electrons are reconstructed both by the electron and jet
reconstruction algorithms. Therefore, if an electron and a jet passing the
object selection criteria are closer than ∆R = 0.2, then the electron is kept
while the jet is discarded.

Jets may contain leptons from semileptonic b or c decays. While these
are in general rejected by the isolation requirement, there still remains a con-
siderable contribution of leptons, mainly muons, which are isolated within
a narrow cone of ∆R = 0.2 and at the same time close to the jet axis. Af-
ter applying the electron-jet overlap removal, all leptons are required to be
separated by more than ∆R = 0.4 from the closest jet.

Muons undergoing bremsstrahlung in the detector can often be recon-
structed with an overlapping electron that is the result of a misidentified
photon. In these cases, both the muon and the electron are badly recon-
structed. To reject the above mentioned muons, electrons and muons (after
applying electron-jet and lepton-jet overlap removal) found to overlap within
∆R = 0.1 are both discarded.

Jets

Acceptance cuts applied to the jets are:

• pT > 20 GeV

• |η| < 4.5

After overlap removal, “signal” jets are required to satisfy pT > 20 GeV,
|η| < 2.5, and JVF> 0.5, where JVF is the fraction of the jets track momenta
that can be associated with the primary vertex.

Signal jets are classified as b-jet candidates by the MV1 algorithm if
the jet |η| < 2.5 and MV1 > 0.985; this operating point corresponds to an
average b-tagging efficiency of ∼ 60% [21].

4.2.2 Trigger Selection

Events in data need to have passed a logical OR of the triggers summarized
in Table 4.1. Which triggers can be used depends on the subchannel, eee,
eeµ, eµµ and µµµ. The selection given in the table is the offline threshold
ensuring that the signal leptons per event are in the plateau region of the
trigger efficiency.

32



4.2. Selection

Periods A-E of the 2012 ATLAS collisions data were analysed. The data
sample considered for analysis corresponds to a total integrated luminosity
of 13.0 fb−1

Trigger Detail offline threshold [GeV]

Double e EF-2e12Tvh-loose1 14,14
EF-e24vh-medium1-e7-medium1 25,10

Double µ EF-2mu13 14,14
EF-mu18-tight-mu8-EFFS 18,8

Combined eµ EF-e12Tvh-medium1mu8 14,8
EF-mu18-tight-e7medium1 18, 10

Table 4.1: The triggers used per data period.

Based on the available triggers listed in Table 4.1, events are selected in
data. In MC the trigger simulation of Table 4.1 was used.

4.2.3 Event Cleaning

Events are required to satisfy a number of quality cuts:

• Events with jets potentially originating from instrumental effects are
rejected. These jets are all “loose bad”4 jets with ET > 20 GeV and
any η, surviving the overlap removal with electrons. This clean up is
performed in data and in MC.

• Events with noise bursts and data integrity errors in the LAr calorime-
ter are removed.

• The leading primary vertex must have five or more tracks.

• Events are discarded if there is a muon surviving overlap removal with
a longitudinal impact parameter |z0| > 1 mm or a transverse impact
parameter |d0| > 0.2 mm. This selection is designed to suppress po-
tential cosmic background.

4.2.4 Event Selection

The tt̄Z process was produced in two separate samples, one with zero ad-
ditional parton tt̄Z with a cross section of 67.7 fb and another with one

4
Bad jets are jets not associated to real energy deposits in the calorimeters, and loose

jets refer to 60% b-tagging efficiency.
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additional parton tt̄Zj with a cross section of 87.3 fb. The signal MC sim-
ulated events must both be combined for analysis with a generated cross
section of σ= 155.0 fb at the Leading order with k-factor σNLO/σLO= 1.34
[15] [16].

The final state of tt̄Z events used in this analysis is characterised by the
presence of three leptons, four jets, two of which originate from b-quarks,
and a neutrino escaping the detector.

Selected events are required to have precisely three leptons where two
of the leptons are from Z → ll and the additional lepton is when W in
t → bW decays leptonically (W → lν). Furthermore, in order to ensure
that the event is consistent with the presence of a semi-leptonic tt̄ pair
(tt̄ → bb̄WW → qq

�
bb̄lν), the event is required to contain four jets

with pT > 20 GeV and missing transverse momentum E
miss
T > 25 GeV

corresponding to neutrinos. Additionally at least one pair of leptons with
same flavour and opposite-sign charges (SFOS) is required since Z → e

+
e
−

or Z → µ
+
µ
− 5. Moreover, at least one such pair is required to satisfy the

Z mass window constraint, |ml+l− −mZ | < 10 GeV, with mZ = 91.2 GeV.
In case there are multiple such pairs, the one whose invariant mass is closest
to mZ is taken to contain the lepton pair coming from the Z boson in what
follows.

The signal region, denoted SR, requires at least one of the selected jets
to be b-tagged by the MV1 algorithm at 60% efficiency.

Figures 4.1–4.8 show various distributions of interest for the signal re-
gion. There is good agreement between data and MC.

4.2.5 Optimization

The event selections above were optimised by maximizing the approximate
significance ZN :

ZN =
√
2erf−1(1− 2p) (4.1)

where p indicates the p-value. Conservative uncertainties of 30% on the
background are included in the ZN significance where quoted.

5
In the case of Z → τ+τ−

we only consider τ → eν or τ → µν. Hadronic decay of τ is

not included in the signal region.
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Figure 4.1: SR leading lepton PT . Errors shown are only statistical.

[GeV]
T

Subleading Lepton p
0 50 100 150 200 250 300 350 400 450 500

E
v
e
n

ts

-3
10

-210

-110

1

10

210

3
10

410
DATA: 13.00+-3.61

Total SM: 11.37+-0.65

Z: 7.32+-0.20tt

WZ: 3.17+-0.48

: 0.47+-0.33tt

ZZ: 0.26+-0.18

W: 0.14+-0.03tt

 = 8 TeVS     
-1

 L dt =  13.02 fb∫

D
a
ta

/M
C

0

1

2

3

Figure 4.2: SR subLeading lepton PT . Errors shown are only statistical.
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Figure 4.3: SR third leading lepton PT . Errors shown are only statistical.
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T . Errors shown are only statistical.
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Figure 4.5: SR leading jet PT . Errors shown are only statistical.
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Figure 4.6: SR subleading jet PT . Errors shown are only statistical.
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Figure 4.7: SR third leading jet PT . Errors shown are only statistical.
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Figure 4.8: SR fourth leading jet PT . Errors shown are only statistical.
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4.3. Backgrounds

4.3 Backgrounds

Several SM processes can mimic the tt̄Z (MadGraph generator) signal with
three leptons and missing transverse energy. The number of signal and
background events after each cut is listed in Table 4.4. They are separated
into Dibosons, Tops and Boson + jets:

4.3.1 Dibosons

The main diboson backgrounds are WZ and ZZ processes. In the ZZ

process we have ZZ → llll with one undetected lepton or ZZ → llνν with
one fake lepton. In the WZ case we have WZ → lllν where a Z decays
leptonically and W → lν.

The pp → llll, pp → lllν and pp → llνν diboson processes with up to
three additional jets were generated with SHERPA. At least two leptons
were required to have pT > 5 GeV and |η| < 2.7 and the minimum invariant
mass of same flavor opposite charge leptons was set to 0.2 GeV. Further
ZZ/γ

∗, WZ/γ
∗ diboson processes were generated with Powheg for system-

atics studies. In these samples, leptonic decays are enforced and a filter was
applied to select events with a generator level mass of the off-shell Z larger
than 0–4 GeV and two leptons with pT > 5 GeV. The results of the cross
sections and the corresponding k-factors6 are presented in Table 4.3.

4.3.2 Top

The tt̄ process where tt̄ → bb̄lνlν with a fake lepton could also be a back-
ground to our signal.

The pair-production of top quarks was generated with Powheg and single
top production with MC@NLO and AcerMC, using a top quark mass of
172.5 GeV; k-factors are applied to determine the approximate NNLO cross-
section when applicable.

4.3.3 Boson + Jets

Z/γ
∗ + jets processes where Z/γ

∗ → ll + jets with a fake lepton are also
potential background to the tt̄Z signal.

Samples of W and Z/γ∗ production in association with up to five light/heavy
jets are produced with Sherpa. In this case, heavy jets refers to b and c
quarks.

6σNLO/σLO

39
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Process σ [pb] k-factor filter efficiency

ZZ (4e) Powheg 0.08 1 0.91
ZZ (2e2µ) Powheg 0.18 1 0.83
ZZ (2e2τ) Powheg 0.18 1 0.58
ZZ (4µ) Powheg 0.08 1 0.91
ZZ (2µ2τ) Powheg 0.18 1 0.59
ZZ (4τ) Powheg 0.08 1 0.11
WZ (e−ν̄ee+e−) Powheg 1.41 1 0.29
WZ (e−ν̄eµ+

µ
−) Powheg 0.94 1 0.35

WZ (e−ν̄eτ+τ−) Powheg 0.17 1 0.17
WZ (µ−

ν̄µe
+
e
−) Powheg 1.40 1 0.29

WZ (µ−
ν̄µµ

+
µ
−) Powheg 0.95 1 0.35

WZ (µ−
ν̄µτ

+
τ
−) Powheg 0.17 1 0.17

WZ (τ−ν̄τe+e−) Powheg 1.40 1 0.14
WZ (τ−ν̄τµ+

µ
−) Powheg 0.94 1 0.18

WZ (τ−ν̄ττ+τ−) Powheg 0.17 1 0.06
WZ (e+νee+e−) Powheg 0.98 1 0.30
WZ (e+νeµ+

µ
−) Powheg 0.64 1 0.35

WZ (e+νeτ+τ−) Powheg 0.11 1 0.16
WZ (µ+

νµe
+
e
−) Powheg 0.94 1 0.30

WZ (µ+
νµµ

+
µ
−) Powheg 0.65 1 0.35

WZ (µ+
νµτ

+
τ
−) Powheg 0.11 1 0.16

WZ (µ+
ντe

+
e
−) Powheg 0.94 1 0.15

WZ (τ+ντµ+
µ
−) Powheg 0.64 1 0.19

WZ (τ+νττ+τ−) Powheg 0.11 1 0.06

Table 4.2: Samples used for systematics studies. Filters include lepton num-
ber, pT , and η cuts to reduce computation time.
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Process σ [pb] k-factor filter efficiency

ZZ (4l) Sherpa 8.74 1.11 1
ZW (3l) Sherpa 9.75 1.06 1
ZZ (2l2ν) Sherpa 0.50 1.14 1
WW (2l2ν) Sherpa 5.50 1.07 1
Wγ(eν) Sherpa 163.11 1 1
W γ(µν) Sherpa 162.74 1 1
W γ(τν) Sherpa 162.00 1 1
Zγ(ee) Sherpa 32.26 1 1
Zγ(µµ) Sherpa 32.32 1 1
Zγ(ττ) Sherpa 32.33 1 1
tt̄W MadGraph 0.10 1.18 1
tt̄W + jet MadGraph 0.09 1.18 1
tt̄WW MadGraph 9.19 ×10−4 1.34 1
tt not all-hadronic Powheg 238.06 1 0.54
Wt MC@NLO 20.66 1.08 1
t-channel eν AcerMC 8.60 1.10 1
t-channel µν AcerMC 8.60 1.1 1
t-channel τν AcerMC 8.60 1.1 1
s-channel eν MC@NLO 0.56 1.07 1
s-channel µν MC@NLO 0.56 1.07 1
s-channel τν MC@NLO 0.56 1.07 1
Z → e

+
e
− Sherpa 1207.90 1 1

Z → µ
+
µ
− Sherpa 1207.80 1 1

Z → τ
+
τ
− Sherpa 1207.10 1 1

W → eν Sherpa 11878.00 1 1
W → µν Sherpa 11879.00 1 1
W → τν Sherpa 11872.00 1 1

Table 4.3: The background MC samples used for this analyses. Filters
include lepton number, pT , and η cuts to reduce computation time.
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jets pT > 20
Selection ==3l SFOS > 4j E

miss
T > 25 GeV p

1
T > 30 GeV |ml+l− −mZ | < 10 GeV

tt̄+ Z 23.0 ± 0.4 22.3 ± 0.3 12.5 ± 0.3 11.2 ± 0.3 11.2 ± 0.3 10.2 ± 0.2
tt̄+W 10.91 ± 0.25 8.09 ± 0.22 1.44 ± 0.09 1.34 ± 0.09 1.34 ± 0.09 0.19 ± 0.03
ZZ 1028.15 ±10.56 1023.62 ± 10.54 7.76 ± 0.97 4.73 ± 0.77 4.73 ± 0.77 2.43 ± 0.53
WZ 1545.30 ± 10.96 1535.82 ± 10.93 32.81 ± 1.59 27.88 ± 1.46 27.48 ± 1.45 22.02 ± 1.29
tt̄ 160.33 ± 5.43 120.64± 4.71 15.80 ± 1.73 13.91 ± 1.61 13.91 ± 1.61 2.13 ± 0.69
t 10.92 ± 1.70 7.29 ± 1.35 0.55 ± 0.39 0.31 ± 0.31 0.31 ± 0.31 0

WW 4.00 ± 0.40 3.34± 0.37 0.02 ± 0.02 0.02 ± 0.02 0.02 ± 0.02 0
Z + jets 2364.20 ± 102.74 2357.28± 102.66 17.82 ± 5.93 6.21 ± 2.92 6.21 ± 2.92 5.19 ± 2.80

Background 5123.99 ± 104.02 5056.20 ± 103.89 76.26 ± 7.61 54.44 ± 3.73 54.04 ± 3.73 31.96 ± 3.20
MC Total 5146.99 ± 104.0 5078.5 ± 103.9 88.76 ± 7.61 65.64 ± 3.74 65.24 ± 3.74 42.16 ± 3.21

Data 4899.00 ± 69.99 4818.00 ± 69.41 92.70 ± 7.1 71.00 ± 8.43 71.00 ± 8.43 45.00 ± 6.71
ZN 0.014 0.013 0.44 0.51 0.53 0.74

Selection select b p
3
T > 15 GeV

tt̄+ Z 8.1 ± 0.2 7.3 ± 0.2
tt̄+W 0.16 ± 0.03 0.14 ± 0.03
ZZ 0.33 ± 0.19 0.26 ± 0.18
WZ 3.43 ± 0.50 3.17 ± 0.48
tt̄ 1.16 ± 0.51 0.47 ± 0.33

Z + jets 0.48 ± 0.48 0

Background 5.57 ± 0.89 4.05 ± 0.62
MC Total 13.67 ± 0.91 11.37 ± 0.65

Data 15.00 ± 3.87 13.00 ± 3.61
ZN 2.11 2.32

Table 4.4: Cut C0 includes cosmic veto, dilepton trigger and jet/lepton quality requirements. Only events with
three leptons in the final state, resulting from decays of type tt̄(→ qq̄

�
bb̄lν)Z( → ll), where l denotes e, µ, or a τ

decaying into e or µ are considered. Errors shown are only statistical.
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4.4 Control Regions

To validate the background modelling, the total background is estimated
in dedicated Control regions and the obtained results are compared to the
observed data. Since very few events in data and simulation pass the full
event selection, it is useful to consider control regions with somewhat looser
cuts to verify that the SM background processes that may have three real
leptons in the final state are correctly modelled by simulation.

4.4.1 WZ + Jets Control Region

Control regions CRk (with k = 3, 4) require events to contain three leptons,
two of which must form an SFOS pair. At least one such pair is required
to satisfy the Z mass window constrain, E

miss
T >25 GeV, and exactly k

jets with pT >20 GeV. On the other hand, the SR requires one of the jets
to be b-tagged and selects events with four or more jets. These control
regions are dominated by the WZ + jets process. Figures 4.9–4.18 show
various distributions of interest for control regions CR3, CR4. There is
good agreement between data and MC

4.4.2 Z + Jets Control Region

Z + jets events with a fake lepton are expected to have low missing transverse
energy . Therefore two Z + jets control regions called ZCR1/2 are considered
similar to the WZ + jets control regions without requiring any missing
transverse energy cut . The jet requirements are also dropped for the Z
+ jets control region, in order to enhance statistics. In addition, 1 b-tagged
jets may be required, corresponding to control regions ZCR2. Figures 4.19–
4.30 show various distributions of interest for control regions ZCR1, ZCR2.
There is good agreement between data and MC.
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Figure 4.9: CR3 leading lepton PT . Errors shown are only statistical.
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Figure 4.10: CR3 lepton P
2
T . Errors shown are only statistical.
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Figure 4.11: CR3 lepton P
3
T . Errors shown are only statistical.
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Figure 4.12: CR3 E
miss
T . Errors shown are only statistical.
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4.4. Control Regions
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Figure 4.13: CR3 leading jet PT . Errors shown are only statistical.
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4.4. Control Regions
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Figure 4.14: CR4 leading lepton PT . Errors shown are only statistical.
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Figure 4.15: CR4 lepton P
2
T . Errors shown are only statistical.
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4.4. Control Regions
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Figure 4.16: CR4 lepton P
3
T . Errors shown are only statistical.
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Figure 4.17: CR4 E
miss
T . Errors shown are only statistical.
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4.4. Control Regions
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Figure 4.18: CR4 leading jet PT . Errors shown are only statistical.
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4.4. Control Regions
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Figure 4.19: ZCR1 leading lepton PT . Errors shown are only statistical.
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Figure 4.20: ZCR1 lepton P
2
T . Errors shown are only statistical.
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4.4. Control Regions
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Figure 4.21: ZCR1 lepton P
3
T . Errors shown are only statistical.
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Figure 4.22: ZCR1 E
miss
T . Errors shown are only statistical.
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4.4. Control Regions
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Figure 4.23: ZCR1 number of jets. Errors shown are only statistical.
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Figure 4.24: ZCR1 number of b jets. Errors shown are only statistical.
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4.4. Control Regions
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Figure 4.25: ZCR2 leading lepton PT . Errors shown are only statistical.
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Figure 4.26: ZCR2 lepton P
2
T . Errors shown are only statistical.
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4.4. Control Regions
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Figure 4.27: ZCR2 lepton P
3
T . Errors shown are only statistical.
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Figure 4.28: ZCR2 E
miss
T . Errors shown are only statistical.
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4.4. Control Regions
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Figure 4.29: ZCR2 number of jets. Errors shown are only statistical.
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Figure 4.30: ZCR2 number of b jets. Errors shown are only statistical.
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4.5. Systematic Uncertainties

4.5 Systematic Uncertainties

Several sources of systematic uncertainty affect the predicted number of
simulated signal and background events. The impact on the number of ex-
pected events is determined by varying a given systematic between extremes
(± 1σ). Several sources of systematics have been studied and listed below.

4.5.1 Lepton Trigger, Reconstruction and Identification

There are small uncertainties associated with the lepton trigger, reconstruc-
tion and identification efficiencies.

4.5.2 Jet Energy Scale

The uncertainty due to the Jet Energy Scale [34] is evaluated by shifting up
and down the energy of all the jets in the simulated samples by a pT and
η-dependent fraction for jets with 15 GeV< pT < 7 TeV and |η| < 4.5. The
uncertainty is applied to both the relevant objects in the event and to the
corresponding components of the E

miss
T .

4.5.3 Jet Energy Resolution

To determine the uncertainty due to Jet Energy Resolution, the pT of each
jet is smeared according to a Gaussian distribution, with unit mean and a
width given by a pT and η-dependent resolution function [35].

4.5.4 Electron Energy

The Electron Energy Scale and the Electron Energy Resolution are found
using a ET and η-dependant function selecting Z and W events in data and
J/ψ events for low-pT electrons. The uncertainty is applied to both the
relevant objects in the event and to the corresponding components of the
E

miss
T .

4.5.5 Luminosity

The luminosity uncertainty for 2012 data is 3.9%.
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4.5. Systematic Uncertainties

Table 4.5 reports the absolute effect on the numbers of events of SM
background as the uncertainties considered are varied between extremes
(±1σ). In this analysis due to low statistics in Sherpa ZZ samples, diboson
processes were generated with Powheg for systematics studies.

The jet energy resolution and jet energy scale should have a similar effect
on tt̄, tt̄Z and tt̄W samples. Therefore having one of them several times
higher than another is unreasonable. As a result due to higher statistics in
tt̄Z samples, we have used the tt̄Z systematic uncertainty values for tt̄ and
tt̄W samples.
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tt̄Z WZ ZZ tt̄W tt̄

Electron energy scale -1,+0% -0,+0% -0,+0% -0,+0% -0,+0%
Electron energy ratio -0,+0% -0,+0% -0,+0% -0,+0% -0,+0%

Jet energy scale -3,+0% -12,+9% -16,+0% -7,+0% -0,+49%
Jet energy resolution -1,-1% +8,+8% +16,+16% -7,-7% +32,+32%

Trigger -0,+0% -0,+0% -0,+0% -0,+0% -0,+0%
Electron ID/reconstruction efficiency -4,+0% -4,+0% +0,+0% -7,+0% -0,+9%
Muon ID/reconstruction efficiency -1,+0% -2,+0% -0,+0% -0,+0% -0,+0%

Luminosity -4,+4% -4,+4% -4,+4% -4,+4% -4,+4%

Total -6.6,+4.1% -15.6,+12.7% -23.0,+16.5% -12.8,+8.1% -32.2,+59.3%

Table 4.5: The effect of the considered systematics on SM event numbers in the signal region is listed in %.
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Chapter 5

Results

Applying the full event selection, as described in Section 4, a total of 13.0
events is observed in the data, compared to an expected event yield of
11.37 ± 0.65 (stat) +0.59

−0.66 (sys), with an expected background contribution

of 4.05 ± 0.62 (stat) +0.40
−0.49 (sys) events and 7.32 ± 0.20 (stat) +0.30

−0.48 (sys)
signal events. The statistical uncertainties on the MC prediction is due to
limited MC statistics. We see 8.95 ± 0.62 (stat) +0.37

−0.59 (sys) signal events
above background. The tt̄Z production cross section is calculated using:

σ =
Ndata −Nbkg

�MC ×BR× L
(5.1)

where L = 13.02 fb−1 is the integrated luminosity of the analysed dataset
and BR = 0.0244 is the branching ratio of the three lepton decay channel.
�MC = � × A = 0.119 is obtained using the MC samples, where A is the
geometrical acceptance and � is the efficiency of detection. The geometrical
acceptance is defined as the ratio of the number of events having 3 leptons
with PT > 10 GeV, η < 2.47 and jets with PT > 20 GeV, η < 2.47 to the
number of events having only 3 leptons. There are no requirements on the
number of jets, however if there is a jet in an event, it has to pass the PT

and η cuts.
The tt̄Z MC is leading order, but we also estimate the NLO correction.

We scale the number of events given by the LO MC to the NLO cross section
to get a total cross section of 208 ± 21 fb. Scaling the MC cross section by
the ratio of the number of signal events observed to the number of signal
events expected gives σtt̄Z = 254 ± 104 (stat) ± 13 (sys) fb. Interpreting
the excess using the �MC from MC and BR from the Particle Data Group
gives σ = 237 ± 97 (stat) ± 12 (sys) fb.

Uncertainties in the cross sections are correlated, therefore the difference
in σ is significant. This difference is not understood. It is due to a difference
in the number of tt̄Z and tt̄Zj trilepton events at the generation stage from
a calculated value using the trilepton BR. We have not been able to resolve
this difference. A �MC value of 0.111 would account for the difference in the
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Chapter 5. Results

cross section, therefore we include this as a 7% systematic uncertainty on
the �MC .

The uncertainty on the cross section is calculated using

δσ = σ

�
δN

2
data + δN

2
bkg

(Ndata −Nbkg)2
+ (

δL

L
)2 + (

δ�MC

�MC
)2. (5.2)

This uncertainty on the cross section does not include any correlation be-
tween backgrounds or backgrounds and signal.
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Chapter 6

Summary and Conclusion

The first measurement of tt̄Z production cross section to date in final states
with three leptons is performed using 13.0 fb−1 of 8 TeV proton-proton
collision data collected with the ATLAS detector at the LHC. Only final
states with three leptons are considered, in which the Z boson decays to
a pair of leptons and one of the W bosons coming from t → bW decays
gives rise to a lepton after decay. An excess of 8.95 ± 0.62 (stat) +0.37

−0.59 (sys)
events above background is observed with a significance of 3.64 standard
deviations above zero. We have assumed no statistical error on the accep-
tance or efficiency of detection. The measured tt̄Z cross section is σtt̄Z =
254 ± 104 (stat) ± 19 (sys) fb. It is consistent with the NLO predictions
of 208 ± 21 fb [15] [16] within uncertainties.
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