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Abstract

The Large Hadron Collider (LHC) at CERN is the largest particle
accelerator in the world. The world record of

p
s = 8 TeV collision

energy was reached at the LHC in 2012, using proton-proton collisions.
The particles produced in the collisions are detected and analyzed by
di↵erent detectors, of which the ATLAS experiment is the largest. In
the first part of this thesis, the Tile Calorimter in ATLAS is described
and the modelling of electronic noise in it is studied. In the second
part, the measurement of the tt̄Z and tt̄W production cross sections in
ATLAS, using

p
s = 8 TeV data with 20.3 fb�1 integrated luminosity,

is presented. The background only hypothesis for the two processes is
excluded with 2.7� for tt̄Z and with 3.1� for tt̄W . This is one of the
first measurements where these processes have been observed.

Sammanfattning

Partikelacceleratorn Large Hadron Collider (LHC) vid CERN är den
största i världen. Värdsrekordet i kollisionsenergi

p
s = 8 TeV uppn̊ad-

des vid LHC år 2012 med proton-proton kollisioner. Partiklarna som
skapas i kollisionerna detekteras och analyseras i olika experiment vid
LHC, av dessa är ATLAS-experimentet det största. I första delen av
avhandlingen beskrivs Tile-kalorimetern i ATLAS och modelleringen
av elektriskt brus i denna. I andra delen beskrivs mätning av produk-
tionstvärsnittet av tt̄Z och tt̄W i ATLAS med

p
s = 8 TeV data och en

integrerad luminositet p̊a 20.3 fb�1. I mätningen utesluts hypotesen
för enbart bakgrund med 2.7� för tt̄Z och med 3.1� för tt̄W . Detta är
en av de första mätningarna där dessa processer observerats.
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1 Introduction

1.1 Overview

The fundamental constituents of matter and their interactions are described
by the Standard Model of elementary particle physics. The properties of
the elementary particles can be studied at colliders, where the high energies
achieved in the collisions allow heavy unstable particles to form and for
unusual processes to occur. The largest particle accelator in the world is the
Large Hadron Collider (LHC) at CERN. It holds the current world record
of collision energy in the center of mass frame (

p
s) of 8 TeV. An overview

is given of the design and operation of the ATLAS experiment, where data
from collisions in LHC is collected and analyzed. The Tile subdetector and
the modelling of the electronic noise within in are treated in some detail.
The other topic of this thesis is the measurement of the production cross
section for tt̄Z and tt̄W in ATLAS, using trilepton and same sign dimuon
final states. The prediction of the Standard Model for these processes is
tested. The measurement is performed using data collected by ATLAS atp
s = 8 TeV and an integrated luminosity of

R
Ldt = 20.3 fb�1.

A brief theoretical background is provided in Sec. 2, with an overview
of the Standard Model. In Sec. 3, the experimental context with the Large
Hadron Collider and the ATLAS experiment is described. An overview of
the reconstruction of physics objects from ATLAS data is given in Sec. 4.
The study of the modelling of the electronic noise in the Tile Calorimeter
in ATLAS is described in Sec. 5. Section 6 presents the analysis work
of measuring the production cross section � of a top anti-top quark pair
together with a vector boson, that is tt̄Z and tt̄W , together referred to as
tt̄V .

1.2 Author’s contribution

For the analysis of the modelling of the electronic noise described in Sec. 5,
most of these tests were performed by me. The plots shown in Figs. 27 and
28 were produced by Valerio Rosetti at Stockholm University and designed
by the two of us together.

The measurement of the tt̄V cross sections described in Sec. 6 is the
result of the e↵orts of a team consisting of Jörgen Sjölin, Hovhannes Khan-
danyan and myself at Stockholm University and Kerim Suruliz and Josh
McFayden at She�eld. My main contribution to this analysis is providing
an estimate of one of the main backgrounds to the measurement, namely
misidentified (fake) leptons, together with an estimate of the systematic
uncertainty for this background. The choice of our lepton definitions is
optimized with respect to the sensitivity to the tt̄V signal and results in
unexpected challenges for the estimation fake leptons. The Matrix Method
can be used to estimate the number of misidentified leptons present from the
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data and the e�ciencies for real and misidentified leptons. I extended the
code for the Matrix Method, which was only available for up to two leptons
in each event, to the case with three leptons to make it applicable in our sig-
nal region. The Matrix Method requires the real and fake e�ciencies (r and
f) of leptons, so these needed to be measured. The first step for this mea-
surement is to make a likelihood fit to the equations of the Matrix Method.
I investigated the analytical solution to the these equations under the par-
ticular assumptions made in the likelihood fit and discussed the implications
with Jörgen, who developed the method for this likelihood fit. Large itera-
tive corrections were neccessary for the e�ciencies of misidentified leptons
provided by this estimate. I developed the details of the iterative procedure
described in Sec. 6.5.5 and used it to compute the fake rates, while Jörgen
provided the idea for the method and gave feedback. Moreover, I computed
the scale factors for the real e�ciencies between data and Monte Carlo, as
described in Sec. 6.6, and thus showed that we could use the chosen lepton
definitions without introducing additional systematic uncertainties.

In addition to these analyses, I have been responsible for updating the
description of the electronic noise in the Tile Calorimeter for one year. I
was also part of the Tile consolidation campaign for one month full time,
replacing hardware in the Tile Calorimeter.
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2 The Standard Model

The Standard Model (SM) of particle physics provides a description of mat-
ter and forces at a fundamental level. The elementary particles are classified
into fermions and bosons. Fermions obey Fermi-Dirac statistics that forbid
two identical fermions to be in the same quantum state, which has crucial
implications for atomic properties and molecular bonding. Matter consists
of fermions with spin-1/2, divided into three quark families and three lepton
families. The forces are described by bosons of spin-1 in the SM. Bosons
follow the Bose-Einstein distribution and can have many identical particles
in the same state. With the recent discovery of the scalar (spin-0) Higgs
boson, the Brout-Englert-Higgs theory [1], [2] of how elementary particles
acquire mass was confirmed, and an important milestone in verifying the
Standard Model was reached.

The SM particles can be described as excitations of di↵erent fields. The
free fields and their interactions are described by the Standard Model La-
grangian. By Noether’s theorem [3], a symmetry of the Lagrangian corre-
sponds to a conserved quantity. From this theorem conservation laws follow
for quantaties arising from symmetries in the SM Lagrangian, such as elec-
tric charge and the momentum. The conservation laws govern what kind of
particle interactions (processes) can occur. As a consequence of the sym-
metry of the SM Lagrangian under exchange of charge, parity and time
(CPT invariance), each particle in the SM has an antiparticle, with exactly
the same properties except that they have opposite charge. Heavy particles
can be unstable and decay into lighter ones in a way that quantities such
as charge and momentum are conserved. The probability for a particle to
decay in a certain way is called the branching ratio for the process.

Particle interactions can be visualized in Feynman diagrams that repre-
sent di↵erent terms derived from the Lagrangian that describe the interac-
tion in question. The simplest diagrams that can be drawn for a process are
called tree-level diagrams and correspond to a leading order approximation
of the process. Higher order corrections can be illustrated as loops and other
additions to the diagrams. When drawing Feynman diagrams for processes,
quantum numbers such as charge and lepton and baryon number need to
be conserved at each vertex. The Feynman diagrams presented in this work
are simplified and schematic - the momentum of the particles is not shown.

In this text, natural units are used, in other words, the magnitude of
the electron charge, the speed of light c and Planck’s constant ~ are set to
one. Particle masses are given in units of GeV/c2, here denoted GeV. The
relation to SI units is that 1 GeV corresponds to 1.79 · 10�27 kg.
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2.1 Some concepts in particle physics

In this work, the measurement of the cross section for producing tt̄Z and
tt̄W at the LHC is presented. The cross section � is a measure of the
probability for the process in question to occur. It is given in units of area,
such as fb.

The instantaneous luminosity L is a measure of how many particle pairs
are brought together each second in the collider. In practice, only a very
small fraction of these pairs interact. For head-on collisions with two beams
of the same size, as at the LHC, the instantaneous luminosity is given by:

L =
N2fN

b

4⇡�
x

�
y

. (1)

Here N is the number of particles in each bunch, N
b

the number of bunches
in each beam (that is arranged as a bunch train) and 4⇡�

x

�
y

the area of
a bunch. The integrated luminosity

R
Ldt is given in units of inverse area,

such as fb�1.
The number of times N a process is expected to occur is given by the

product of the cross section � for the process, the integrated luminosityR
Ldt and the acceptance of the detector A:

N = A�

Z
Ldt . (2)

The acceptance includes both a geometric and a kinematic dependence. By
measuring the number of events corresponding to the process, estimating the
acceptance A and knowing the integrated luminosity

R
Ldt, the cross section

can be estimated. The statistical uncertainty on the predicted number of
events, the uncertainty in separating the signal from background processes
and the uncertainty on the acceptance limit the precision of the measure-
ment. To find the significance of the measurement, all uncertainties need to
be estimated.

2.2 The particle zoo

The particle content [5] of the Standard Model is shown in Fig. 1. The
lepton sector, divided in three families, consists of three electrically charged
leptons with charge -1 (shown in the third row) and three neutral neutrinos
(shown in the fourth row). Electrons are found in atoms, forming clouds
around the nuclei. The electron mass is 0.51 MeV. Muons and tauons have
similar properties to electrons, but have higher masses: 106 MeV for muons
and 1.78 GeV for tauons. The electron is stable, while the muon has a
mean lifetime of 2 · 10�6 s and the tauon of 3 · 10�13 s. Each charged lepton
has an associated neutrino in its family. The three charged and the three
neutral leptons have an associated number, called lepton number, with value
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Figure 1: The particle zoo [4] of the Standard Model, consisting of six
quarks, six leptons, four force-mediating bosons and the Higgs boson. Both
the quarks and the leptons occur in three families.

+1. Their anti-particles (anti-leptons, anti-neutrinos) have a lepton number
of -1. Conservation of lepton number in each family can be regarded as a
conservation law for the processes considered in this work. For example, a
lepton can only be produced in the presence of an anti-lepton of the same
lepton family. The type of lepton or quark can be referred to as flavour, so
there are six flavours of quarks, three flavours of charged leptons and three
flavours of netural leptons. The corresponding anti-particles have the same
flavour as their partners.

The quarks have a charge of either 2/3 (up, charm, top) or �1/3 (down,
strange, bottom). Each quark carries a quantum number called colour,
which can have the values red, green or blue. Similarly, anti-quarks carry
one of the anti-colours anti-red, anti-green and anti-blue. Quarks have a
positive baryon number of 1/3 and their anti-particles have a baryon number
of -1/3. The quarks do not appear isolated, but form bound states, called
hadrons. The hadrons are classified into baryons, that are composed of 3
quarks and have a baryon number of 1 (such as protons) and mesons, that
are made of one quark and one anti-quark and have a baryon number of zero
(such as pions). The quantum numbers of the constituents of the hadrons
add up to give white. The quarks span a wide range of masses, from 2 MeV
for the up quark to 173 GeV for the top quark [6], which is the heaviest
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discovered elementary particle.
The forces are associated with bosons. The strong force binds together

quarks into protons and neutrons and holds atomic nuclei together. It is
transferred by massless spin-1 gluons. The massless spin-1 phtotons can
manifest themselves as light or other forms of electromagnetic radiation and
are the mediators of the electromagnetic force. The weak force is mediated
by the exchange of massive spin-1 W or Z bosons, which can be referred to
as vector bosons. An example of weak interactions is the radioactive decay
of heavy nuclei. The force of gravity is not described by the Standard Model
of the particle physics.

In addition to the force bosons, there is a scalar (spin-0) boson that was
discovered by the ATLAS and CMS experiments in 2012 [7], [8], thus con-
firming the Brout-Englert-Higgs theory of how elementary particles acquire
mass. In brief, the Higgs field has a symmetric potential with degenerate
global minima away from the symmetry axis. The vacuum is represented
by one of the minima that does not lie on the symmetry axis, which is re-
ferred to as spontaneous breaking of electroweak symmetry. This results in
the generation of terms in the Lagrangian that corresponds to the masses
of elementary particles in a way that does not break other symmetries of
the Lagrangian. The magnitude of the couplings of the di↵erent elemen-
tary particles to the Higgs field manifest themselves as di↵erent masses for
these particles - the stronger the coupling, the higher the mass. The Higgs
boson is formed as excitations of the Higgs field and can be produced in
high-energy particle collisions, as in the LHC.

2.2.1 The top quark

The top quark has a mass of 173 GeV and a charge of 2/3. It has a very
short lifetime of ⇠ 10�25 s and is the only quark that does not form hadrons,
as the short lifetime does not allow time for hadronization between creation
and decay. The dominating decay mode (with a branching ratio of one) for
the top quark is t ! Wb, as shown in Fig. 2.

t2/3

b�1/3

W+

Figure 2: A Feynman diagram showing the dominating decay channel of the
top quark, to a W boson and a bottom quark. The superscripts show the
charge of the particles.

11



The top quark is the heaviest of the discovered elementary particles and
has the strongest coupling to the Higgs field, of order 1. Therefore the
top quark is expected to play an important role in electroweak symmetry
breaking.

The top quark is produced in large amounts in the LHC, with the dom-
inant production mode being the fusion of gluons to produce a top anti-top
quark pair.

2.2.2 The Z boson

The neutral Z boson is exchanged in weak interactions. It couples to charged
and neutral leptons, to quarks and to other bosons. It has a mass of 91.2
GeV and is the anti-particle of itself. The mean lifetime of the Z boson is
⇠ 10�25 s. It can decay into two oppositely charged leptons, as illustrated
in Fig. 3. The lepton pair produced in a Z decays are of the same family,
such as Z ! e+e�. The branching ratio of the leptonic decay modes of the
Z boson is 3.4 % for each of the decay modes Z0 ! e+e�, Z0 ! µ+µ� and
Z ! ⌧+⌧�. The Z boson can also decay into ⌫⌫̄ or qq̄. In the tt̄Z analysis,
the decay channels with leptonic decay of Z are targeted, partly by basing
the selection on the number of electrons or muons present. The ⌧ leptons
that produce a muon or an electron in their decay also enter the selecion.

Z0

l�

l̄+

Figure 3: The leptonic decay channel of the neutral Z boson.

In a particle collider experiment, the production of Z bosons can be
observed as a peak centered on the Z mass in the invariant mass1 spectrum
of charged lepton pairs (e+e�, µ+µ�). Selections can be made based on the
transverse mass of such pairs in a way as to enhance or reduce the signal
(or background) from processes that contain Z bosons.

1
The invariant mass is given by m2

= E2 � |p|2. In this case, m, E and p are the

invariant mass, total energy and momentum vector sum of the charged lepton pair. Due

to conservation of energy and momentum, the invariant mass in the final state (l+l�) is

equal to the invariant mass of the Z boson of the initial state.
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2.2.3 The W boson

The charged W boson has a mass of 80.4 GeV. It is exchanged in weak
interactions such as the radioactive decay of nuclei. Positively and negatively
charged (±1) W bosons are each other’s anti-particles. The W boson has a
mean lifetime of ⇠ 10�25 s and can decay into two quarks, or into a lepton
and a neutrino, as shown in Fig. 4. The branching ratios of W� ! e�⌫̄

e

is
10.8 %, 10.6 % for W� ! µ�⌫̄

µ

it is 10.6 % and 68 % for W± ! qq̄0. The
branching ratios for these processes with the particles exchanged for their
anti-particles are the same.

W�

l�

⌫̄

W+

q02/3

q̄1/3

Figure 4: The leptonic decay mode of a W� boson is shown to the left. The
hadronic decay channel of a W+ boson is shown to the right, the resulting
quarks form hadrons.

2.3 Questions not answered by the Standard Model

There are several fundamental questions not answered by the Standard
Model that motivate us to search for theories of new physics. Some of
these questions are listed here.

One unanswered question concerns the nature of dark matter, which
constitutes 23 % of the energy content of the Universe, while baryonic matter
constitutes only 4 % [9]. The SM does not provide a particle candidate that
could explain dark matter, which is believed to consist of as yet undiscovered
elementary particles.

The SM does not provide a mechanism for neutrinos to acquire mass,
while they are known to have non-zero masses from experiments showing
neutrino oscillations.

It is not known how to relate gravity as described by Einstein’s theory
of general relativity to submicroscopic scales.

2.3.1 The fine-tuning problem

The expression for the Higgs mass contains contributions from interactions
of all massive particles with the Higgs field through loops, as illustrated in
Fig. 5. The largest terms in the expression correspond to loops with particles
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Figure 5: An illustration of the coupling of fermions to the Higgs field in
the form of loops.

of the highest masses. The terms in the expression contain the cuto↵ energy
scale ⇤ above which we do not have a description of the laws of physics. As
the laws of physics are expected to be di↵erent from what we know above
the Planck scale ⇠ 1019 GeV, the cuto↵ scale can be set to this value. This
introduces terms corresponding to loops that are many orders of magnitude
higher than the Higgs mass. In order for the Higgs boson to have a mass
of the order of 100 GeV, cancellations to a precision of one part in 1028

need to occur [10]. There is no mechanism in the SM that describes these
cancellations. This is referred to as the fine-tuning problem, or the gauge
hierarchy problem. The fine-tuning problem could be resolved introducing
a symmetry through new physics that would cause natural cancellations of
the loop corrections. The top quark and the Z and W bosons are the three
heaviest elementary particles and thus have strongest couplings to the Higgs
field and correspond to the largest contributing terms to the loop corrections.
Therefore new physics that could resolve the fine-tuning problem is expected
to be observable in processes involving top quarks, Z and W bosons. This
motivates our search for the tt̄Z and tt̄W processes.

2.4 Production of t¯tZ and t¯tW .

In this thesis, the production cross section of a top and anti-top quark pair
together with a vector boson (Z or W ) is studied. These processes, referred
to as tt̄Z and tt̄W , constitute important backgrounds to search channels for
many theories Beyond the Standard Model (BSM).

The coupling between the top quark and the Z boson is tested in mea-
suring tt̄Z production. Many theories beyond the Standard Model predict
an anomalous tt̄Z coupling, so such a measurement puts constraints on BSM
theories.
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For tt̄W production from proton-proton collisions at tree level, the W
boson can only be radiated from the initial state, which is followed by tt̄
production, as shown in Fig. 2.4. Measurement of final states with tt̄W can
constrain BSM theories that predict a W boson in the final state.

t

t̄

Z

t̄

g

g

q̄0

q W

t

t̄

Figure 6: Production of tt̄Z from gluon fusion is illustrated to the right. In
the production of tt̄W at tree level, the W boson is radiated from the initial
state, while the tt̄ pair is formed from the collision. This is shown to the
right.
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3 Experimental context

In this section, an overview of the Large Hadron Collider and of the ATLAS
experiment is given. The Tile Calorimeter is described in more detail than
the other subdetectors.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) at CERN is the largest particle acceler-
ator in the world: the circular tunnel has a circumference of 27 km. It is
situated around the Swiss-French border outside of Geneva and around 100
metres underground.

At the LHC, particles are accelerated in oppositely directed beams and
brought to collide inside four di↵erent experiments, stationed along the LHC.
These are ALICE, ATLAS, CMS and LHCb. ALICE and LHCb are designed
to specialize within some designated areas within particle physics, whereas
ATLAS and CMS are multipurpose detectors, designed both to make pre-
cision measurements of the Standard Model and to test a wide range of
theories for new physics.

The analysis in this work is based on data collected from proton-proton
collisions. The protons appear in bunches with 1011 protons in each bunch
and each beam contains hundreds of bunches that form a so-called bunch
train. The bunches cross every 50 ns inside ATLAS, travelling at very near
the speed of light. The beams are focused and directed along the LHC using
superconducing magnets that can generate fields of up to 8T. During 2012,
the collision energy in proton-proton collisions was

p
s = 8 TeV, which is

the current world record. The nominal energy of
p
s = 14 TeV and bunch

crossing rate of 25 ns is to be reached during the next run period.

3.2 The ATLAS experiment

ATLAS [11] is the largest experiment at the LHC. Cylindrically shaped, it
has a length of 46 meters, a diameter of 25 meters and a mass of 7000 tons.
The ATLAS collaboration involves 3000 scientists from 38 countries around
the world. The ATLAS detector measures the decay products from particle
collisions that occur at the center of ATLAS. Photons, hadrons, electrons
and muons can be detected. The ⌧ leptons have a lifetime of 3·10�13 s in the
local frame and decay inside the ATLAS detector, resulting in hadronic or
leptonic final states. Neutrinos fly through the detector without interacting.

The location of the proton-proton collision in the beam pipe is called the
primary vertex, with each primary vertex corresponding to one event. Sec-
ondary vertices can be created by heavy particles produced in the collisions
that travel into ATLAS and decay there.
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Figure 7: An illustration of the ATLAS experiment [11]. The pixel detector,
semiconductor tracker and transition radiation tracker are part of the Inner
Detector. The Liquid Argon (LAr) calorimeter has both an electromagnetic
and a hadronic part. The Tile calorimeter is a hadronic calorimeter. The
muon chambers are part of the muon system.

The detector system consists, from the inside out, of an inner track-
ing detector, the electromagnetic and hadronic calorimeters and a muon
spectrometer. The full detector is illustrated in Fig. 7. The inner track-
ing detector measures the momenta of the particles and the position of the
vertices. The calorimeters absorb the electrons, photons and hadrons and
measure their energy. In the calorimeters, energy is deposited in the form
of electromagnetic and hadronic showers. The electromagnetic showers can
be initiated by electrons or photons. A photon can convert into an electron-
positron pair and electrons can radiate photons in the magnetic field. This
results in chain reactions in the electromegnetic calorimeter of production of
photons and e+e� pairs, called electromagnetic showers. Similarly, hadrons
can initiate nuclear chain reactions in the hadronic calorimeters by exciting
the nuclei of the passive material (such as iron). The resulting chain of
nuclear decays is called a hadronic shower. The muon system measures the
position and momenta of muons.

To provide deflection of charged particles in order to determine their
momentum and charge, strong magnetic fields are generated inside ATLAS.
A superconducting magnet system has been constructed for this purpose,
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Figure 8: A view [12] of the ATLAS detector. The brown cylinder is one of
the end barrels of the Tile Calorimeter, adjacent to a yellow muon wheel.
The barrel has been extracted from within the toroid to facilitate repair
work. The grey pipes with orange stripes is part of the toroidal magnet
system.

consisting of a solenoid, a toroid barrel and two toroid end caps. The size
is 26 meters in length and 22 meters in diameter. The stored magnetic
energy has a magnitude of 1.6 GJ. The solenoid, aligned along the beam
axis, generates a field of 2 T for the inner detector. The toroids generate
fields of 0.5 T in the central region and 1 T in the end cap regions of the
magnetic system. A photograph of a part of ATLAS is shown in Fig. 8, with
the muon system, the Tile Calorimeter and the toroidal magnet visible.

3.2.1 The ATLAS coordinate system

ATLAS is cylindrical in shape and polar coordinates are used for the de-
scription, as shown in Fig. 9. Here ✓ is the polar angle that is 0 along the
beamline and ranges between �⇡/2 and ⇡/2. The azimuthal angle � ranges
between 0 and 2⇡. In practice, the pseudorapidity ⌘ is used in place of ✓; the
two are related by ⌘ = � ln(tan ✓

2). In Tab. 1, some values of ✓ in degrees
are converted into the coordinate ⌘ that is used in ATLAS.
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Figure 9: The ATLAS coordinate system [13]. The polar angle is denoted ✓
and the azimuthal angle is denoted �.

⌘ ✓ ⌘ ✓

0 90�

0.5 62� -0.5 118�

1 40� -1 140�

1.5 25� -1.5 155�

2 15� -2 165�

2.5 9� -2.5 171�

Table 1: The relation between the polar angle ✓ and the coordinate ⌘ used
in ATLAS.

3.2.2 The Inner Tracking Detector

The tracking Inner Detector (ID) [14], [15] is located closest to the beam
pipe. It is shown schematically in Fig. 10. A solenoid magnet surrounds the
Inner Detector and generates a magnetic field of 2 T to deflect the charged
particles. The direction and magnitude of the deflection of the particles
is used to measure their charge and momentum. Primary vertices from
proton-proton collisions and secondary vertices from the subsequent decays
of b quarks and ⌧ leptons can be reconstructed from measurements by the
ID.

The very large density of tracks near the interaction vertices puts high
demands on the granularity of the ID. The momenta of the particles that
leave tracks in the ID needs to be known to a high precision for the physics
analyses. Three subdetectors in the ID complement each other and together
provide a robust combined estimate of the momentum of the particles.

The innermost subdetector consists of three layers of pixel detectors with
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Figure 10: A schematic view of the Inner Detector [11].

80.4 million read-out channels in total thus providing very high granularity.
The shortlived b quarks and ⌧ leptons decay in the pixel detector and are
detected here.

The middle subdetector is the silicon microstrip (SCT) with 6.4 million
read-out channels. It provides four precision measurements for each track.
The pixel detector and the SCT provide high-precision tracking within |⌘| <
2.5

The outermost subdetector is the Transition Radiation Tracker (TRT)
[16] that employs gas filled straw tubes that each have a wire in the center. A
charged particle that crosses the TRT ionises the gas and the electrons drift
towards the wire, where the signal is read out. Between the wires, there
are polymer fibres and foils that create transition radiation when crossed
by highly relativistic particles. The amplitude of the emitted radiation is
proportional to the Lorentz boost factor � = E

m

. Therefore electrons can be
distinguished from the more massive hadrons by a stronger emission of light.
The TRT has 351,000 read-out channels in total. Each track corresponds to
36 hits in the TRT on average.

3.2.3 The Liquid Argon Calorimeter

The Liquid Argon Calorimeter (LAr) [15], [18] has an electromagnetic (EM)
and a hadronic part. It covers high pseudorapidities with the Forward
Calorimter (FCal), which is integrated into the cryostat for the end caps.
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Figure 11: An illustration [17] of the Liquid Argon Calorimeter in ATLAS.

LAr has both an electromagnetic part made of copper and hadronic parts
that made of tungsten.

The EM part of the LAr calorimeter is designed to measure energy depo-
sitions from electrons and photons. The central of the EM part, called the
barrel, covers ranges of up to |⌘| = 1.475. The end caps measure particles
emitted at a small angle to the beam pipe, in the range 1.375 < |⌘| < 3.2.
The energy resolution of the EM calorimeter is energy dependent: �

E

/E =
10%/

p
E/GeV � 0.7% in the barrel2and �

E

/E = 50%/
p
E/GeV in the

end caps.
The hadronic part of LAr complements the Tile Calorimeter in measur-

ing the energy of hadrons at high ⌘. It consists of the Hadronic End-cap
Calorimeter (HEC), covering 1.5 < |⌘| < 3.2 and the FCal. The HEC
consists of two copper wheels with a radius of 2m, covering ranges from
|⌘| = 3.1 and reaching |⌘| = 4.9. In the hadronic LAr calorimeter, the reso-
lution is �

E

/E = 50%/
p

E/GeV � 3%, as for the end caps. The FCal has
a resolution of �

E

/E = 100%/
p
E/GeV � 10%.

3.2.4 The Tile Calorimeter

The Tile Calorimeter [19] (TileCal) is the central hadronic calorimeter of
ATLAS, covering ranges in pseudorapidity of up to ⌘ = ±1.7 [20]. Tile-
Cal measures the energy and the position of absorbed particles, detecting
jets, the hadronic decays of ⌧ leptons, and missing transverse energy Emiss

T

.

2
The symbol � denotes addition in quadrature, a� b =

p
a2

+ b2
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Figure 12: An illustration of a part of ATLAS. The long barrel and the two
extended barrels of the Tile Calorimeter are shown [11].

TileCal also shields the muon system from hadrons and assists the muon
spectrometer in identifying muons. The energy resolution of jets in TileCal
is �

E

/E = 50%/
p
E/GeV � 3%.

TileCal has the shape of a hollow cylinder, with an inner radius of 228
cm and an outer radius of 423 cm. It is composed of one long barrel of
length 654 cm in the middle, and two extended barrels on the outside, of
length 219 cm, as shown in Fig. 12. A gap of 60 cm between the barrels
allows some space for cables. The mass of TileCal is around 3000 tons.

The extended barrels and the two halves of the long barrel are each
divided azimuthally (in �) into 64 modules, one module is shown in Fig. 13.
In addition, the calorimeter is segmented longitudinally into three layers of
cells, as shown in Fig. 14, having 5200 cells in total. The gap between the
barrels is partly covered by gap- and crack cells. The granularity of TileCal
is �⌘ ⇥ �� = 0.1 ⇥ 0.1 in the inner two layers and 0.2 ⇥ 0.1 in the outer
layer.

TileCal is a sampling calorimeter, with dozens of scintillating plastic tiles
in each cell embedded in iron absorber plates. The tiles are oriented radially,
perpendicularly to the beam line. The energy deposition from the hadronic
showers is registered as light by the scintillating tiles and transported by
wavelength shifting fibres to photomultiplier tubes (PMTs) on the periphery
of TileCal, the components are shown in Fig. 13. Most cells are read out by
two PMTs from each � side of the cell in to achieve better uniformity and
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Figure 13: A schematic picture [20] of a module in the Tile Calorimeter.
Wavelength shifting fibres transporting light from the plastic tiles in a mod-
ule to the PMTs.

Figure 14: The Tile Calorimeter is segmented longitudinally into three lay-
ers, called A, BC and D cells [20]. Each barrel is also divided azimuthally
into 64 modules. Four so-called E cells, consisting of only one scintillator
each, are present in the modules in the end barrels.

redundancy.
The pulse is amplified in two branches with a relative gain ratio of 64

in a 3-in-1 card, as shown schematically in Fig. 15. This division allows
better energy resolution when the signal is digitized in the 10-bit Analog to
Digital Converter (ADC) at a later stage. The branch corresponding to lower
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Figure 15: The front-end electronics in TileCal [21]. The pulse from the
PMT enters a 3-in-1 card, where the signal is amplified and an anolog signal
is sent to the L1 trigger. The signal is digitized in the ADC in parallel and
stored in pipeline memories until a decision from the L1 trigger is received.

Figure 16: A photomultiplier tube from TileCal, connected to a 3-in-1 card.

amplification is referred to as low gain (LG) and the one corresponding to
the higher as high gain (HG). The LG branch is used for signals with higher
energy and the HG branch for signals with lower energy. The 3-in-1 card
also provides a signal to the adder board, which in turn provides an analog
trigger signal. A PMT connected to a 3-in-1 card is shown in Fig. 16.

In parallel with communication with the trigger, the signal is widened
by a shaper and digitized by an ADC into 7 samples 25 ns apart, as shown
in Fig. 17. From the area under such a pulse, the deposited energy can be
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Figure 17: After shaping and digitization, each signal consists of seven sam-
ples, 25 ns apart [22].

derived, while the position of the peak gives the timing of the signal. The
digital signals are stored in front-end pipeline memories, where they await
the decision from the Level 1 trigger. Signals that receive an accept from
the L1 trigger are transported from the pipeline memory to the Read Out
Drivers (RODs) for reconstruction.

Three calibration systems are employed in TileCal to adjust the gain
over the PMTs in such a way as to ensure a uniformity within ±3% over the
entire calorimeter. The three calibration systems test di↵erent parts of the
system. The response of the PMTs is monitored by illumination of the PMTs
with laser light. The electronics is tested by injecting a known charge into
the 3-in-1 card. In this way, conversion constants between pC and ADC for
each read-out channel is provided and a nonlinearity of the response in low
gain is corrected for. The response of the scintillating tiles and the optical
system are studied by flushing a radioactive isotope of Cesium through the
tiles using a hydraulic system. This allows one to compensate for a change
in response of the tiles due to ageing.

The charge of the analog signal is related to energy by using conversion
constants between MeV and pC derived from calibrations using electron test
beams of electrons. This gives the energy on the so-called electromagnetic
scale. Further calibrations are needed to relate the energy at this scale to
the energy of the jets that deposit energy in TileCal.
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One challenge for the Tile Calorimeter is pile-up. With on average 25
interactions per bunch crossings, decay products from di↵erent collisions in
a bunch crossing can leave energy depositions in the same cells in TileCal.
This is known as in-time pileup. Additionally, the bunch spacing is 50 ns,
while each signal is read out for 175 ns. The overlap in the read-out of
events from di↵erent bunch crossings is referred to as out-of-time pile-up.
To reconstruct jets from depositions in TileCal, the pile-up needs to be
accounted for.

3.2.5 The Muon Spectrometer

Figure 18: A schematic picture of the ATLAS muon system [11].

The Muon Spectrometer (MS) [23], [24] is the outermost component
of the ATLAS detector. It consists of three large superconducting toroid
magnet systems, high-resolution tracking chambers and a trigger system.
The barrel chambers are arranged into three concentric cylinders along the
axis of ATLAS and cover the central pseudorapidity range |⌘| < 1. The
End-Cap chambers are positioned on wheels orthogonal to the beam pipe
and reach |⌘| = 2.7. One of the wheels in shown in Fig. 19.

A system of large superconducing toroid magnets provides the magnetic
field to deflect the muons. Triggering is performed by Resistive Plate Cham-
bers (RPC) that have a fast response and a spatial resolution of around 5-10
mm. Monitored Drift Tubes (MDTs) perform high precision measurements
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Figure 19: A photograph of the muon wheel (yellow) and one of the extended
barrels of the Tile Calorimter (brown) [12].

of the momenta of the muons. At high |⌘|, the measurement is instead
performed by Cathode Strip Chambers (CSC). The resolution is 80µm for
MDTs and 60µm for CSC system.

3.2.6 Trigger and Data Aquisition

The trigger system [25] is designed to reduce the huge amounts of data
collected in ATLAS to manageable amounts while keeping the data that is
useful for physics analysis. ATLAS is designed for a bunch crossing rate of
up to 40 MHz with 25 interactions per bunch crossing on average. From this,
the trigger system should select and save 200 Hz of data, which corresponds
to 300 MB/s. The trigger system makes a selection of which events to store
and record based on a large (around 100) set of conditions, called triggers,
that are based on the content of physics objects in the event. To make
the selection, preliminary identification of physics objects such as muons,
electrons, photons and jets is performed on the fly.

The reduction of data is carried out in three stages. In the early stages,
the time in which the decision needs to be made is more limited, in the later
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stages more advanced algorithms can be used. The three levels of triggers
are the hardware based Level 1 (L1) trigger, the software based Level 2 (L2)
trigger and the o✏ine Event Filter (EF).

Initially, signals from the detector are stored in pipeline memory on the
front-end electronics, while awaiting the decision from the L1 trigger. The
L1 trigger reduces the rate to at most 75 kHz. The fragments of events that
are accepted by the L1 trigger are transferred to Readout Bu↵ers, where
they await the decision of the L2 trigger. The L2 decision is performed by
processing partial event data in the Regions of Interest by means of fast
algorithms. The L2 trigger reduces the rate to 3 kHz. The event fragments
are then collected and the full events are analysed by the Event Filter that
is based on o✏ine algorithms. At this final stage in the trigger system,
the output rate is reduced to 200 Hz. These remaining events are finally
processed and used in physics analyses.
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4 Object reconstruction

Data from the di↵erent detector systems needs to be assembled into objects
that are relevant for physics analysis. An overview over the reconstruction
of such objects in ATLAS is given here. A high e�ciency for reconstructing
the physics objects needs to be weighed against the risk of misidentification.
The background resulting from misidentified electrons and muons for the
tt̄V analysis is examined extensively in Sec. 6.5.

4.1 Electrons

Energy depositions in the LAr detector allow measuring the energy of the
electrons [26]. Isolated electrons are well identified up to |⌘| < 2.5. There are
several di↵erent backgrounds that can be misidentified as electrons. This
includes non-isolated leptons that could be created in decays of b quarks
and ⌧ leptons, e+e� pairs created from photons in photon conversions and
jets. To separate isolated electrons from the backgrounds several criteria are
employed, such as conditions on the shape of the electromagnetic shower,
the quality of the associated track and the matching of the cluster in the
LAr calorimeter to a track in the ID. At least one track matching a cluster
is required in order to reconstruct the electron.

The reconstructed electrons can be classified in di↵erent ways, as de-
scribed in detail in Ref. [26]3. One way to classify leptons is by applying
di↵erent sequential cuts to define so-called loose, medium and tight elec-
trons. Increasing tightness indicates a subset of the looser one with more
requirements on the electrons. Another way to classify electrons is based on a
multivariate likelihood approach, with the categories LHloose, LHmedium
and LHverytight. The likelihood approach is designed to greatly reduce
the background contamination. The identification e�ciency of electrons for
the tt̄V analysis is presented in Sec. 6.5.

4.2 Photons

Photons [27] register as depositions of energy in LAr that do not have an as-
sociated track in the inner detector. Isolated photons are well distinguished
from backgrounds from jets and non-prompt photons within |⌘| < 2.5. Non-
prompt photons are those that are created in the decays of neutral hadrons
such as pions: ⇡0 ! ��. The electromagntic showers resulting from such
decays shoud be included in jets and not be reconstructed as photons.

Selection criteria are employed, using the properties of the electromag-
netic shower and isolation of the photons, to identify the prompt photons.

3
It should be kept in mind that di↵erent terminology is used when electrons are dis-

cussed in Sec. 6.5. What is called tight (T) in Sec. 6.5 is referred to as LHmedium in this

reference, and what is called loose (l) in Sec. 6.5 is based on medium++ in this reference.
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To reduce the contribution from jets that mimic prompt photons, discrimi-
nating variables that reflect the shapes of the EM showers in LAr are used.
One challenge is that photons can convert into an electron-positron pair,
such photons can be reconstructed with help from the tracking in the ID.
Requirement on the isolation of the photon reduces the background from
photons created in neutral hadron decays. The e�ciency of photon iden-
tification can range between around 0.6 and 1, depending on the photon
transverse energy, the number of primary vertices in the given bunch cross-
ing and on ⌘.

4.3 Jets

Hadrons can be created from quarks, gluons and decaying ⌧ leptons. The
hadrons form collimated sprays that are called jets [28], which deposit their
energy in the Tile and Liquid Argon calorimeters. The cells in the calorime-
ters that get energy depositions from one jet are collected into so-called
topological clusters, or topo-clusters.The topo-clusters are built in three
steps. First, seed cells in the calorimeters are identified as the cells in which
the energy deposition exceeds the noise by 4�. Next, for the cells adjacent
to the growing cluster, those that exceed the noise by 2� are added to the
cluster until no more such cells are found. In the final step, all neighbouring
cells to those that are part of the cluster from the previous step are also in-
cluded. The � that is used for these thresholds is computed as the quadratic
sum of the � from electronic noise and the pile-up noise. These e↵ects are
of the same order of magnitude, with the contribution from pile-up being
generally larger than the contribution of the electronic noise. The choice of
� for the electronic noise is described in Sec. 5.

The topo-clusters then calibrated to take e↵ects such as composition and
pile-up into account and used as input to the anti-kt algorithm [29] to recon-
struct the jets. The Jet Vertex Fraction (JVF) is a discriminant that gives
the probability of a jet to have originated from a specific vertex. It is mea-
sured by combining the tracks and their vertices with jets in the calorimeter.
Lower bounds on the JVF are used in to suppress the contribution of pile-up
to jets.

For jets with p
T

> 25 GeV, the e�ciency for jet reconstruction is 1.0
when using the anti-k

T

algorithm with distance parameter R = 0.6 [30].
The uncertainty of the jet energy scale is a few per cent [31].

4.4 b-tagging

Algorithms have been developed to identify jets that originate from b quarks.
The procedure is called b-tagging [32] and is particularly important for ana-
lyzing events involving top quarks, since each top decay produces a b quark.

The multivariate MV1 algorithm based on neural networks is used for
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the tt̄V analysis to tag b-jets while rejecting jets of other origins. This
algorithm combines the IP3D, SV1 and JetFitterCombNN algorithms, which
are described in Ref. [33]. The properties of the b quark, such as a mass of
5 GeV and a lifetime of 1.5 · 10�15 s, are exploited to discriminate between
b-jets and light flavour jets. Due to the lifetime of the b-quark, it decays
inside the ID, forming a secondary vertex. The MV1 returns a weight that
is high for real b jets and close to zero for jets from light quarks and gluons.
The contamination from c jets is reduced by exploiting properties of the
tracks and vertices of the hadrons. In the tt̄V analysis, the 70 % working
point of the MV1 analysis is used, meaning that the e�ciency for b-tagging
a jet that originates from a b quark is 70 %.

4.5 Muons

One of the main features of the ATLAS detector is to provide e�cient iden-
tification and accurate momentum measurement of muons [24]. The mea-
surements are made by the Muon Spectrometer with assistance from the
Tile Calorimeter and the ID with a reconstruction e�ciency of around 99 %
up to |⌘| < 2.5. Muons can be reconstructed up to |⌘| = 2.7 from measure-
ments from the MS only, but the e�ciency can not be estimated to a high
precision and such muons are not considered in this analysis.

The muons can be reconstructed in di↵erent ways, depending on the
information available from the measurement. Stand-alone Muons are recon-
structed in the MS only, extrapolating the track back towards the interac-
tion point. Combined Muons have reconstruction performed independently
in the ID and MS and thereafter combined; this method ensures the high-
est purity of muons and is the most commonly used in ATLAS, including
this analysis. Segement-tagged Muons are reconstructed from the ID if a
corresponding track can be found in the MS. Finally, Calorimeter-tagged
Muons are reconstructed in the ID if there is a corresponding track in the
calorimeter.

Muons can loose energy by emitting photons. To compensate for this in
the measurement, reconstruction is done using clusters in the LAr calorime-
ter that lie within a cone along the direction of the muon as input. The
resolution of momentum is between 1.7 % for low p

T

and low rapidity and 4
% at p

T

⇠ 100 GeV and high rapidity. The uncertainty on the momentum
scale is 0.2 % or lower.

4.6 Overlap removal

In order to avoid double counting of electrons and jets, jets are discarded if
they are found within �R < 0.2 of a selected electron. Once this is done,
any electron is removed if there is a jet of p

T

> 25GeV and with a jet vertex
fraction above 0.5 within �R < 0.4 from it. To avoid double counting of
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muons and jets, muons that are within �R < 0.4 of a jet with p
T

> 25GeV
and |JV F | > 0.5 are discarded.

4.7 Missing transverse energy

Missing transverse energy [34] is a quantity that describes the apparent non-
conservation of transverse momentum in an event. Since there is no energy
in the transverse plane prior to the collision, by conservation of momentum
the sum of the momenta of all the particles produced should be zero in this
plane. Computation of the missing transverse energy is done by calculating
the vector sum of the momenta in the transverse plane p

T

of all physics ob-
jects and other clusters in the event and subtracting this quantity from the
null vector. The magnitude of this quantity is denoted Emiss

T

. The origins of
Emiss

T

can be mismeasurement of particle energies, particles escaping detec-
tion where ATLAS has no coverage, the presence of neutrinos, or possibly
some yet undiscovered particle that only interacts weakly.
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5 The electronic noise in the Tile Calorimeter

Understanding the noise in the Tile Calorimeter is important for building
topo-clusters in the reconstruction of jets, since the thresholds used are
defined by the pile-up and electronic noise. In this chapter, the modelling
of the electronic noise in the Tile Calorimeter is discussed.

The electronic noise is measured in data-taking runs with no collisions
and no electrical, radioactive or laser stimulation of the detector. The non-
zero read-out is then assumed to be due to the noise from the electronics.
Reading out the signal for each channel for 100 000 events results in a ran-
dom distribution, with the average called the pedestal value. Subtracting
the pedestal value from the data results in a distribution centered on zero.
The electronic noise is defined as the root mean square (RMS) of this distri-
bution. On the level of read-out channels, the noise is given in ADC units.
Each cell examined below is read out by two PMTs and the noise from the
two channels is added quadratically and multiplied by conversion factors to
obtain the cell noise in MeV.

5.1 Low voltage power supplies

The electronics in TileCal receive electricity from low voltage power supplies.
These are positioned at one end of the drawers that contain the electronics
for a module. Noise from the so-called finger Low Voltage Power Supplies
(fLVPS) contributes to the electronic noise. The power supplies have been
redesigned from the previous version in order to reduce the rate of power
trips, and the changes have also had en e↵ect on the electronic noise. The
changes in the fLVPS include a redesign of the circuit board and the addition
of more grounding points and of a filter circuit at the high voltage input. In
a campaign in the beginning of 2012, 40 new v.7.5 fLVPS were installed in
the ATLAS TileCal modules. The other power supplies have been replaced
during the Long Shutdown that started in February 2013. I contributed to
this replacement campaign for one month.

The electronic noise performance of TileCal modules with v.7.5 fLVPS
(called new fLVPS here) is studied here. The noise level and the noise
parameters from fits are compared in these 40 modules between two runs
- one before and another one after the fLVPS replacements. Each module
houses around 40 read-out channels, or around 20 cells.

In this chapter, data taken before the power supplies were upgraded is
shown in blue, and data taken after the new fLVPS were installed is shown
in red. In most figures, only the values for High Gain (HG) are shown. The
e↵ect in low gain (LG) is similar, unless stated otherwise. For parameters
that are only defined on cell level, and thus have input from two read-out
channels that each can be in di↵erent gain, only the HGHG combination is
shown, unless the LGLG behaves di↵erently.
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5.2 Modelling the electronic noise

As a first approximation, the noise can be modelled by a single-Gaussian
function. However, many cells have long tails that stretch beyond the single-
Gausssian model. So, instead, a double-Gaussian description is employed
- the sum of two Gaussians with di↵erent amplitudes a1, a2 and di↵erent
widths �1,�2. In the fit, the amplitude of the narrowest Gaussian (a1 )is
required to be larger than the amplitude of the widest Gaussian (a2). So,
by convention �1 < �2 and it is imposed that a1 > a2.

The double-Gaussian parameterization is performed on cell-level, with
input from two read-out channels for most of the cells. The double-Gaussian
function that the noise is fitted to is:
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where R = a2/a1 is the relative normalization of the two gaussians.
When topo-clusters for jets are built, as described in Sec. 4.3, the noise

parameter � is used as a threshold. The definition of � for the electronic
noise depends on the energy deposition in the cell in question. At low energy
depositions in the cell, �1 is used for the electronic noise contribution, at high
energy depositions, �2 is used instead and for intermediate energy ranges, a
linear combination of the two.

In this chapter, it is investigated whether the improvement of the noise
in modules with new fLVPS can allow us to abandon the double-Gaussian
description in favour of the single-Gaussian. This would save computing
time and storage place for data. If it can be shown that the noise now
follows a single-Gaussian, the same � for the noise could be used in all energy
ranges. Moreover, since the noise is defined as the RMS of a distribution, it
would equal the � of the single-Gaussian fit and thus no fit would need to
be made to find �, which would be economic in terms of computing time.
A discriminating variable would be needed to distinguish when a single-
Gaussian fit can be made. It should be possible to compute the value of this
discriminant without first making the double-Gaussian fit.

5.3 Studies of the noise globally

The value of the electronic noise is compared between the two noise-recording
runs (before and after new fLVPS installation). It is found that modules with
new fLVPS exhibit less noise than the old fLVPS, as demonstrated in Fig.
20. These values are measured on read-out channel level and given in ADC
counts. The average value of the noise between the two runs has decreases
by 21% in high gain. Moreover, the RMS of the noise for the di↵erent
channels decreases by a factor of 2.5, showing that the noise levels become
more uniform with the v.7.5 fLVPS. So, the noise level decreases and the
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variations in noise between di↵erent channels are reduced after changing the
fLVPS to version 7.5.

Electronic channel noise [ADC counts] in HG
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Figure 20: The noise in the read-out channels (HG) in modules where the
fLVPS have been upgraded between the runs.

Next, it is examined whether the noise resembles a single-Gaussian more
once the new fLVPS are in place. An easily computable variable that
could serve as a measure of whether the distribution behaves like a single-
Gaussian is examined on channel level. For a distribution that follows a
single-Gaussian, the root mean square (RMS) equals to � by definition, or
RMS/� = 1. The noise (defined as the RMS of a distribution) is divided
by � obtained from a fit to a signal-Gaussian using the Optimal Filtering
algorithm [35]. This would be a practical variable to use if it could be shown
that a value of RMS/� = 1 corresponds to a single-Gaussian distribution
of the noise. The change in RMS/� between the two runs is shown in Fig.
21. Data taken from the later run with new fLVPS shows a sharp peak
near 1, in contrast to the earlier run. In HG, the mean value decreases from
1.13 to 1.01. The di↵erence RMS/� � 1 decreases by 90% and the RMS
of RMS/� � 1 decreases by over 90 %. A more uniform behavior over the
di↵erent channels in TileCal is displayed and the prerequisite of RMS = �
for a single-Gaussian distribution is approached.

Figure 22 shows the ratio RMS/� against the channel numbers in typical
module in TileCal. It general, the read-out channels that are positioned near
the power supply (these have a high channel number) have exhibited higher
noise and displayed a behaviour that is less like a single-Gaussian. For
data taken with the old fLVPS, there is a deviation from 1 at high channel
numbers, that is for channels closest to the power supply. The data taken
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Figure 21: RMS/� for channels in 40 modules with v.7.5 fLVPS in red and
v.6 in blue. The left plot shows RMS/� in HG.

with the new fLVPS installed shows no such channel dependence.
A �2 fit is performed to test the single-Gaussian description. The re-

duced �2 is found to typically be a couple orders of magnitude larger than
one, which seems to indicate a bad fit. However, a �2 fit to a double-
Gaussian parametrization is also at this level. Further investigations over
the a↵ected parts of the detector are performed. In this section, it is studied
how the parameters from the double-Gaussian fits change once the fLVPS
are upgraded. The single-Gaussian and double-Gaussian fits are also visual-
ized for individual read-out channels level in Sec. 5.4 to assess their quality
and in search of an explanation of the high �2 values.

For the rest of the tests performed in this section, the reconstructed
signals are shown in units of MeV, and the parameters are defined on cell
level. The results are shown in HGHG only unless they are di↵erent in
LGLG.

Another quantity that could give an indication of the necessity of a
double-Gaussian fit is the ratio �1/�2. In the double-Gaussian parametriza-
tion, �1 and �2 describe respectively the bulk and the tail of the distribution.
Therefore, for channels with very similar values of �1 and �2, the double-
Gaussian description is not needed. It should be kept in mind that the ratio
between the amplitudes determines the contribution of �2 to the double-
Gaussian. Figure 23 shows that the ratio �1/�2 is closer to 1 in modules
with new fLVPS, meaning that the width of the two Gaussians become more
similar. For the run with the new fLVPS, the ratio is centered on 0.80, and
on 0.45 for the old fLVPS. The RMS of this ratio is 0.2 for the new fLVPS,
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so values down to 0.6 are common with the new fLVPS.

 in HGHG
2

! / 
1

!

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

N
u

m
b

e
r 

o
f 

ce
lls

1

10

210

with old fLVPS

with new fLVPS

mean (old): 0.45

rms (old): 0.18

mean (new): 0.80

rms (new): 0.19
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The average ratio between the amplitudes (R = a2/a1) of the two Gaus-
sians from the fit is studied. Here a1 is the higher amplitude and a2 the
lower amplitude, so R < 1. R is found to increase by 180 % in HGHG,
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as shown in Fig. 24. Such an e↵ect is not found in LGLG. In HGHG,
R = 0.11 ± 0.20 for v.7.5 fLVPS, that is the Gaussian describing the bulk
has on average an amplitude 10 times larger than the one describing the tail,
but the RMS of R is twice as large. The RMS of R increases in HGHG. In
HGHG, the results seem to indicate that we, contrary to previous evidence,
moved towards a more double-Gaussian description. However, if the values
of �1 and �2 are very close, which is often the case as is shown in Fig. 23,
the ratio R between the amplitudes of the two is not a meaningful quantity.
Investigations showed that for high values of R (R > 0.4), �1/�2 is always
in the range 0.7-1.0.

The change in �2 and of the corresponding uncertainty from the fit is
shown both in LGLG and HGHG in Figs. 25 and 26. The change is consid-
erably more pronounced in the latter. The average value of �2 decreases by
50% in HGHG. Figure 25 shows that the average relative uncertainty from
the fit in �2 increases by a factor of 3 in LGLG and Figure 26 shows an
increase by a factor 6 in HGHG. For the fLVPS v 7.5, the average relative
uncertainty is 190 % in LGLG and 90 % in HGHG. In other words, the
uncertainty from the fit of �2 becomes of the order of �2, which suggests
that the double-Gaussian parameterization is inappropriate.
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5.4 Studies of noise on individual channel level

The distribution of the electronic noise is also studied channel by channel.
It is tested qualitatively how the quantities RMS/� and �1/�2 perform by
looking at the plots where both a single-Gaussian and a double-Gaussian
fit have been made to the distribution. Two channels, numbered 15 and
47, in a typical module (called LBC20) are studied. Channel 47 is the one
positioned closest to the fLVPS and is expected to have the worst agreement
with a single-Gaussian description. Channel 15 is expected to have lower
noise and better agreement to a single-Gaussian.

It is worth noticing from Figs. 27 and 28 that for both channels, the
ratio RMS/� is 1.00, while the distribution is clearly not described by single-
Gaussian in the tails. This can be an example of how RMS/� test can fail to
notice the deviation from single-Gaussian behaviour. In such cases, a ratio
of �1/�2 di↵erent from 1, in combination with a non-negligible R, can give
an indication of this deviation. It is important to describe the tails of the
noise for correct topo-cluster formation. If the model underestimates the
tails, the frequency of the occurrence of high energy noise events would be
underestimated, and such events would in some instances be mistaken for
physics signals.

Judging by eye, the double-Gaussian model shows overall good agree-
ment with the data. The large values for the �2 could be explained by large
fluctuations in the bulk of the distributions and by that there appear to be
some structures in the ratio plots. This in turn is thought to be caused by
poor energy resolution of the ADC at the low energy of noise.
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5.5 Summary and conclusions

In summary, the electronic noise performance of TileCal modules with v.7.5
fLVPS in the late 2011 and early 2012 has been studied. In terms of elec-
tronic noise reduction, a significant improvement is observed in modules
with the new fLVPS compared to modules with old fLVPS. The cell noise
is on average reduced by 21% in HG for these modules. The improvement
is more pronounced for channels close to the fLVPS (channels with high
channel numbers).

It is investigated whether the distribution approaches a single-Gaussian
and whether we can find a useful discriminant to determine when to make
a single-Gaussian or a double-Gaussian fit. In the case of �1 and �2 having
very similar values, the same � could be used in topo-cluster formation
regardless of the magnitude of the energy deposition in the cell. Moreover,
if the distribution is described by a Gaussian with RMS/� = 1, then no fit
needs to be done and the RMS of the data can be used as �.

For a vast majority of the cells, the noise distribution is closer to the
single-Gaussian. However, in many cases the tails of the distributions still
need to be described by the double-Gaussian model. A change of modelling
to a single-Gaussian for channels having a value of RMS/� near one can not
be made. Meanwhile the �1/�2 quantity is impractical to use as it requires
a double-Gaussian fit to be made and it does not contain information about
the relative contribution of the two Gaussians. An alternative test for which
cells could have a single-Gaussian description could be performed on the level
of the formation of topo-clusters.
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6 Measurements of the t¯tZ and t¯tW production
cross sections

6.1 Introduction and motivation

At the LHC, tt̄ pairs are produced in large amounts from proton-proton
collisions, mostly through fusion of gluon pairs, as illustrated in Fig. 29. The
production of tt̄Z and tt̄W is much rarer. At

p
s = 8 TeV collision energy

and 20.3 fb�1 integrated luminosity, enough statistics can be collected to
make a first measurement of the production of a tt̄ pair in association with
a vector boson (Z or W ). The search channels for the processes include
exactly two or three charged leptons (called dilepton and trilepton). In
this work, the ATLAS measurement of the tt̄V cross section is presented
in trilepton and same sign dimuon channel. An independent measurement
by CMS of the same processes at

p
s = 8 TeV is described in Ref. [36].

The conference note included in the appendix shows the combination of
this analysis with a similar analysis in the opposite sign dilepton channel in
ATLAS.

g

g t

t̄

Figure 29: The fusion of a gluon pair, originating from two colliding protons,
into a tt̄ pair is the main production mechanism of top quarks at the LHC.

The measurement of the tt̄Z production cross section is also a measure-
ment of the coupling between the top quark and the Z boson, for which
there is a prediction from the SM. Many theories beyond the SM have de-
viating predictions for production of tt̄Z. The contribution of such new
physics can be introduced to the Lagrangian as anomalous couplings in the
framework of e↵ective field theory, as described in Ref. [37]. Theories that
can introduce modifications to the tt̄Z coupling include some varieties of
Supersymmetry [38,39], Little Higgs models [40,41] and theories with extra
dimensions [42] and fourth generation quarks [43, 44]. In addition, a hypo-
thetical neutral Z 0 particle (a dark matter candidate) could also couple to
the top quark and give a similar signature as tt̄Z. By measuring the pro-
duction of tt̄Z, many BSM theories can be constrained. Moreover, SM tt̄Z
production is an important background to tt̄H and to many search channels
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Figure 30: Production of the hypothetical T5/3 together with t̄, followed
by their decays [48]. This process gives a similar signature to the SM tt̄W
production.

for Supersymmetry and theories with fermionic partners to the top quark.
For the tt̄W measurement, both a dilepton final state with two muons

of the same charge and a trilepton final state are studied. The same sign
dilepton final state has little contribution from other SM processes than tt̄W .
It consitutes an important background for many searches for supersymmetry
in same sign dilepton channels. In the SM, the only production mechanism
of tt̄W at tree level is radiation of W from the initial state, followed by tt̄
production.

Several minimal composite Higgs models [45–47] predict the existence of
a heavy fermionic top partner with a mass in the range 0.5-1.5 TeV that
could be discovered in same sign dilepton signature at the LHC at 14 TeV
collision energy [48]. An example of such a partner is a top quark-like
particle with a charge of 5/3, called T5/3. The T5/3 could in such models
cancel the large loop corrections to the Higgs mass originating from the SM
top quarks, thereby solving the fine-tuning problem. A T5/3t̄ pair could
be produced at the LHC from a gluon and a quark, as shown in Fig. 30.
The top partner T5/3 would decay to tW+, giving a similar signature to the
SM tt̄W production. An exclusion by CMS of T5/3 with a mass up to 0.8
TeV [49] has been made, under the assumption of a 100 % branching ratio
for T5/3 ! tW+.

6.2 Object selections

The number of electrons and muons and the number of jets in an event are
used to define the signal regions for tt̄Z and tt̄W .

The selection of electrons used in the analysis is defined by LHmedium
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in Ref. [26]. Two electron triggers were used, with the first triggering on
electrons with p

T

> 24 GeV together with the isolation requirements speci-
fied below and the other triggering on electrons with p

T

> 60 GeV without
any isolation requirements.

Two di↵erent algorithms, called topoEtCone20 and ptCone30, are used
together to define the isolation criteria for electrons. With topoEtCone20,
the summed energy in the transverse plane E

T

of the topological clusters
within �R = 0.2 is compared4 to the energy of the electron. With pt-
Cone30, the momenta of tracks within a cone with radius �R = 0.3 around
the electron are compared to the electron momentum. Using topoEtCone20
(ptCone30), a relative cut is imposed on the maximum fraction of E

T

(p
T

)
allowed inside the cones with the electron E

T

(p
T

) excluded. From opti-
mization studies, this fraction was chosen to be at most 12 % for electrons
with E

T

< 50 GeV. For electrons with E
T

> 50 GeV, instead an absolute
upper bound of 6 GeV E

T

(p
T

) within these cones, excluding the electron,
is imposed.

The muons used in the analysis are Combined Muons, that is, muons that
are reconstructed from a combination of a track in the ID and a track in the
MS in a global fit. An isolation requirement is imposed on muons, by use
of a method that has an energy-dependent �R in the requirement. As for
electrons, two muon triggers are used, one selecting muons with p

T

> 24GeV
that fulfill the isolation requirements and another selecting leptons with
p
T

> 36 GeV with no isolation requirements.
Each event in our data sample should have been registered by at least

on lepton trigger. Therefore, all events contain at least one lepton with
p
T

> 24 GeV. The isolation requirements are not used in the triggers that
operate at higher p

T

in order to compensate for the loss of e�ciency at
high p

T

of the isolation-requiring triggers. Both electrons and muons are
also required to be matched by a track - there should be a track in the
ID within �R < 0.15 of the electron cluster. Additionally, a cut on the
transverse momentum p

T

< 15 GeV and on the pseudorapidity |⌘| < 2.5 of
both electrons and muons is imposed.

The jets are reconstructed using the anti-k
T

algorithm with distance
parameter R = 0.4. Cuts on jet p

T

and ⌘ are imposed: p
T

> 25 GeV,
|⌘| < 2.4.

6.3 Preselections of signal regions

The production of tt̄Z is studied in trilepton final states only. This selection
targets the process in which one of the W bosons from a top decay decays
hadronically, and the W produced from the other top quark decays leptoni-
cally, as shown in Fig. 31. This signature is chosen as a compromise between

4
�R = �⌘ ���
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the high cross section of hadronic W decay and the leptonic W decay that
has lower backgrounds.

t

t̄

Z

W+

t̄

W�

g

g

b̄

l̄

l

l

⌫̄

b

q

q̄0

Figure 31: An example of the production and a decay chain of tt̄Z to a
trilepton final state.

The signal region for tt̄Z requires three leptons in the final state, of which
two have the same flavour, opposite charge and an invariant mass within 10
GeV of Z boson mass. This signal region is referred to as 3`Z. For tt̄W
production, the trilepton final state instead has a veto against such lepton
pairs in order to reduce contribution from tt̄Z to the tt̄W search channel.
Each W boson produced in top quark decays should decay leptonically to
give a trilepton signature. Therefore the three leptons are forbidden to all
have the same sign in, as the ones coming from decaying t and t̄ should
have opposite sign. This signal region is called 3`Zveto. In the dilepton
search channel for tt̄W , called 2µSS, both leptons should be muons of the
same charge. At least one reconstructed vertex with five or more tracks is
required in each event in our signal regions. For the final selection, the signal
regions are partitioned further and the some cuts are imposed, as described
in Sec. 6.7.1.

Now the backgrounds need to be evaluated. One major background
originates from misidentified leptons. This background is estimated using
the methods described in Sec. 6.5.

6.4 Charge-flips

The measurement of charge is complicated by so-called charge flips - misiden-
tification of the charge of a lepton. Charge-flips occur because charged lep-
tons in magnetic fields radiate photons, which in turn can produce e+e�

pairs. If the track of one of these secondary leptons is wrongly attributed
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to the original lepton, one can attribute the wrong sign on the charge of the
reconstructed lepton.

Charge-flips form a large background in the same sign region dilepton
region where the fake rates are computed, in particular in the dielectron
channel. Oppositely charged leptons are created in great amounts from the
decays of the Z boson. Misidentifying the sign on the charge of one of these
leptons results in a same sign signature. The contribution of charge-flips is
estimated using a likelihood fit. The result of the fit is shown in Fig. 32.
The fraction of leptons that have a misattributed charge is estimated to be
up to 8% at high ⌘ and p

T

for electrons and neglible for muons.
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Figure 32: Measured charge-flip rates in units of percent for (a) electrons
and (b) muons.
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6.5 Fake leptons

In identifying leptons to use for the analysis, prompt leptons are targeted.
These are defined specifically for a given analysis (as in Sec. ?? and do
not include leptons that originate from decays of b quarks and from photon
conversions. There is a possibility to wrongly select an object such as a jet
or a non-prompt lepton and misidentify it as a lepton, thus giving rise to
so-called fake leptons. The presence of fake leptons needs to be properly
included in the background estimation in order to model the reconstructed
data correctly. Fake leptons constitute an important background in the tt̄Z
and tt̄W signal regions and an estimate of the fake lepton yield to a precision
of around 30% is essential for good sensitivity to the signal. In this section,
the estimation of the number of fake leptons (the fake yield) is described. A
data-driven estimate of the real and fake e�ciencies is employed.

The number of fake leptons can be estimated by using the Matrix Method
[50] (MM), described in Sec. 6.5.1. The lepton definitions used for the
Matrix Method in the analysis are given in Sec. 6.5.2. The MM requires
the real e↵eiciency r and the fake e�ciency f for each letpon in an event as
input parameters. These e�ciencies are measured in the regions defined in
Sec. 6.5.3. The method employed to find an initial estimate of r and f is
described in Sec. 6.5.4. Corrections to this estimate are described in Sec.
6.5.5. The estimated fake yields are validated in control regions and their
systematic uncertainty is assessed, as described in Secs. 6.5.6 and 6.5.7.

6.5.1 The Matrix Method

An estimate for the fake lepton yield can be computed using the Matrix
Method. In order to use the Matrix Method, the data needs to be partitioned
into tight (T ) leptons and a loose sideband (L). These two partitions form
two non-intersecting subsets of the loose selection (l). The loose selection
is a relaxed version of the tight criteria and leptons that meet the loose (l)
but not tight (T) selection form the sideband (L). Considering events with
only one loose (l) lepton present in each event, we have

N l = NT +NL, (4)

where N l (NT , NL) is the number of events with one loose (tight, loose
sideband) leptons. The tight requirements are designed to select real leptons
and reject fake leptons. The Matrix Method provides a transformation from
leptons partitioned into tight and loose sideband, which is the format of
the data, into an estimate of the number of real (R) and fake (F) leptons,
referred to as real and fake yields.

The e�ciency r for a real lepton that satisfies the loose criteria to also
satisfy the tight can be written in terms of the yield of real tight leptons
NT

R

and the yield of loose (l) real leptons N l

R

as:
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r =
NT

R

N l

R

. (5)

Similarly, the e�ciency f of a fake lepton that meets the loose (l) require-
ments to also meet the tight is related to the yield of tight fake leptons NT

F

and the yield of loose fake leptons N l

F

by:

f =
NT

F

N l

F

. (6)

The number of tight leptons NT is given by:

NT = r ·N l

R

+ f ·N l

F

(7)

and the number leptons in the loose sideband by:

NL = (1� r) ·N l

R

+ (1� f) ·N l

F

. (8)

This can be written in matrix form as:

✓
NT

NL

◆
=

✓
r f

1� r 1� f

◆✓
N l

R

N l

F

◆
, (9)

or

N
i

= M
ij

n
j

. (10)

Following Ref. [50], the matrix equation can be generalized to the dilep-
ton case by extending N

i

, M
ij

and n
j

as:

N
i

=

0

BB@

NTT

NTL

NLT

NLL

1

CCA , (11)

Mij =

0

BB@

r1r2 r1f2 f1r2 f1f2
r1(1� r2) r1(1� f2) f1(1� r2) f1(1� f2)
(1� r1)r2 (1� r1)f2 (1� f1)r2 (1� f1)f2

(1� r1)(1� r2) (1� r1)(1� f2) (1� f1)(1� r2) (1� f1)(1� f2)

1

CCA ,

(12)

n
j

=

0

BB@

N ll

RR

N ll

RF

N ll

FR

N ll

FF

1

CCA . (13)
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Here NTL, for example, denotes that the first lepton is tight and the second
is in the loose sideband. The index 1 in r1, f1 refers to the e�ciencies for
the first lepton and r2, f2 to the e�ciencies of the second lepton. In this
work, the ordering of the leptons is by momentum, so the index 1 refers
to the lepton with highest momentum (also called the leading lepton) and
the index 2 to the lepton with second highest momentum (second leading
or subleading lepton). The matrix equation can be inverted as:

n
j

= (M
ji

)�1N
i

, (14)

where the expression for the inverse matrix is

(Mji)
�1 = ↵

0

BB@

(1� f1)(1� f2) �(1� f1)f2 �f1(1� f2) f1f2
�(1� f1)(1� r2) (1� f1)r2 f1(1� r2) �f1r2
�(1� r1)(1� f2) (1� r1)f2 r1(1� f2) �r1f2
(1� r1)(1� r2) �(1� r1)r2 �r1(1� r2) r1r2

1

CCA , (15)

↵ =
1

(r1 � f1)(r2 � f2)
.

For the tt̄V analysis, the matrix method needs to be extended further to the
trilepton case. The same structure is used as for the dilepton case with N

i

and n
j

extended to:

N
i

=

0

BBBBBBBBBB@

NTTT

NTTL

NTLT

NLTT

NTLL

NLTL

NLLT

NLLL

1

CCCCCCCCCCA

, n
j

=

0

BBBBBBBBBB@

N lll

RRR

N lll

RRF

N lll

RFR

N lll

FRR

N lll

RFF

N lll

FRF

N lll

FFR

N lll

FFF

1

CCCCCCCCCCA

. (16)

The 8x8 trilepton matrix M
ij

is written for completeness in eq. (17).
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The index 1 on the real and fake e�ciencies refers to the leading lepton
in the event in question, the index 2 to the second leading and index 3 to
the lepton with the lowest p

T

. The analytical solution for M�1
ij

for three
leptons is found to have the form:

M�1
ij

=
c
ij

·M(9�j)(9�i)

(r1 � f1)(r2 � f2)(r3 � f3)
, i, j = [1, 8] (18)

c
ij

=

8
<

:

+1 if i = 2, 3, 4, 8 and j = 2, 3, 4, 8
+1 if i 6= 2, 3, 4, 8 and j 6= 2, 3, 4, 8
�1 else .

Here the rows i and columns j are numbered from 1 to 8. More explicitly:

M�1
ij

= ↵

0

BBBBBBBBBB@

M88 �M78 �M68 �M58 M48 M38 M28 �M18

�M87 M77 M67 M57 �M47 �M37 �M27 M17

�M86 M76 M66 M56 �M46 �M36 �M26 M16

�M85 M75 M65 M55 �M45 �M35 �M25 M15

M84 �M74 �M64 �M54 M44 M34 M24 �M14

M83 �M73 �M63 �M53 M43 M33 M23 �M13

M82 �M72 �M62 �M52 M42 M32 M22 �M12

�M81 M71 M61 M51 �M41 �M31 �M21 M11

1

CCCCCCCCCCA

,

↵ =

1

(r1 � f1)(r2 � f2)(r3 � f3)
. (19)

Before the matrix method can be used to predict the number of fake
leptons, the lepton e�ciencies (r and f) need to be determined. The mea-
surement of r and f is described in Secs. 6.5.2 - 6.5.5. Closure and validation
tests of the result of this measurement are performed in Secs. 6.5.7-6.5.6.

6.5.2 Lepton definitions for the Matrix Method

The tight selection (T) for the MM is set to be the same as the definition
of leptons for the cross section measurement, as given in Sec. 6.2. The
loose selection l for electrons is defined as medium++ in Ref. [26], with an
additional veto against electron candidates that are matched to a photon
conversion and with no requirement on the isolation of the electron or its
track. For muons, there is a requirement on the isolation of the muon for
the tight selection, as mentioned in Sec. 6.2. For the loose (l) selection,
this requirement is removed. Additionally, all loose electrons and muons
are required to have |⌘| < 2.5 and p

T

> 15 GeV, as for leptons in the tight
selection.

It should be noted that for electrons, the tight selection (LHmedium) is
not a subset of the loose selection (modified medium++). This could result
in problems when the fake rates thus derived are applied in the signal and
control regions. For muons, the challenge is that it is di�cult to relax the
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tight criteria enough to have a loose sideband that admits many fake leptons
(which would be desirable in making the measurement of the fake rates).

6.5.3 Regions for measurements of r and f

The real rate r is measured in dilepton events with oppositely charged lep-
tons of the same flavour (e+e� and µ+µ�) in a Z mass window of 81–101
GeV. This region contains a large number of real leptons, originating mainly
from the decay of Z bosons. This region is called OSZ

r

in this work.
The fake lepton rate f is measured in dilepton events with same sign

charge of both leptons, using all three dilepton channels ee, eµ and µµ. The
Z mass window of 81–101 GeV is excluded in the ee and µµ channels to
reduce the number of real leptons present. This region is referred to as SS

f

.
From previous experience, the fake rate is known to vary depending on

the flavour composition of jets in the event and in real e�ciencies in di↵erent
regions. These e↵ects are estimated using a variable that the fake rate is
sensitive to, namely the jet multiplicity. To get an estimate of the magnitude
of these variations, both real and fake e�ciencies are computed separately
in two non-overlapping jet multiplicity regions: one with the requirement of
between 1 and 2 jets, and another with the requirement of at least three jets.
The rates are also computed separately for the requirement of no b-tags and
the requirement of exactly one b-tag.

6.5.4 Inverting the Matrix method

The first step employed to determine the rates r and f is to use the MM in
a new way: the known number of events partitioned in the tight selection
and the loose sideband is used to solve for r and f . This is done first in
the OSZ

r

region to solve for r and then in the SS
f

region to solve for r. A
requirement of exactly two loose leptons in these regions is imposed.

In order to use the Matrix Method for this purpose, a likelihood function
is defined:

L =
Y

p

T

bins

Y

i

Po(N
i

|M
ij

n
j

) , (20)

that is the probabability to observe the number of events in the given con-
figurations in terms of tight and loose sideband leptons, assuming Poisson
statistics for some variable values for the unkowns. The unknown variables
in this case are the e�ciencies r1, r2, f1, f2 and the number of leptons in four
di↵erent real and fake configurations. The product over the di↵erent p

T

bins
in the parametrization is computed. A minimization, using minuit [51], is
done of the likelihood function:

min
r1, f1, r2, f2, n

j

(�2 lnL) . (21)
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The minimization is performed twice: once to solve for r in OSZ
r

, and a
second time with r held fixed to solve for f in SS

f

, as described below.
A condition for this reversed matrix method to work is that the number

of constraint equations is at least as large as the number of unknowns in the
matrix equations. Some assumptions on the yields in terms of real and fake
leptons need to be made to add contraints: in the OSZ

r

region the number
of dilepton events with both leptons being fake is apporximated to be zero
NFF = 0. With this condition, r becomes independent of f , as can be seen
from the fourth row of the inverse matrix equation (14), with the left hand
side set to zero:

0 = (1� r1)(1� r2)NTT

� (1� r1)r2NTL

� r1(1� r2)NLT

+ r1r2NLL

. (22)

For the case r1 = r2, which occurs for two electrons or two muons in the
same p

T

bin, an explicit solution for r emerges that is not dependent on f .
So, r can be solved for without knowledge of f . The equation is quadratic
in r and so has two solutions. This is resolved by adding constraints from
other bins and by the constraint and by the constraint NFF = 0. The events
with lepton p

T

in di↵erent bins (r1 6= r2) provide more statistics and allow
determination of the real rate for leptons below the trigger threshold at 24
GeV. All this information can easily be combined in the likelihood fit.

Once r has been derived in the di↵erent p
T

bins, a solution for f can
be found, provided that enough statistics is available. With r fixed, f can
be computed in a similar fit in the SS

f

region. All three dilepton channels
are included simultaneously when solving for f to maximize the number
of constraints. For two electrons or two muons with p

T

in the same bin
(and consequently f1 = f2), equations with only one uknown f emerge.
Again, information from other bins as well as from the eµ channel (with
f1 6= f2) is easily included in the likelihood minimization. Since the matrix
equations are quadratic in f when f1 = f2, the solutions are not unique.
More constraints are needed to fix r and f to achieve convergence of the
method. One can approximate nRR ⇠ 0 for bins that have a relatively small
number of events in SS

f

. As when solving for r, the condition N
FF

= 0 is
imposed.

The result of the likelihood fit is shown in Fig. 33 for the two jet multi-
plicity regions (1-2 jets and � 3 jets). In general, the real rates are somewhat
lower in the high jet-multiplicity region and the fake rates are somewhat
higher there.

6.5.5 Iterative corrections

The real e�ciency r is fixed from the likelihood fit described in Sec. 6.5.4.
The fake rate, however, needs to be adjusted with corrections from SM
prediction for the following reasons. The two dimensional MM requires
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Figure 33: The original rates from the likelihood fit in a same sign region
with one b-tag and 1-2 jets (a) or � 3 jets (b). Electron real rates are shown
in black, electron fake rates in blue, muon real rates in red and muon fake
rates in green.

exactly two loose (l) leptons. In the analysis, however, there are exactly two
tight leptons in the dilepton region and exactly three tight leptons in the
trilepton regions. This mismatch is exaggerated for the case where the tight
selection (LHmedium for electrons) is not a subset of the loose (medium++
for electrons), or when it is di�cult define well-populated loose sideband, as
for muons in this analysis. The fake rate is more sensitive to this mismatch
than the real e�ciency and needs to be normalized to correct for the e↵ect.
In addition, corrections in terms of ⌘ and around the trigger thresholds for
subleading muons (muons with the second largest p

T

in the event) in µµ
events are needed to reduce large fluctuations in the estimated fake yield.
Moreover, an e↵ect that is not included in the likelihood fit is that the charge-
flip rate depends on whether the leptons are tight or not; this introduces an
error to the fake rate estimate, which can be compensated for with iterative
corrections. The corrections are performed in the same-sign dilepton region
SS

f

, now with a requirement of exactly two tight (T) leptons in each event.
Corrections are applied independently for the muon fake rate in the µµ

channel and for the electron fake rate in the ee channel. Then the fake rate
for electrons is recomputed in the eµ channel, using the muon fake rates
from the corrections in µµ. The average between the resulting two electron
fake rates is used.

The correction factors to the fake rates are computed based on the as-
sumption that the total prdediction for real leptons, leptons from charge-flips
and fake leptons should match the data in that bin. The di↵erence between
the data and the prediction is assumed to be entirely due to fake leptons
that have not been accounted for. The predicted fake yield in each bin is ap-
proximated to be proportional to the corresponding fake rate, as motivated
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below. Following Ref. [50], the number of fake leptons in dilepton events
that are accepted by the tight selection is:

NTT

f

= NTT

RF

+NTT

FR

+NTT

FF

. (23)

In the region where the iterative corrections are performed, the number of
events with two fake leptons is assumed to be negligible NTT

FF

⇠ 0. A change
of basis can be performed to make a transformation from the loose basis (ll)
of the Matrix Method to the tight selection (TT ) of the analysis, resulting
in:

NTT

f

= r1f2N
ll

RF

+ f1r2N
ll

FR

, (24)

provided NTT

FF

= 0. Equation (24) shows that the fake yield is given by a
sum of two terms, each proportional to the fake rate of either lepton. There-
fore the fake rate is assumed to scale with the fake yield. The discrepancy
between the data and the prediction from Monte Carlo in each p

T

bin is
used to determine the correction factor c to f :

c = 1 +
(data� total prediction)

fake yield
(25)

in each bin. The total prediction in this equation is constituted by the sum of
the prediction of fake leptons, charge-flips and real leptons in each bin. The
corrections generally need to be performed several times before the method
converges. The corrections are applied in several variables, as described
below. In Sec. 6.5.7, validation tests are performed in other regions and
variables to test the result from using these corrections.

In the µµ channel, a large discrepancy (up to a factor 5) is observed
between the prediction for subleading muons with p

T

< 36 GeV that are
trigger matched and other muons in this p

T

range. Therefore, as a first
step, the fake rate for trigger matched second leading muons below 36 GeV
is fixed to a value such that the correction |c � 1| with this rate applied is
larger than its uncertainty. In the analysis, this rate is applied to trigger
matched second leading muons with p

T

< 36 GeV under the condition that
no electron trigger has registered the event.

Next, corrections are applied in pseudorapidity ⌘ of the leptons. The fake
rates are at this stage rescaled only in ⌘-bins where the correction |c� 1| is
larger than its uncertainty.

Finally, global corrections in terms of p
T

are performed iteratively. In
each iteration, correction factors to all p

T

-bins are applied. The iterative
corrections in p

T

are applied until |c � 1| < 15%, which seems to be a
reasonable convergence criterium as the precision is limited by the statistical
fluctuations that are usually twice as large.
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The procedure described above is summarized below, separately for the
muon rates and the electron rates.

1(µ) Start with the r and f for muons from the likelihood fit to the matrix
equations.

2(µ) Adjust the fake rate f in the µµ channel for the second leading muons
that are trigger matched and have a transverse momentum of p

T


36 GeV. When the data and prediction agree within the estimated
uncertainties, fix these rates.

3(µ) Apply corrections to the fake rate, parametrized in ⌘, so that the
prediction agrees with the data within the estimated uncertainty.

4(µ) Apply iterative corrections to the fake rates, parametrized in p
T

, until
the disagreement between data and prediction is below 15 %.

The procedure is similar when computing the electron fake rate in ee,
except that no correction with respect to trigger match is performed. The
electron fake rate is computed two times independently: once in ee and
once in eµ, with the muon rate fixed from the iterative corrections described
above.

1(e) Start with the r and f for electrons from the likelihood fit to the matrix
equations.

2(e) Perform steps 3(µ) and 4(µ) for the electron rates in the ee region.

3(e) Starting from step 1(e), perform steps 3(µ) and 4(µ) for the electron
rates in the eµ channel, while keeping the muon rates fixed.

4(e) Compute the average between the resulting rates in 2(e) and 3(e).

As mentioned earlier, this procedure is performed independently in two
di↵erent jet multiplicity regions, requiring 1-2 jets in the first region and at
least 3 jets in the second. The average between the results in the di↵erent
jet multiplicity regions is used for the closure and validation plots in Secs.
6.5.6-6.5.7.

The uncertainty on the charge-flip yield in the SS
f

region introduces a
new source of systematic uncertainty to the fake yeild. As the systematic
uncertainty on the charge-flip estimate is around 20 %, the estimate of the
charge flip yield is varied up and down by 20 % from the central value
and the fake rates are recomputed in these two settings, once in each jet
multiplicity region. This results in six estimates of the fake rates - one for
each combination of jet multiplicity and charge-flip estimate. The di↵erence
in the prediction of the fake yield from the di↵erent derived rates is used to
assess the systematic uncertainty on the fake yield.
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6.5.6 Closure and shifts

As a first step towards validation, the derived fake rates are tested in terms
of closure. It is visualized that the method of measuring the fake rate,
derived using iterative corrections to a likelhood fit, converges towards a
prediction that agrees with the data. For this, the yield in the region SS

f

for the inclusive case of at least one jet in each event is shown in terms of p
T

of the subleading lepton. In Fig. 34 (c), this is shown for the µµ channel,
in Fig. 35 (c) for the ee channel and in Fig. 36 (c) for the eµ channel. In
addition, the shifts in the prediction of the fake yield is visualized in the
di↵erent jet multiplicity regions, for 1-2 jets in (a) for these figures and for
at least 3 jets for (b) in these figures.

We would like to visually assess whether the predicted yield, given the
data, is consistent with the estimated fake rates, assuming that the system-
atic uncertainty on the fake yield is around 30%. Therefore a shaded band is
shown in these figures, which includes a 30 % uncertainty on the fake yield.

measurement region withat least one jet shown for the µµ channel. The
used central fake rates are derived from the jet multiplicity average of the
1–2 and 3 or more jets regions.
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(a) (b)

(c)

Figure 34: The average fake rates are applied in the regions 1-2 jets (a),
� 3 jets (b) and � 1 jets (c) in the µµ channel. The yields are shown for
di↵erent p

T

of the second leading lepton in SS
f

.
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Figure 35: The average fake rates are applied in the regions 1-2 jets (a), � 3
jets (b) and � 1 jets (c) in the ee channel. The yields are shown for di↵erent
p
T

of the second leading lepton in SS
f

.
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(a) (b)

(c)

Figure 36: The average fake rates are applied in the regions 1-2 jets (a),
� 3 jets (b) and � 1 jets (c) in the eµ channel. The yields are shown for
di↵erent p

T

of the second leading lepton in SS
f

.
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Figure 37: The average fake rates are applied requireing � 1 jets in the µµ
(a) and ee (b) channels. The yields are shown for di↵erent ⌘ of the second
leading lepton in SS

f

.
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6.5.7 Validation

Now the fake yields are validated in control regions and in variables that
have not been used for the measurement of f . If these rates give a reasonable
prediction in the control regions, we have reason to believe that they can
be applied in the signal regions as well. The control regions are designed to
be similar to the signal regions without having any overlap with them. The
signal regions are defined in Sec. 6.7.1. A systematic uncertainty of 30% is
included in the shaded band in the figures to check by eye whether this is a
reasonable estimate.

The control region for the tt̄Z trilepton signal region is defined by im-
posing the condition of 1-3 jets of which exactly one is b-tagged to the tt̄Z
preselection defined in Sec. 6.7.1. Figure 38(b) shows the yield in this con-
trol region in terms of Emiss

T

. In Fig. 39(b) the number of jets in the events
is shown in the control region. In Fig. 40 (b), the transverse mass of the
lepton and Emiss

T

that are assumed to come from the same leptonic W de-
cay is shown. The corresponding plots, including events with no b-tags are
shown in Figs. 38(a), 39(a) and 40(a). For events with no b-tags, rates are
derived separately according to the same procedure as described above, with
a requirement of no b-tags rather than one b-tag in SS

f

.
In the Figs. 41 and 42, the fake yield is validated in the control region

for tt̄W trilepton, 3LZvetoCR. This control region is defined by adding
the requirement of exactly one b-tag to the 3`Zveto preselection. Figure
41 shows the yield against Emiss

T

and figure 42 shows the yield against the
number of jets.

Since there are few events in the dilepton tt̄W control region 2µSS, this
validation is performed in a table with one column, Tab. 2, rather than in
a histogram. At least two b-tagged jets are required, as in the signal region.
This tests whether the fake rates that are computed under a requirement of
exactly one b-tag give a reasonable estimate in a region where instead two
b-tags are required. To create a control region that does not overlap with
the signal region, a requirement of Emiss

T

< 40GeV is imposed. The data is
consistent with the prediction.

With validation tests performed in many variables, of which are few are
shown here, the data could be unblinded and the cross section measure-
ment performed. Before presenting the results, a short description of the
validation of scale factors between data and the prediction follows.
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(a)

(b)

Figure 38: Missing transverse energy Emiss

T

in the 3`Z control region with
the derived rates. In (b), a requirement of at least one b-tag is imposed. In
(a) events with no b-tags are included.
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(a)

(b)

Figure 39: The number of jets in the 3`Z control region with derived rates.
In (b), a requirement of at least one b-tag is imposed. In (a) events with no
b-tags are included.
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(a)

(b)

Figure 40: The transverse mass MW

T

in the 3`Z control region with real and
fake derived rates. In (b), a requirement of at least one b-tag is imposed. In
(a) events with no b-tags are included.
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Figure 41: Missing transverse energy Emiss

T

in the 3`Zveto control region
using the derived rates. Exactly one b-tag is required.

Figure 42: The number of jets in the 3`Zveto control region with the real
and fake derived rates. Exactly one b-tag is required.
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Process Yield

tt̄Z 0.49 ± 0.04

tZ 0.13 ± 0.03

tt̄W 1.32 ± 0.07

tt̄H 0.35 ± 0.02

WZ 0.25 ± 0.09

ZZ 0.03 ± 0.01

fakes 4.92 ± 1.96

Total background 6.16 ± 1.97

Total prediction 7.47 ± 1.96

Data 7.00

Table 2: Expected event yields for backgrounds and signal processes and the
observed data events in the control region for 2µSS region are shown here.
A requirement of p

T

> 15 GeV for both leptons and of Emiss

T

< 40 GeV is
imposed.
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6.6 Scale factors

To assert that the identification of real leptons is the sam in data and in the
prediction, it is tested whether the quotient (scale factors) between the real
e�ciency r computed using data and the prediction is near one. The scale
factors are measured in opposite sign same flavour dilepton events with an
invariant mass between 86 and 96 GeV (near the Z mass). This selection is
rich in real leptons and hence the approximation that all loose (l) leptons
are real leptons is made here.

The variations in the scale factors for the e�ciency are studied in the
variables lepton momentum p

T

, pseudorapidity ⌘, pile-up µ and number
of primary vertices in the bunch crossing pvxpn. Here µ is the total pileup
with contribution from both in-time pileup and out-of-time pileup from other
bunch crossings, wheras pvxpn only shows the number of observed collisions
at the given bunch crossing and thus corresponds to in-time pileup.

To compute the real e�ciencies binned in p
T

and ⌘, the so-called tag
and probe method is used. In this method, one of the two leptons in each
dilepton event is tagged (required to have some characteristic) and the other
is probed (checked whether it fulfills some characteristic). Specifically for
this computation, both characteristics are that the lepton in equation is
tight. By assuring the presence of at least one tight lepton in all events used
for computation of r, the contribution from fake leptons is reduced further.
To get an estimate for the real e�ciency, the number of tagged events where
the probed lepton is tight nTT is divided by the total number of tagged
events nT l in the estimation of r:

r =
nTT

nT l

. (26)

The first index in Eq. (26) refers to the tagged lepton and the second to
the probe. The subscripts T and l denote tight and loose as defined in Sec.
6.5.2. Each event can be counted twice, possibly tagging each of the two
leptons in turn. Events where both leptons are in the same p

T

or ⌘ bin
are excluded to avoid events where both leptons contribute to the e�ciency
estimate in the same bin.

To compute the real e�ciency in terms of the event parameters µ and
pvxpn, a di↵erent expression needs to be used for r since these parameters
are specific to the event rather than to each lepton. The expression for r
that is used for µ and pvxpn is derived below.

The number of events with two tight real leptons nTT is given by:

nTT = �r2
Z

Ldt, (27)

where � is the cross section for production of real lepton pairs and
R
Ldt is

the integrated luminosity. The number of real dilepton events with at least
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one tight lepton n!(LL) is found by subtracting the number of events where
neither lepton is tight (with a probability of 1� r for each lepton) from the
total number of real dilepton events:

n!(LL) = �(1� (1� r)2)

Z
Ldt = �r(2� r)

Z
Ldt . (28)

Dividing eq. (28) by eq. (27) gives

n!(LL)

nTT

=
2� r

r
. (29)

Rewriting n!(LL) as n!(LL) = nTT + nTL + nLT and solving for r gives:

r =
2nTT

2nTT + nTL + nLT

. (30)
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Figure 43: Scale factors in dilepton events with two muons. The
parametrization is done in ⌘ (top left), p

T

(top right), µ (bottom left) and
number of primary vertices (bottom right).

The results are presented in Fig. 43 for muons and in Fig. 44 for
electrons. For muons, the scale factor is 0.98 for 10 GeV < p

T

< 15 GeV.
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Figure 44: Scale factors in dilepton events with two electrons. The
parametrization is done in ⌘ (top left), p

T

(top right), µ (bottom left) and
number of primary vertices (bottom right).

It increases gradually, reaching 1.00 at 30 GeV, and stays constant at 1.00
above 30 GeV. In the analysis, leptons above p

T

= 15 GeV were used.
The systematic uncertainty arising from di↵erent real e�ciencies in data
and Monte Carlo prediction is estimated to be at most 2 % in the low p

T

muons. In the other three variables investigated (⌘, µ, pvxpn), the scale
factor is constant at 1.00, showing excellent agreement between data and
Monte Carlo in terms of real e�ciencies. In µ, there is very little statistics
available at low pileup µ < 6, which results in large errorbars at these values.
For electrons, the agreement in p

T

looks even better than for muons. Below
25 GeV, the scale factor drops down to 0.99, all others are 1.00. The scale
factor fluctuates up and down by 1 % in ⌘. It is uniform at 1.00 in terms of
pileup.

In summary, data and Monte Carlo show good agreement in dilepton
events, so no new scale factor needs to be introduced in the computation
and no additional systematic uncertainty needs to be included for this source.
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6.7 Measurement results

The results of the measurement of the tt̄Z and tt̄W cross sections in the
trilepton and same-sign dimuon final states with at

p
s = 8 TeV,

R
Ldt =

20.3 fb�1 are presented here. The combination with another measurement
of the processes in opposite sign dilepton channels in ATLAS is described
in the attached note.

6.7.1 Signal regions

For the final selection, the trilepton search channel for tt̄Z is split according
to jet multiplicity and number of b-tagged jets and then reassambled into
three groups that have similar signal to background ratios and systematic
uncertainties. A similar procedure for the tt̄W preselections 3`Zveto and
2µSS results in one group each with some requirements on the number of
jets and b-tags. Each of the five groups is optimized independently by in-
troducing cuts on variables such as Emiss

T

and p
T

in such a way that the
expected sensitivity to the signal is maximized.

The three signal regions for tt̄Z are called SRZb1j4, SRZb2j4 and SRb2j3.
The region called SRZb1j4 has at least four jets, of which exactly one is b-
tagged. For SRZb2j4, at least four jets are requested, of which at least two
are b-tagged. In SRZB2j3, there are exactly three jets of which at least
two are b-tagged. The tt̄W trilepton region is required to have two or three
jets of which at least two b-tagged. This modified form of 3`Zveto is called
SRW`3. In the 2µSS region, the events are required to contain exactly two
same-sign muons as well as at least two b-tagged jets, p

T

> 25 GeV for both
muons and Emiss

T

> 40 GeV; this signal region is referred to as SR2µSS.
The signal region is optimised to have a Emiss

T

> 40 GeV. The regions of
phase space within the preselection which is are not included in these five
selections can be used as control regions to validate the predicted fake yield,
as in Sec. 6.5.7.

The final states are chosen in such a way that backgrounds from Standard
Model processes with similar signatures are suppressed. The predicted and
the observed number of events (event yields) in the five signal regions are
shown in Tab. 3 and in Fig. 45. The estimate of the fake lepton yield used
for this table and plot are the average rates from Sec. 6.5.5. In Sec. 6.7.2,
the fake yield as well as the other parameters, is instead optimized to a value
within the estimated �1� and +1� shift.

For the tt̄Z search channels, the largest backgrounds are WZ and tZ
production. For the tt̄W trilepton and dilepton signal regions, the main
background arises from misidentified leptons.
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Selection SRZb1j4 SRZb2j4 SRZb2j3 SRW`3 SR2µSS

tt̄Z 7.0± 1.6 6.7± 1.6 2.8± 0.7 1.23± 0.31 1.22± 0.29

tZ + t̄Z 1.4± 0.4 0.78± 0.24 1.17± 0.30 0.37± 0.13 0.29± 0.08

tt̄W 0.14± 0.05 0.14± 0.07 0.21± 0.07 3.7± 0.9 5.0± 1.2

tt̄H 0.210± 0.035 0.23± 0.04 0.110± 0.020 0.68± 0.11 0.88± 0.13

WZ+jets 4.1± 1.1 0.8± 0.4 0.8± 0.4 0.31± 0.11 0.12± 0.13

Other 0.28± 0.10 0.040± 0.020 0.11± 0.06 0.090± 0.020 0.16± 0.04

MisID leptons 2.4± 1.1 0.4± 0.4 0.19± 0.13 1.3± 0.9 2.1± 2.4

Total non-tt̄V 8.4± 1.6 2.3± 0.6 2.4± 0.5 2.8± 0.9 3.6± 2.4

Total expected 15.5± 2.3 9.0± 1.7 5.4± 0.9 7.7± 1.3 9.8± 2.7

Observed 8 11 3 6 14

Table 3: Event yields in the signal regions for tt̄Z (SRZb2j3, SRZb1j4,
SRZb2j4) and for tt̄W (SRW`3 and SR2µSS). The yields of the expected
backgrounds and signals as well as the data are shown together with their
uncertainties. The listed uncertainties are the sums in quadrature of the
statistical and total systematic uncertainties.

6.7.2 Likelihood fits

To make a measurement of the tt̄Z and tt̄W cross sections, a profile like-
lihood fitting method from RooStats [52] is employed. The systematic
uncertainties are included in the fit as nuisance parameters. A general good
agreement is shown for the estimated average values and systematic uncer-
tainties of the nuisance parameters before and after the fit. The tt̄Z and
tt̄W signal strengths are measured simultaneously in a two-dimensional fit.
In this way, it does not have to be assumed that either process is fixed to
the Standard Model.

The likelihood functions for tt̄Z and tt̄W are shown in Figs. 46(a)-46(b).
The result of the two-dimensional fit is shown in Fig. 46(c). The yellow
circle shows the SM predicion with theoretical uncertainties, it is inside the
2� contour of the measurement.

The result of the fit is a signal strength µ of 0.70+0.33
�0.28 for tt̄Z with respect

to the Standard Model signal and a signal strength of 1.37+0.62
�0.51 for tt̄W . The

null hypotheses for no SM production of tt̄Z or tt̄W are excluded with a
significance of 2.7� for tt̄Z and with 3.1� for tt̄W . The null hypothesis with
both tt̄Z and tt̄W production absent, is excluded with a significance of 4.1�.
These significances are calculated using the asymptotic formula [53–55].
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Figure 45: The number of events, observed and expected, in all the three
signal regions for tt̄Z (first three bins) and the two signal regions for tt̄W
(last two bins) are shown here. The signal is shown in red for tt̄Z and in
dark blue for tt̄W . The green band shows the estimated contribution from
fake leptons, which is the largest background in the tt̄W search channels.
All estimates of the systematic uncertainties from before the likelihood fit
are included in the shaded bands.

6.7.3 Impact of systematic uncertainties in the fake rates

The impact of the systematic uncertainties on the tt̄V cross sections is eval-
uated with the profile likelihood method. To compute this impact, the sys-
tematic uncertainty of the systematic source is set to zero, and the cross sec-
tions togehter with the other systematic uncertainties on it are recomputed
in this setup. This systematic uncertainty is then subtracted in quadra-
ture from the total systematic uncertainty on the cross section, thus giving
an estimate of the impact of the systematic uncertainty on the source in
question.

Table 4 shows the contribution of the di↵erent sources of systematic
uncertainties as well as the statistical uncertainty for separate fits to tt̄Z
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Figure 46: The likelihood function � lnL of the signal strength of tt̄Z with
respect to the the SM prediction µ

tt̄Z

is shown in (a). The corresponding
function for tt̄W is shown in (b). The points where the green lines cross the
curves correspond to 1�, 2� and 3� deviations from the minimum of the
likelihood function. In (c), the signal strength of tt̄Z is shown on the x-axis
and of tt̄W on the y-axis. The solid blue curve marks the confidence limits
that correspond to a 68 % (1�) joint probability and the dashed curve of
2�. The yellow shape marks the theoretical prediction with uncertainties.

and tt̄W . For tt̄Z, the contribution to the uncertainty of the signal strength
from the fake yield is 0.02, corresponding to one of the smaller e↵ects in
the total systematic uncertainty of 0.12. The total systematic uncertainty
in the signal strengths for tt̄Z is considerably smaller than the statistical
uncertainty, as there are few events available in the signal regions. The total
uncertainty is +0.33� 0.28 for the estimated signal strength for tt̄Z, µ

tt̄Z

=
0.72 for the one-dimensional fit to this process. For tt̄W , the impact of the
systematic uncertainty in the fake rates is 0.08, which is the second largest
contribution to the total systematic uncertainty of 0.18. The statistical

79



uncertainty is a factor 3 larger, giving a total uncertainty of +0.62� 0.50 to
the estimated signal strength of µ

tt̄W

= 1.31 in the one-dimensional fit to
tt̄W .

Trilepton and same-sign dilepton channels

Uncertainty µ
tt̄Z

µ
tt̄W

Detector 0.08 0.13

Background from simulation 0.07 0.03

Fake leptons 0.02 0.08

Signal modelling < 0.01 0.02

Total systematic uncertainty 0.12 0.18

Statistics +0.30�0.26 +0.58�0.47

Total +0.33�0.28 +0.62�0.50

Table 4: The uncertainties on the signal strengths of tt̄Z and tt̄W from the
di↵erent sources in seprate one dimensional fits to tt̄Z and tt̄W are shown.

6.8 Summary and conclusions

The tt̄Z and tt̄W cross sections are measured using trilepton and same sign
dimuon signatures. A fit to both processes simultaneously results in esti-
mated signal strengths consistent with the Standard Model: µ = 0.70+0.33

�0.28

for tt̄Z and µ = 1.37+0.62
�0.51 for tt̄W . The null hypotheses are excluded with

2.7� for tt̄Z, 3.1� for tt̄W and 4.1� for both processes together.
This is one of the first two measurement by ATLAS of the tt̄V processes.

More statistics is needed to test to higher precision whether the processes are
consistent with the Standard Model. New physics can a↵ect the production
mechanism of tt̄V by introducing anomalous couplings in the framework of
e↵ective field theory. Once a higher precision measurement at

p
s = 13TeV is

performed, the result can be tested against di↵erent models for new physics.
Misidentified leptons constitute a major background to the signal regions

considered. The number of misidentified leptons can be predicted using the
Matrix Method, with the real and fake e�ciencies of the leptons as input
parameters. The real and fake rates are measured in dilepton events and
several challenges are met. It is di�cult to find a (tight) lepton definition
that could be extended to a loose selection that encompasses the tight se-
lection without compromising the e�ciency for measuring the process. An
initial estimate for both real and fake e�ciencies is computed using a likeli-
hood minimization of the matrix equations. Iterative corrections in several
variables are applied in order to arrive at a predicted fake yield consistent
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with the data. The result of this measurement is validated in control re-
gions, where good agreement with data is displayed. In order to estimate
the systematic shifts in the fake yield, the rates are computed in two non-
overlapping jet multiplicity regions and with three di↵erent estimates of the
charge-flip yield. The systematic uncertainty of the fake yield is then set
by the variations from the resulting di↵erent predictions. These methods
were used together for the first time to give a consistent estimate of the
contribution of misidentified leptons in this tt̄V analysis.
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1. Introduction ATLAS Tile Calorimeter  

• Central part (η<1.7) of the ATLAS Hadronic Calorimeter.

• Sampling calorimeter: iron/scintillating tiles, placed perpendicularly to particle 
directions; double PMT readout  using wave length shifting fibres. 

• 10K readout channels in 256 electronics “drawers”, data sent over fiber links.

• Trigger analog signals from each tower to LVL1 trigger system.

3

 see also talk from V.Rossetti

and M. Simonyan.  

Figure 1: The Tile Calorimeter consists of one long barrel and two extended barrels.

The Tile Calorimeter (TileCal) is the central hadron calorimeter in ATLAS [1], covering ranges
in pseudorapidity1 of up to h = ±1.7 [2]. TileCal measures the energy and the position of ab-
sorbed particles, registering jets, hadronic decays of t leptons, and missing transverse energy Emiss

T .
In TileCal, hadrons from collisions can manifest themselves as jets that are built as topoclusters
seeded around cells with a large signal compared to noise. The jet energy resolution in TileCal is
50%/

p
E [GeV ] � 3%. The missing transverse energy Emiss

T is a quantity that compensates for the
apparent non-conservation of transverse momentum in an event. A large Emiss

T could indicate to the
presence of neutrinos, which do not interact in ATLAS, or it could be a hint of new exotic particles
that only interact weakly. TileCal also assists the muon spectrometer in identifying muons.

TileCal is cylindrical in shape, with an inner radius of 228 cm and an outer radius of 423 cm.
It is composed of one long barrel in the middle, of length 654 cm, and two extended barrels on
the outside, of length 219 cm (Fig. 1). A gap of 60 cm between the barrels allows some space for
cables. The extended barrels and the two halves of the long barrel are divided azimuthally (in f )
into 64 modules. The mass of TileCal is around 3000 tons.

TileCal is segmented longitudinally into three layers, called A, BC and D cells, as shown in
Fig. 2, with 5200 cells in total. The gap between the barrels is partly covered by gap and crack
cells, called E cells. The granularity of TileCal is Dh ⇥Df = 0.1⇥ 0.1 in A and BC cells and
0.2⇥0.1 in D cells.

2. Instrumentation

Each cell in TileCal consists of dozens of scintillating tiles embedded in steel absorber plates.
The plates are positioned perpendicularly to the beam axis. Quarks from collisions in ATLAS
hadronize and create showers in the steel in TileCal. The energy deposition is registered as light in
the scintillating tiles and transported by wavelength shifting fibres to photomultiplier tubes (PMTs)
on the periphery of TileCal, see Fig. 2. Each cell is read out by two PMTs from each f side for
uniformity and redundancy. The sharp signal is widened by a shaper for better sampling.

1The definition of the pseudorapidityh is h =� ln(tan q
2 ) , where q is the polar angle along the beamline.
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Figure 2: The Tile Calorimeter is segmented longitudinally into A BC and D cells (left). Each barrel is also
divided azimuthally into 64 modules. The image to the right shows wavelength shifting fibres transporting
light from the tiles in a module to the PMTs.
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Figure 3: The front end electronics in TileCal (left). After shaping and digitization, each signal consists of
seven samples, 25 ns apart (right).

The pulse is amplified in high gain and low gain branches with a gain ratio of 64 in a 3-in-1
card. The 3-in-1 card provides a signal to the adder board, which in turn provides an analog trigger
signal. In parallel with communication with the trigger, the signal is digitized by a 10-bit ADC into
7 samples 25 ns apart, as shown in Fig. 3 (right). From the amplitude of such a pulse, the deposited
energy can be derived. The position of the peak gives the timing. The digital signals are stored in
front end pipeline memories, where they await the level 1 trigger decision. Signals that are given
a level 1 trigger accept are transported from the pipeline memory to the Read Out Drivers (RODs)
for reconstruction. The schematics of the front end electronics are shown in Fig. 3 (left).

3. Calibration

The signal from the ADCs needs to be related to the charge deposited in the PMTs and trans-
lated into the energy deposited in the cell. This is accomplished by using conversion factors from
a Charge Injection System (CIS) to convert between charge and ADC counts, and with conversion
factors from testbeams to relate the charge to an energy. During CIS calibration of the front-end
electronics, a charge is injected into the 3-in-1 card and the signal is read out by the RODs. The
RMS of the variation in response to charge injection is 0.08% over the year 2012 [3]. As the CIS
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constants are very stable, they are only updated twice a year. Nevertheless, charge injection runs
are performed weekly for monitoring and identifying so-called bad channels.

In addition, the change over time in the response of the system to energy deposition needs to
be accounted for. To do so, calibrations with laser light and with a Cesium source are performed.
The Cesium system is used for monthly calibrations of the system. Sources of radioactive 137Cs
transverse all the tiles through metallic pipes. A hydraulic system transports the sources through the
barrels. The integrated current read out from the PMTs as the Cesium passes by is used to correct
for variations in the conversion factors mentioned above. The calibration precision with Cesium
is 0.4% [4]. The response of the PMTs to light is monitored by illumination of the PMTs with
laser. This provides constants that adjust for changes in between the Cesium calibrations. During
data taking, weekly laser calibration runs are performed. The precision of the laser calibration is
0.3% [5]. The average down-drift of the PMT response due to ageing is at most 1.3% a year, E cells
excluded, as seen in Fig. 4 (right). Periods of data taking are visible in Fig. 4 (left) as a down drift
of the laser response. During periods of mainentance, when there are no collisions, the response of
the PMTs recovers.
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Figure 4: The response of the cells to laser light from the calibration system is shown to the left. The
response of the E cells reflects periods of data taking and maintenance. The the variation in response to laser
light in per cent over one year is seen to the right.

4. Performance

Good precision in timing is crucial for correct jet energy reconstruction as the time between
two consecutive bunch crossings is 50 ns. For a bunch spacing of 25 ns, as is planned for Run
2, good timing will be indispensable. The precision in timing derived from collision data is 0.85
ns [6]. The cell time resolution is below 1 ns when the jet energy is greater than 4 GeV, as shown
in Fig. 5.
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Figure 6: The energy reconstruction with two different methods (left). After correction for timing (blue),
the two methods agree well. The difference in reconstructed energy (right) by two different methods as a
function of the energy from offline reconstruction.

A validation of the energy reconstruction is performed by comparison of two different meth-
ods, the noninterative method and the offline iterative method, as shown in Fig. 6 (left). Corrections
for timing are applied offline for better energy reconstruction, which is demonstrated by the consis-
tency between the two methods shown by the blue points. In total, 99% of channels fall within the
maximum expected precision in energy reconstruction of ±1 MeV, as can be seen in Fig. 6 (right).
The maximum expected difference between the two is proportional to the calibration constants.

The data quality efficiency is high for TileCal, with a data loss of below 0.1% of the integrated
luminosity in 2012. The largest sources of data taking losses were the problems with the readout
system and with timing, as seen from Fig. 7 (left). These issues were solved successfully. Overall,
TileCal is 99.6% efficient, as presented in Fig. 8.

Cells in TileCal that deliver corrupted data are masked. The number of masked cells through-
out 2012 is shown in Fig. 7 (right), with periods of maintenance shown in red. Maintenance efforts
brought the fraction of masked cells to per mille level each time. The number of masked cells was
2.93% at end of data taking. A sharp increase of masked cells corresponds to a loss of an entire
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Figure 7: The loss of data in pb�1 over the year of 2012 (left). The orange line indicates a loss of 0.1 % of
the luminosity. The percentage of masked cells in TileCal through 2012 is shown to the right.

Figure 8: The efficiency of the different detectors in ATLAS are shown here. TileCal was 99.6 % efficient
for the period April-December 2012.

module or a half of a module, for example due to the breakdown of Low Voltage Power Supplies
(LVPS) or power connectors. The LVPS can also experience trips. The number of trips in the LVPS
is proportional to the integrated luminosity, as demonstrated in Fig. 9 (left), with a total of 14 000
trips in 2012.

Yet another problem with the LVPS in 2012 was related to the noise. The electronic noise in
TileCal is caused by random fluctuaions in the electronics. The modelling of the noise has so far
been a double Guassian, as the long tails in the distribution make a single-Gaussian description
inaccurate. Replacing the LVPS with a newer version results in a narrower distribution (i.e. lower
noise) that also looks more single-Gaussian, as shown in Fig. 9 (right).

5. Outlook

At the present we are in a period called long shutdown, lasting from February 2013 to April
2015. During this time, there are no collisions and the detectors can be repaired and improved. In
TileCal, the drawers containing the electronics are being consolidated and the LVPS are replaced
to reduce power trips and noise.

An upgrade [7] of the hardware is planned in 10 years time. All signals are to be digitized at
40 MHz in the front-end electronics and all such digital samples will be transmitted to the trigger
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Figure 9: The number of LVPS trips as a function of the luminosity (left). The noise is described by a
double Gaussian (right), to account for the long tails seen in the blue distribution. In red we see the noise for
the same channel with a new LVPS. The noise is smaller and the long tails disappear.

in back-end electronics. This is in contrast with the present situation, when an analog signal is
provided to the trigger while digital samples are stored in pipeline memories in the front-end. The
pipeline memories are to be moved to the back-end electronics to protect them from the higher
radiation levels expected from the higher rate of bunch crossings in the next run period.

To summarize, the calibration systems in TileCal have a remarkable precision and follow the
design requirements. More than 99.9% of delivered luminosity was recorded in 2012. Before the
long shutdown, 97.1% of the cells in TileCal were operational. At present, a massive consolida-
tion work is performed to reduce variations and prevent data loss and an upgrade of the hardware
is planned. Overall, the Tile Calorimeter performs well, delivering reliable data to the physics
analysis.
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Evidence for the associated production of a vector boson (W, Z) and top
quark pair in the dilepton and trilepton channels in pp collision data atp

s = 8 TeV collected by the ATLAS detector at the LHC

The ATLAS Collaboration

Abstract

Measurements of the production cross sections of top quark pairs in association with a
W or Z boson using a data set corresponding to 20.3 fb�1 of integrated luminosity collected
by the ATLAS detector in 2012 are presented. Final states with two or three leptons are
considered. Assuming tt̄W production at the Standard Model rate, predicted by next-to-
leading-order QCD calculations, the ratio of the measured tt̄Z signal strength to the Stan-
dard Model expectation is found to be µtt̄Z = 0.73+0.29

�0.26, corresponding to a 3.2 � excess
over the background-only hypothesis. Assuming tt̄Z production at the Standard Model rate,
the tt̄W signal strength is found to be µtt̄W = 1.25+0.57

�0.48, corresponding to a 3.1 � excess
over the background-only hypothesis. The combined tt̄Z and tt̄W signal strength, assuming
the Standard Model cross section ratio for tt̄Z and tt̄W predicted by next-to-leading-order
QCD calculations, is found to be µtt̄V = 0.89+0.23

�0.22, corresponding to a 4.9 � excess over
the background-only hypothesis. A simultaneous measurement of the tt̄Z and tt̄W signal
strengths yields µtt̄Z = 0.71+0.28

�0.26 and µtt̄W = 1.30+0.59
�0.48, corresponding to a 4.4 � excess over

the background-only hypothesis. Observed signal significance from the simultaneous mea-
surement yields 3.1� for both tt̄Z and tt̄W processes. All measurements are consistent with
next-to-leading-order theoretical calculations for tt̄Z and tt̄W processes.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.



1 Introduction

The top quark is the heaviest known elementary particle, discovered in 1995 by the CDF and D0 col-
laborations [1, 2]. Its coupling to the Higgs boson of order one indicates that the top quark is closely
connected to electroweak symmetry breaking. Despite the fact that the top quark was discovered almost
two decades ago, some of its properties have not yet been fully investigated. In particular, its couplings
to � and Z bosons have never been directly measured. Extensions of the Standard Model (SM), such as
technicolor or other scenarios with a strongly coupled Higgs sector, could modify the couplings of the
top quark.

With the large centre of mass energy and integrated luminosity of the collected data samples at the
Large Hadron Collider (LHC), the processes where the Standard Model (SM) bosons (�,Z,W and H) are
produced in association with top quarks become accessible. These processes provide a means of directly
measuring top quark couplings [3–5]. Previous public results from the LHC have been provided by both
the CMS [6, 7] and ATLAS Collaborations [8].

In this note, a measurement of the tt̄Z and tt̄W cross sections with 20.3 fb�1of proton-proton (pp)
collision data collected by the ATLAS detector is presented. Channels with two leptons (both same-
sign (SS) and opposite sign (OS)) and three leptons (electrons or muons) are utilised. The presence of
multiple jets and b-tagged jets is required to improve sensitivity to the tt̄V (V = W,Z) processes. In the
opposite sign dilepton channel, there are large backgrounds from inclusive top pair (tt̄) production and
Z boson production in association with jets (Z+jets). A multivariate discriminant, built using a neural
network, based on kinematic event information, is used to discriminate signal from these backgrounds.
Two signal regions are considered, depending on whether or not a Z boson can be reconstructed. The
trilepton channel is mostly sensitive to tt̄Z, while the same-sign dilepton channel targets tt̄W production.
Multiple signal regions corresponding to di↵erent jet and b-tagged jet multiplicities are considered in the
opposite sign and trilepton channels to further enhance the sensitivity to the signal. A simultaneous fit
is performed to all the signal regions from all three channels to extract cross sections for tt̄Z and tt̄W
production.

The note is organised as follows. Section 2 contains a description of the ATLAS detector. Section 3
gives details of the Monte Carlo simulation samples used in the analysis. Section 4 gives the definitions
of physics objects used, while Section 5 describes the event preselections used in the various channels.
Section 6 describes the trilepton and same-sign dilepton channel analyses. Section 7 discusses the details
of the opposite-sign dilepton channel analysis. The systematic uncertainties are discussed in Section 8,
while Section 9 contains the results. Finally, conclusions are presented in Section 10.

2 The ATLAS detector

The ATLAS detector [9] consists of four main subsystems: an inner tracking system surrounded by a su-
perconducting solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer. The inner
detector provides tracking information from pixel and silicon microstrip detectors in the pseudorapidity1

range |⌘| < 2.5 and from a transition radiation tracker (TRT) covering |⌘| < 2.0, all immersed in a 2 T
magnetic field provided by a superconducting solenoid. The electromagnetic (EM) sampling calorimeter
uses lead and liquid argon (LAr) and is divided into a barrel region (|⌘| < 1.475) and an end-cap region
(1.375 < |⌘| < 3.2). Hadron calorimetry is based on two di↵erent detector technologies, with scintillator

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 coinciding with the axis of 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,�) are used in the transverse plane, � being the azimuthal angle around
the beam pipe. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). For the purpose of the fiducial
selection, this is calculated relative to the geometric centre of the detector; otherwise, it is relative to the reconstructed primary
vertex of each event.
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tiles or LAr as active media, and with either steel, copper, or tungsten as the absorber material. The
calorimeters cover |⌘| < 4.9. The muon spectrometer measures the deflection of muon tracks within
|⌘| < 2.7 using multiple layers of high-precision tracking chambers located in toroidal fields of approxi-
mately 0.5 T and 1 T in the central and end-cap regions of ATLAS, respectively. The muon spectrometer
is also instrumented with separate trigger chambers covering |⌘| < 2.4.

3 Simulated event samples

Monte Carlo simulated samples are used to optimise the signal regions used in the measurement and to
model the background processes. The signal samples of tt̄V (V = W,Z) production are generated with the
Madgraph v5 generator [10] using leading-order (LO) matrix elements with up to one additional parton
and using the CTEQ6L1 PDF set. Pythia 6.425 with the AUET2B tune [11] is used for hadronisation and
to describe the underlying event. The tt̄V samples are normalised to the inclusive next-to-leading-order
(NLO) QCD cross section predictions �(tt̄Z) = 206 ± 45 fb and �(tt̄W) = 232 ± 51 fb [12, 13]. The top
quark mass is assumed to be 172.5 GeV.

Samples of W/Z+jets events are generated using the Alpgen v2.14 [14] LO generator and the CTEQ6L1
PDF set [15]. Parton shower and fragmentation are modelled with Pythia 6.425 [16]. To avoid double-
counting of partonic configurations generated by both the matrix-element calculation and the parton-
shower evolution, a parton-jet matching scheme (“MLM matching”) [17] is employed.

The W/Z+jets samples are generated with up to five additional partons, separately for W/Z+light
jets, W/Z+bb̄+jets and W/Z+cc̄+jets. The overlap between W/Z+QQ̄ (Q = b, c) events generated from
the matrix element calculation and those generated from parton-shower evolution in the W/Z+light jet
samples is avoided via an algorithm based on the angular separation between the extra heavy quarks: if
�R(Q, Q̄) > 0.4, the matrix-element prediction is used, otherwise the parton-shower prediction is used.
The W/Z+jets background is normalised to the inclusive next-to-next-to-leading-order (NNLO) QCD
cross section [18].

The WW/WZ/ZZ+jets samples are generated using Sherpa [19] with massive b, c-quarks with up to
three additional partons in the matrix element (ME) and parton shower (PS) and are normalised to their
NLO QCD theoretical cross sections [20].

Simulated tt̄ events are generated using the Powheg generator [21–23], which implements the NLO
matrix element for inclusive tt̄ production, with the CT10 PDF set. Powheg is interfaced to Pythia
6.425 [16] with the CTEQ6L1 set of parton distribution functions using the Perugia2011C tune [24].
The sample is normalised to the theoretical calculation performed at NNLO in QCD that includes resum-
mation of next-to-next-to-leading logarithmic (NNLL) soft gluon terms with top++2.0 [25–30] yielding
253+15

�16 pb for a centre of mass energy of 8 TeV. The uncertainty on the calculation includes the choice
of PDF set, the uncertainties provided with the PDF sets, and the uncertainties on ↵S and the top quark
mass. The PDF and ↵S uncertainties are calculated using the PDF4LHC prescription [31] with the
MSTW2008 68% CL NNLO [32, 33], CT10 NNLO [34, 35] and NNPDF2.3 5f FFN [36] PDF sets and
added in quadrature to the scale uncertainty.

Samples of single top quark backgrounds corresponding to the t-, s- and Wt production mechanisms
are generated with Powheg [21–23] using the CT10 PDF set [34]. All samples are interfaced to Pythia
6.425 [16] with the CTEQ6L1 set of parton distribution functions using the Perugia2011C tune. Overlaps
between the tt̄ and Wt final states are removed using the so-called diagram removal scheme [37]. The
single top quark samples are normalised to the approximate NLO+NNLL theoretical cross sections [38–
40] using the MSTW2008 NNLO PDF set.

Samples of tt̄H events are simulated using matrix elements obtained from the HELAC-Oneloop pack-
age [41] that correspond to NLO QCD accuracy for the inclusive tt̄H process. POWHEG BOX [21–23]
serves as an interface to shower Monte Carlo programs. The samples, referred to as PowHel samples, are
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Sample Generator PDF Shower Normalisation
tt̄V Madgraph CTEQ6L1 Pythia 6.427 NLO
tt̄H HELAC-Oneloop CT10 Pythia 8.1 NLO
VH Pythia8.1 CTEQ6L1 Pythia 8.1 NNLO
gg! H Powheg CTEQ6L1 Pythia 8.1 NNLO+NNLL
tt̄+jets Powheg CT10 Pythia 6.425 NNLO+NNLL
W+jets Alpgen CTEQ6L1 Pythia 6.426 NLO
Z+jets Alpgen CTEQ6L1 Pythia 6.426 NLO

Single top Powheg CT10 Pythia 6.425 NLO+NNLL
Diboson Sherpa CT10 Sherpa NLO
Triboson Madgraph CTEQ6L1 Pythia 6.426 LO

Same-charge WW Sherpa CT10 Sherpa NLO

Table 1: A summary of generators, PDF sets and cross section calculations used for the various MC
samples.

produced using the CT10NLO PDF sets, and the normalisation and Higgs boson decay branching frac-
tions are taken from the NLO QCD calculations from Ref. [42]. The process gg ! H ! 4l is modelled
using Powheg interfaced with Pythia8 [43]. WH and ZH production are modelled using Pythia8. The
samples are normalised to the NNLO QCD cross sections with NLO electro-weak (EW) corrections.

The production of a single top quark in association with a Z boson is simulated with Madgraph
v5 and the CTEQ6L1 PDF set. Madgraph is interfaced to Pythia 6.425 using the AUET2B tune and
the CTEQ6L1 PDF set. The relevant samples are normalised to the NLO predictions obtained from
aMC@NLO [44].

The production of three vector bosons (WWW,ZWW) that decay leptonically is also simulated with
Madgraph v5 and Pythia 6.425. The production of two W bosons with the same charge is modelled
using the Sherpa generator, including diagrams of order ↵4

EW and ↵2
EW↵

2
S . The LO cross section obtained

from the generator is used to normalise the samples.
All Pythia6 samples use Photos 2.15 [45] to simulate photon radiation and Tauola 1.20 [46] to

simulate ⌧ decays. All simulated samples include multiple pp interactions and are processed through
a simulation [47] of the detector geometry and response using Geant4 [48]. Table 1 provides a sum-
mary of the MC samples used in the analysis. All simulated samples are processed through the same
reconstruction software as the data.

4 Object Reconstruction

The main physics objects used in this measurement are electrons, muons, jets, b-jets and missing trans-
verse momentum. A brief summary of the main reconstruction and identification criteria applied for each
of these physics objects is given below.

Electron candidates [49] are reconstructed from energy deposits (clusters) in the electromagnetic
calorimeter that are associated with reconstructed tracks in the inner detector. The electrons are required
to have |⌘cluster| < 2.47 (where ⌘cluster is the pseudorapidity of the calorimeter cluster associated with the
electron candidate). Candidates in the calorimetry transition region 1.37 < |⌘cluster| < 1.52 are excluded.
The electron identification relies on a likelihood-based selection [50] which combines calorimeter, track-
ing and combined variables such as shower shape variables of the EM calorimeter middle layer, track
quality requirements and track-cluster matching, particle identification using the TRT, and discrimination
against photon conversions via a hit requirement in the inner pixel detector layer and information about
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reconstructed conversion vertices.
To reduce the background from non-prompt electrons, i.e. from decays of hadrons (including heavy

flavour) produced in jets, electron candidates are required to be isolated. In the opposite sign (OS) dilep-
ton channel, where such background is small, the electron isolation is defined based only on tracker infor-
mation, requiring that the ratio of the sum of track transverse momenta in a cone of�R =

p
(�⌘)2 + (��)2 =

0.3 around the electron track (pcone30
T ) to the transverse momentum (pT) of the electron be less than 0.12,

i.e., pcone30
T /pT < 0.12. In the trilepton channel, where the non-prompt lepton background is more promi-

nent, additional requirements are imposed on electron isolation. For electrons with transverse energy
ET < 50 GeV, the ratio of the additional calorimeter energy within a cone of �R = 0.2 of the electron
(Econe20

T ) to the pT of the electron is required to be less than 0.12. For ET > 50 GeV, both Econe20
T and

pcone30
T are required to be less than 6 GeV.

Muon candidates are reconstructed from track segments in the various layers of the muon spectro-
meter, and matched with tracks identified in the inner detector. The final candidates are refitted using the
complete track information from both detector systems, and are required to have |⌘| < 2.5. Additionally,
muons are required to be separated by �R > 0.4 from any selected jet and to satisfy a pT-dependent track-
based isolation requirement [51] that has good performance under high pileup conditions or in boosted
configurations where the muon is close to a jet: the scalar sum of the track pT in a cone of variable radius
�R < 10 GeV/pµT around the muon (excluding the muon track itself) must be less than 5% of the muon
pT.

For both electrons and muons, the lepton track longitudinal impact parameter with respect to the
primary vertex2, z0, is required to be less than 2 mm.

Jets are reconstructed with the anti-kt algorithm [52–54] with a radius parameter R = 0.4 from
calibrated topological clusters [9] built from energy deposits in the calorimeters. Prior to jet finding,
a local cluster calibration scheme [55, 56] is applied to correct the topological cluster energies for the
e↵ects of non-compensation, dead material and out-of-cluster leakage. The corrections are obtained
from simulations of charged and neutral particles. After energy calibration [57, 58], jets are required to
have pT > 25 GeV and |⌘| < 2.5.

To avoid selecting jets from multiple pp interactions, an additional requirement — referred to as the
jet vertex fraction (JVF) requirement — is imposed on jets with pT < 50 GeV and |⌘| < 2.4. It ensures
that at least 50% of the sum of the pT of tracks with pT > 1 GeV associated with a jet comes from tracks
compatible with originating from the primary vertex.

During jet reconstruction, no distinction is made between identified electrons and jet energy deposits.
Therefore, if any of the jets lie within �R < 0.2 of a selected electron, the single closest jet is discarded
in order to avoid double-counting of electrons as jets. After this, electrons which are within �R < 0.4 of
a remaining jet are removed.

Jets are identified as containing a b quark (b-tagged) via an algorithm [59] using multivariate tech-
niques to combine information from the impact parameters of displaced tracks as well as topological
properties of secondary and tertiary decay vertices reconstructed within the jet. The working point used
for this measurement corresponds to 70% e�ciency to tag a b-quark jet, with a light-jet rejection factor
of ⇠130 and a charm jet rejection factor of 5, as determined for b-tagged jets with pT > 20 GeV and
|⌘| < 2.5 in simulated tt̄ events. The e�ciency of b-tagging in simulation is corrected to that in data using
a tt̄ based calibration [60].

The magnitude of the missing transverse momentum (Emiss
T ) is reconstructed by first matching each

calorimeter energy cluster with either a reconstructed lepton or jet, and calibrating the energy of the clus-
ter according to the type of associated object. The remaining unassociated clusters are then calibrated

2The primary vertex is defined as the vertex with at least five associated tracks, consistent with the beam collision region
in the x � y plane. If more than one vertex is found, the primary vertex is taken to be the one which has the largest sum of the
squared transverse momenta of its associated tracks.
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for energy losses in un-instrumented regions and for the di↵erent responses of the calorimeters to elec-
tromagnetic and hadronic shower components. This calibration scheme is similar to that described in
Ref. [61]. Emiss

T is calculated from a vector sum of the calibrated cluster momenta, together with a term
associated with muon momenta.

5 Event Selection and Sample Composition

This measurement is based on data collected by the ATLAS experiment in pp collisions at
p

s = 8 TeV
between April and October 2012. The corresponding integrated luminositity is 20.3 fb�1. Only events
collected using a single electron or muon trigger under stable beam conditions that pass the standard data
quality criteria are accepted. The trigger requirements vary with the data-taking period. In particular, the
pT thresholds are 24 or 60 GeV for electrons and 24 or 36 GeV for muons. The triggers with the lower
pT threshold include isolation requirements on the candidate lepton, resulting in ine�ciencies at high
pT that are recovered by the triggers with higher pT threshold. The trigger uses criteria that are looser
than those used in final reconstruction, but are similar in nature. In all selections considered, at least
one selected lepton with pT > 25 GeV is required to match (�R < 0.15) a lepton reconstructed by the
high-level trigger. Events are required to have at least one reconstructed vertex.

5.1 Same-sign dimuon and trilepton channels

The same-sign dimuon channel, referred to as 2µSS, targets the tt̄W process. Events are required to
contain exactly two same-sign muons. The two same-sign electron channel is found to have a large
background from electron charge mismeasurements and are not considered. The events are also required
to contain at least two b-tagged jets with pT > 25 GeV and |⌘| < 2.5. The dominant background after
this preselection are events with non-prompt and misidentified leptons.

In the trilepton channel, events are required to have exactly three selected leptons. Events containing
a fourth lepton with pT > 15 GeV are rejected. The leading lepton is required to have pT > 25 GeV.

Two preselections are considered, referred to as 3`Z and 3`Zveto. The 3`Z region targets the tt̄Z
process, while 3`Zveto aims at the tt̄W process. In the region 3`Z, at least one pair of leptons is required
to have the same flavour and opposite charge and have an invariant mass within 10 GeV of the Z boson
mass. Region 3`Zveto contains the remaining trilepton events with a requirement that the selected
leptons must not all have the same sign.

The 3`Z preselection is dominated by WZ+jets events, with a significant contribution from events
with non-prompt and misidentified leptons. For validation of the modelling, a control region called CRZ
is defined. In the CRZ region the presence of one to three selected jets, exactly one of which is b-tagged,
is required in addition to the requirements of the 3`Z preselection. To validate the 3`Zveto region, which
is dominated by non-prompt and misidentified leptons, a control region CRW is defined by requiring
exactly one jet to be b-tagged in addition to the requirements of the 3`Zvetoregion.

The fake-lepton background fraction in both the same-sign and trilepton signal regions are estimated
using an orthogonal sideband in data constructed from a relaxed lepton selection. The e�ciencies for
real and fake leptons are measured in events containing two selected leptons and one b-tagged jet. The
2µSS fake lepton background is validated in the low Emiss

T region (Emiss
T < 40 GeV) of the 2µSS channel.

5.2 Opposite-sign dilepton channel

In the opposite-sign (OS) dilepton channel, events are required to have exactly two leptons of opposite
charge and at least three jets satisfying the quality and kinematic criteria discussed in Sect. 4, at least one
of which is b-tagged. The leading lepton is required to have pT > 25 GeV and the subleading pT > 15
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GeV. Events with additional leptons that match the selection cuts of the trilepton channel are rejected to
avoid overlaps.

Two orthogonal analysis regions are defined to separate various final states of tt̄Z and tt̄W processes
contributing to the OS selection. The 2`OSZveto analysis region contains events outside the Z-mass
window, |m`` � mZ | > 10 GeV, in the ee and µµ channels, and the 2`OSZ region has the same flavour
dilepton events within the Z boson mass window: |m``�mZ | < 10 GeV. For ee and µµ events, the invariant
mass of the two leptons, m``, is required to be larger than 15 GeV to suppress contributions from the
electromagnetic decay of hadronic resonances such as the J/ and ⌥ mesons into same-flavour leptons.
The Emiss

T > 40 GeV requirement is applied in 2`OSZveto in the ee and µµ dilepton channels to reduce
the Z+jets contribution.

Dilepton eµ events are also included in the 2`OSZveto region. For these events, the scalar sum of
the transverse energy of leptons and jets, HT, is required to be above 130 GeV. In both 2`OSZveto and
2`OSZ, an additional cut on the average distance between two jets �Rjj

ave > 0.75 is applied.
In 2`OSZveto, the tt̄V signal contribution originates mainly from the dileptonic tt̄ final state accom-

panied by a hadronic W/Z boson decay and by the semileptonic tt̄ final state with a leptonic W boson
decay. In 2`OSZ, the contribution of tt̄W production is negligible while the tt̄Z contribution comes from
the fully hadronic tt̄ final state with a leptonic Z boson decay.

After this event preselection the dominant backgrounds are tt̄+jets and Z+jets production in 2`OSZveto
and 2`OSZ respectively. The best possible description of these backgrounds by the simulation and the
assignment of appropriate systematic uncertainties are the key aspects of the measurement in the OS
channel.

To improve tt̄ background modelling, a two-step correction is applied to simulated tt̄ events in
Powheg+Pythia based on the ratio of the measured di↵erential cross sections at

p
s = 7 TeV between

data and the simulation [62]. First, the pT of the tt̄ system in simulation is reweighted to match the mea-
surement. This improves the agreement between simulation and data in the description of the number of
jets distribution. In a second step, reweighting of the top quark pT is performed taking into account the
change of the top quark pT distribution due to the tt̄ system pT reweighting. The latter mostly a↵ects pT
distributions of leptons and jets. Thus the two reweightings are complementary to each other.

To improve the Z+jets background modelling, the MC simulation is reweighted to account for the
di↵erence of the Z pT spectrum between data and simulation [63] and in addition the ZQQ̄ (Q = b, c)
component of the Z+jets background is adjusted to match data in a ZQQ̄ dominated control region with
at least one b-tagged jet.

Small background contributions arise from single top quark Wt-channel production, from diboson
(WW,WZ,ZZ) processes, from the associated production of a Higgs boson and a tt̄ pair, as well as from
the associated production of a WW and a tt̄ pair and associated production of a single top quark and a Z
boson. These background contributions are determined using corresponding MC samples.

In 2`OSZveto, the W+jets, tt̄ production with a single lepton in the final state and t- and s-channels
single top quark production processes can pass selection cuts due to lepton misidentification. Their yield
is estimated using simulation and cross checked with a data driven technique based on the selection of
a same-sign lepton pair. In 2`OSZ, the contribution of the non-prompt and misidentified lepton (fake
lepton) background is negligible.

6 Same-sign and trilepton channels

The decision on the final selection for the three same-sign and trilepton preselection regions 2µSS, 3`Z,
and 3`Zveto follows a two step procedure. First, final states which have a similar predicted signal over
background ratio S/B and systematic uncertainties are grouped together. Then each group of final states
is optimized individually for maximal expected significance using the same statistical procedure as used
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for the final result, including both statistical and systematic uncertainties. The selection optimization is
performed with respect to cuts on Emiss

T , lepton pT and (in the same sign dimuon region only) HT .
The grouping and optimization result in five signal region definitions: SRZb1j4, SRZb2j3, SRZb2j4,

SRW`3 and SR2µSS. In the SRZb1j4 region, at least four selected jets are required, exactly one of
which is b-tagged. In the SRZb2j3 region, exactly three selected jets with at least two jets b-tagged
are required. In SRZb2j4 at least four selected jets are required, where at least two jets are b-tagged.
Finally, in SRW`3 at least two and at most three jets are required, where at least two jets are b-tagged.
For SRZb1j4, SRZb2j3 and SRZb2j4 the minimum pT requirement on the third leading electron is raised
to 20 GeV, while for SRW`3 the minimum pT requirement on the third leading electron is raised to 25
GeV. In the same-sign region SR2µSS, the optimization based on the expected backgrounds results in a
selection with three requirements: a minimum pT on the second leading muon of at least 25 GeV, a Emiss

T
larger than 40 GeV and HT larger than 240 GeV.

To validate the modelling of the dominant backgrounds in the 3`Z (3`Zveto) regions, the CRZ
(CRW) region defined in Section 5.1 is used. These control regions are not included in the fit. Figure 1
shows the pT distributions of the third lepton and the pT distribution of the Z candidate reconstructed
from the pair of leptons whose invariant mass is closest to the Z boson mass, for events passing the CRZ
selection. Figure 2 shows the distributions of HT , for events passing the CRW selection. Good agreement
between the observed and expected distributions is observed. The expected and observed yields in the
signal regions are shown in Table 2. A counting analysis is performed in the five signal regions to extract
the tt̄Z and tt̄W signal strengths.
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Figure 1: The distributions of the pT of the third leading lepton (left), and the pT of the reconstructed Z
boson candidate (right) in events passing the CRZ selection. The shaded bands represent the systematic
uncertainties on the expected event counts. The last bin in each histogram includes the overflow.

7 Opposite sign dilepton channel

7.1 Classification of Events According to Event Topology

Preselected events in both the 2`OSZveto and 2`OSZ regions are categorised according to the number
of jets and the number of b-tagged jets.

In the 2`OSZveto region, events with at least three jets with one or two b-tagged jets are split in three
exclusive regions according to jet multiplicity: (3j, 1b + 2b), (4j, 1b + 2b), (� 5j, 1b + 2b). These regions
have di↵erent signal (S ) over background (B) rates. Since regions with one or two b-jets have similar
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Selection SRZb1j4 SRZb2j4 SRZb2j3 SRW`3 SR2µSS

tt̄Z 7.0 ± 1.6 6.7 ± 1.6 2.8 ± 0.7 1.23 ± 0.31 1.22 ± 0.29

tZ + t̄Z 1.4 ± 0.4 0.78 ± 0.24 1.17 ± 0.30 0.37 ± 0.13 0.29 ± 0.08

tt̄W 0.14 ± 0.05 0.14 ± 0.07 0.21 ± 0.07 3.7 ± 0.9 5.0 ± 1.2

tt̄H 0.210 ± 0.035 0.23 ± 0.04 0.110 ± 0.020 0.68 ± 0.11 0.88 ± 0.13

WZ+jets 4.1 ± 1.1 0.8 ± 0.4 0.8 ± 0.4 0.31 ± 0.11 0.12 ± 0.13

Other 0.28 ± 0.10 0.040 ± 0.020 0.11 ± 0.06 0.090 ± 0.020 0.16 ± 0.04

MisID leptons 2.4 ± 1.1 0.4 ± 0.4 0.19 ± 0.13 1.3 ± 0.9 2.1 ± 2.4

Total non-tt̄V 8.4 ± 1.6 2.3 ± 0.6 2.4 ± 0.5 2.8 ± 0.9 3.6 ± 2.4

Total expected 15.5 ± 2.3 9.0 ± 1.7 5.4 ± 0.9 7.7 ± 1.3 9.8 ± 2.7

Observed 8 11 3 6 14

Table 2: Pre-fit event yields for signal, backgrounds and data in the five signal regions SRZb2j3,
SRZb1j4, SRZb2j4, SRW`3 and SR2µSS. The entry “Other” includes the triboson and SM same-sign
WW production processes. The quoted uncertainties on expected event yields include systematic and
Monte Carlo statistical uncertainties.
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Figure 2: Distributions of HT (left) and Emiss
T (right) for events passing the CRW selection. The shaded

bands represent the systematic uncertainties on the expected event counts. The last bin in each histogram
includes the overflow.

S/B and S/
p

B, they are merged together into one region. In 2`OSZ, events with at least three jets
and exactly two b-tagged jets are split in three exclusive regions according to jet multiplicity: (3j, 2b),
(4j, 2b), (� 5j, 2b).

All six regions are jointly interpreted in the final statistical analysis. The event yields for the com-
bined ee+jets, µµ+jets and eµ+jets samples for the di↵erent regions considered in the OS dilepton chan-
nel are summarised in Tables 3 and 4.

7.2 Neural Network Analysis

A neural network (NN) discriminant built using the NeuroBayes [64] package is used to separate the
combined tt̄Z and tt̄W, signal from the background in the signal-rich regions (4j, 1b+ 2b) and (� 5j, 1b+
2b) in the 2`OSZveto region and (� 5j, 2b) in the 2`OSZ region. The other regions considered in the
analysis have lower sensitivity, and event counting is used in the (3j, 1b + 2b) region of 2`OSZveto and
both counting and shape information from the scalar sum of the jet pT (Hhad

T ) in the (3j, 2b) and (4j, 2b)
regions of 2`OSZ. Signal-depleted regions have a varying composition of background processes and
are used to constrain systematic uncertainties, thus improving background prediction in the signal-rich
regions.

The set of variables used as input for the NN discriminant is chosen separately for each region, based
on the statistical separation power of each variable, and discarding highly correlated variables. The
algorithm is run independently in each signal-rich region allowing to select the best set of variables for
each case. All variables used for the NN training are required to describe the data well in multiple control
regions. The list of selected variables is given in Table 5. Table 6 shows the lists of variables used in
each region and their ranking by separation power.

Figure 3 illustrates the discrimination between the tt̄V signal and background provided by the NN
discriminant. In the 2`OSZveto region, the signal contribution comes from tt̄W and tt̄Z production with
hadronic W and Z decays respectively. As both contributions are comparable in size and have similar
kinematics, they result in a similar NN discriminant shape. In the 2`OSZ region, the tt̄W contribution is
negligible. Thus the NN discriminant shape is driven by the tt̄Z signal.
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3 j, 1 b + 2 b 4 j, 1 b + 2 b � 5 j, 1 b + 2 b
tt̄Z 23 ± 1 22 ± 1 22 ± 2
tt̄W 42 ± 3 37 ± 2 25 ± 2
tt̄ 20000 ± 3000 8000 ± 1000 3600 ± 800
Z+jets 600 ± 200 220 ± 90 90 ± 40
tt̄H 11 ± 2 13 ± 2 17 ± 2
Single top 800 ± 100 260 ± 50 100 ± 30
Diboson 60 ± 20 27 ± 7 12 ± 4
tZ 4 ± 2 2 ± 1 1.9 ± 1.0
MisID lepton 160 ± 80 80 ± 40 50 ± 20
Total Bkgd 22000 ± 3000 9000 ± 1000 3800 ± 900
Data 22585 8909 3901

Table 3: Estimated event yields for signal and backgrounds, as well as the observed data in the
2`OSZveto region. The quoted uncertainties on expected event yields include both systematic uncer-
tainties, as well as MC statistical uncertainties.

3 j, 2 b 4 j, 2 b � 5 j, 2 b
tt̄Z 3.7 ± 0.4 7.3 ± 0.6 18 ± 1
tt̄W 1.2 ± 0.1 1.3 ± 0.1 0.9 ± 0.1
tt̄ 800 ± 100 330 ± 60 160 ± 30
Z+jets 2000 ± 900 800 ± 400 300 ± 200
tt̄H 0.49 ± 0.07 0.63 ± 0.08 0.9 ± 0.1
Single top 19 ± 3 7 ± 2 3 ± 1
Diboson 26 ± 7 14 ± 4 10 ± 3
tZ 4 ± 2 5 ± 2 3 ± 3
MisID lepton 4 ± 2 2 ± 1 1.4 ± 0.7
Total Bkgd 2800 ± 900 1100 ± 400 500 ± 200
Data 2806 1031 471

Table 4: Estimated event yields for signal and backgrounds, as well as the observed data in the 2`OSZ
region. The quoted uncertainties on expected event yields include both systematic uncertainties, as well
as MC statistical uncertainties.
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Variable Definition
MPtord

uu Mass of the two untagged jets with the highest pT in events with exactly two tagged jets or
mass of the two untagged jets with the highest pT after discarding the jet with second
highest b-tagging weight in events with exactly one tagged jet

Centjet Sum of pT divided by sum of E for all jets
H1 2nd Fox-Wolfram moment
H1jet 2nd Fox-Wolfram moment built from jets only
MMindR

jj Mass of the combination between any two jets with the smallest �R
maxMMindR

lepb Maximum mass between a lepton and the tagged jet with the smallest �R
pjet3

T Third leading jet pT

pjet4
T Fourth leading jet pT

�Rjj
ave Average �R for all jet pairs

N |M( j j)�M(V)|<30
jets Number of jet pairs with mass within a window of 30 GeV around 85 GeV

Njet
40 Number of jets with pT � 40 GeV

MMaxPt
bb Mass of the combination of two tagged jets with the largest vector sum pT

MMaxPt
bj Mass of the combination of a tagged jet and any jet with the largest vector sum pT

�Rlep1,lep2 � R between the two leptons

Table 5: The variables considered for use within the Neural Network analysis in the opposite-sign dilep-
ton channel. The definition of Fox-Wolfram moments can be found in Ref. [65].

Variable 2`OSZveto 2`OSZ
4 j, 1 b + 2 b � 5 j, 1 b + 2 b � 5 j, 2 b

MPtord
uu 1st 7th -

Centjet 2nd 1st 6th
H1 3rd 2nd -

MMindR
jj 4th 6th -

maxMMindR
lepb 5th 5th -

pjet3
T 6th - -

pjet4
T - 3rd -
�Rjj

ave 7th - -
N |M( j j)�M(V)|<30

jets - 4th 2nd
Njet

40 - - 1st
MMaxPt

bb - - 3rd
�Rlep1,lep2 - - 4th

MMaxPt
bj - - 5th

H1jet - - 7th

Table 6: The lists and rankings of the variables in each of the signal regions in the opposite-sign dilepton
channel.
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Figure 3: Expected distribution of the neural network discriminant for the background (blue) and signal
(red dashed) in (a) the (4j, 1b + 2b) region in 2`OSZveto, (b) the (� 5j, 1b + 2b) region in 2`OSZveto,
and (c) the (� 5j, 2b) region in 2`OSZ.
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8 Systematic uncertainties

Several sources of systematic uncertainties are considered that can a↵ect the normalisation of signal and
background in each channel and/or the shape of the discriminant distributions in the OS dilepton channel.
The following sections describe each of the systematic uncertainties considered in each channel.

8.1 Luminosity

The luminosity estimate has an uncertainty of 2.8% [66], determined using beam-separation scans, as
described in Ref. [67]. This systematic uncertainty is applied to all contributions obtained from MC
simulation.

8.2 Uncertainties on Physics Objects

The treatment of the uncertainties on physics objects is common across all channels except for the details
of the heavy- and light-flavour tagging uncertainty treatment indicated below.

8.2.1 Leptons

Uncertainties associated with the lepton selection arise from the trigger, reconstruction, identification,
isolation and lepton momentum scale and resolution. In total, uncertainties associated with electrons
(muons) include a total of 5 (6) components.

The reconstruction and identification e�ciency of electrons and muons, as well as the e�ciency of
the triggers used to record the events, slightly di↵er between data and simulation. Correction factors are
derived using tag-and-probe techniques on Z ! `+`� (` = e, µ) data and simulated samples [68, 69] to
correct the simulation for these discrepancies.

The accuracy of the lepton momentum scale and resolution in simulation is checked using recon-
structed distributions of the Z ! `+`� and J/ ! `+`� masses. In the case of electrons, E/p studies
using W ! e⌫ events are also used. Small discrepancies are observed between data and simulation,
and corrections for the lepton energy scale and resolution in the latter are applied. In the case of elec-
trons, energy scale corrections are applied to data and simulation, while energy resolution corrections
are applied to the simulation only. In the case of muons, momentum scale and resolution corrections are
only applied to the simulation. Uncertainties on both the momentum scale and resolutions in the muon
spectrometer and the tracking system are considered, and varied separately.

8.2.2 Jet Energy Scale

The jet energy scale (JES) and its uncertainty are derived combining information from test-beam data,
LHC collision data and simulation [57, 70]. The jet energy scale uncertainty is split into 22 uncorrelated
sources which model the pT and ⌘ dependencies of the JES uncertainty [57] and are treated indepen-
dently.

8.2.3 Jet Vertex Fraction

The per-jet e�ciency to satisfy the jet vertex fraction requirement is measured in Z(! `+`�)+1-jet events
in data and simulation, selecting separately events enriched in hard-scatter jets and events enriched in
jets from other proton interactions in the same bunch crossing (pileup). The corresponding uncertainty
is evaluated and propagated to the analysis by changing the nominal JVF cut value.
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8.2.4 Jet Energy Resolution

The jet energy resolution is measured separately for data and simulation [71]. The fractional pT reso-
lution for jets was measured as a function of their pT and rapidity. A systematic uncertainty is defined
as the di↵erence in quadrature between the jet energy resolutions for data and simulation. To estimate
the impact of this systematic uncertainty on this analysis, the energy of jets in the simulation is smeared
by this residual di↵erence, and the changes in the normalisation and shape of the final discriminant are
compared to the default prediction. Since jets in the simulation cannot be under-smeared, the resulting
uncertainty on the normalisation and shape of the final discriminant is one-sided by definition, and the
resulting uncertainty is then symmetrised.

8.2.5 Jet Reconstruction

The jet reconstruction e�ciency is found to be about 0.2% lower in the simulation than in data for jets
below 30 GeV and is found to be consistent with data for higher jet pT. To evaluate the e↵ect of this
ine�ciency, 0.2% of the jets with pT below 30 GeV are removed randomly and all jet-related kinematic
variables are recomputed, and the event selection is updated accordingly.

8.2.6 Heavy- and Light-Flavour Tagging

The e�ciency of the flavour tagging algorithm has been measured for each jet flavour using control
samples in data in simulation. From the ratio of e�ciencies correction factors are defined to correct
per-jet tagging rates in the simulation. In the case of b-jets, correction factors and their uncertainties
are estimated based on observed and simulated b-tagging rates in tt̄ dilepton events [60]. In the case of
c-jets, they are derived based on jets with identified D⇤ mesons [72]. In both cases the correction factors
are parameterised as a function of jet pT. In the case of light-flavour jets, correction factors and their
uncertainties are derived using dijet events, and they are parameterised as a function of jet pT and ⌘ [73].

A total of six independent sources of uncertainty a↵ecting each the b- and c-tagging e�ciency are
considered in the OS dilepton channel while they are combined in one source each in the trilepton and
SS dilepton channels. Each of the six uncertainties corresponds to an eigenvector resulting from diag-
onalising the matrix containing the information of the total uncertainty per pT bin and the bin-to-bin
correlations. Twelve uncertainties are considered for the light jet tagging in the OS dilepton channel
which depend on the jet pT and ⌘ region while, similarly to b- and c-tagging, they are combined in one
source in the trilepton and SS dilepton channel since these channels use only event count information
rather than shapes. These systematic uncertainties are taken as uncorrelated between b jets, c jets, and
light-flavour jets.

8.3 Uncertainties on Signal Modelling

8.3.1 Scale and radiation

To assess the scale uncertainties on the tt̄V modelling, the factorisation and renormalisation scales are
varied by a factor of two up and down with respect to the nominal values. Radiation uncertainties are
assessed by varying the strong coupling ↵s in the matrix element calculation by a factor of two up
and down with respect to the nominal value, while simultaneously varying the amount of initial state
radiation in Pythia [74]. In addition, the jet pT matching threshold is varied up and down by a factor of
two as well as the amount of the radiation in Pythia in the Madgraph+Pythia tt̄V simulation. Alternate
Madgraph+Pythia samples representing such variations were generated at the particle level and the
propagation of these uncertainties to the baseline sample is performed with a reweighting procedure in
kinematic variables such as top quark pT and ⌘, tt̄ pT and ⌘, W and Z pT and ⌘, and the number of
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jets between the reference and alternate samples. The dominating systematic uncertainty on the tt̄V
modelling is from the variation associated with the strong coupling ↵s in the matrix element calculation
with a simultaneous variation of the amount of initial state radiation in Pythia. This variation has a
significant e↵ect on the distribution of the number of jets in tt̄V events.

8.3.2 PDF

Systematic uncertainties on the tt̄V modelling due to PDF choice are evaluated using the uncertainty sets
of the CT10 NLO [34], MSTW2008 68% CL NLO [32, 33] and NNPDF 2.3 NLO [36] sets. The final
uncertainty was calculated as half the envelope encompassing the predictions from all three PDF sets
along with their associated uncertainties, following the PDF4LHC recommendations [31].

8.4 Uncertainties on Background Modelling

Uncertainties on the background modelling di↵er significantly between the analysis channels due to large
di↵erences in the background composition between the channels.

8.4.1 Same-sign dimuon and trilepton channels

Misidentified lepton background: The uncertainty on the misidentified lepton background is esti-
mated by measuring the real and misidentified lepton rates in two orthogonal regions, one with three or
more jets, and another one with one or two jets. An additional uncertainty of 30% on this background
rate originates from the subtraction of backgrounds in the control region to measure the fake lepton rates,
and is dominated by low statistics in the regions where the rates are measured.

VH background: Uncertainties of 20% are assumed for the normalisations of the WH and ZH pro-
cesses.

Other backgrounds: These include triboson and SM same-sign WW processes. A 100% uncertainty
is considered for the sum of these backgrounds.

8.4.2 Opposite-sign dilepton channel

Table 7 presents a summary of the systematic uncertainties on the background modelling considered in
the OS dilepton channel.

Z+jets background: Four sources of uncertainties are considered: theoretical cross section uncer-
tainty, uncertainty due to the Z pT correction, uncertainty due to scale choice for QCD emissions in
Alpgen and the uncertainty due to the choice of the generator.

• An NNLO QCD cross section uncertainty of 4% is applied to the Z+jets contribution [18]

• A systematic uncertainty equal to the full size of the Z pT correction is included in the fit as a
shape-only systematic to disentangle full shape and normalisation per jet multiplicity e↵ects in the
description of the Z+jets process.

• Several Z+jets MC variation samples were used to assess the uncertainty due to the extrapolation
of the Z+jets simulation prediction to high jet multiplicity. The variation of the scale associated
with the strong coupling ↵s in the matrix element (by a factor of two up and down) is found to
have the largest e↵ect and is considered as a systematic uncertainty in the analysis.
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Systematic uncertainty Type Components
Z cross section N 1
Z modelling: reweighting S 1
Z modelling: Alpgen QCD scale SN 2
Z modelling: generator/parton shower N 1
tt̄ cross section N 1
tt̄ modelling: reweighting SN 9
tt̄ modelling: generator SN 2
tt̄ modelling: parton shower N 1
tt̄+heavy-flavour normalisation N 1
tt̄H cross section N 1
tt̄H modelling SN 2
Single top cross section N 1
Single top modelling SN 1
Diboson+jets normalisation N 1
tZ cross section N 1
Fake background SN 2

Table 7: List of systematic uncertainties on the background modelling considered in the opposite-sign
dilepton channel. Type “N” indicates that the uncertainty is taken as normalisation per jet multiplicity-
only for all processes and channels a↵ected, whereas type “S” indicates systematics that are considered
full shape-only in all processes and channels. Type “SN” indicates that the uncertainty is taken as both
shape and normalisation per jet multiplicity bin. Some of the systematic uncertainties are split into
several di↵erent components for a more accurate treatment (the number of components is indicated in
the column labeled as “Components”).

• The e↵ect of the choice of matrix element generator and parton shower on Z+jets modelling is
evaluated by using the Sherpa Z+jets MC sample as an alternative model. In the analysis, the
e↵ect of this model uncertainty is described as a separate rate uncertanity parameter for each jet
multiplicity since a significant discrepancy between data and simulation is observed in the Hhad

T
distribution in the high statistics (3j, 2b) region of 2`OSZ.

tt̄+jets background: Several systematic uncertainties a↵ecting the modelling of tt̄+jets are considered
in this channel: systematic uncertainties due to the uncertainty on the cross section, uncertainties due
to the choice of the parton shower and hadronisation model, and uncertainties due to the reweighting
procedure applied to correct the tt̄ MC modelling. An additional uncertainty is assigned to account for
the limited knowledge of the tt̄ production in association with heavy flavour jets.

• An uncertainty of +5%/-6% is assumed for the inclusive tt̄ production cross section as described
in Sect. 3.

• To improve agreement between data and tt̄ MC modelling a reweighting procedure based on the
di↵erence between top quark pT and tt̄ system pT distributions measured in data and in the simu-
lation is applied to tt̄ MC events. The nine largest uncertainties associated with the experimental
measurement of the top quark and tt̄ pT [62], accounting for approximately 95% of the total ex-
perimental uncertainty of that measurement, are applied changing the size of the correction. The
largest uncertainties on the measurement of the di↵erential distributions include radiation mod-
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elling in tt̄ events (up to 12% uncertainty on the overall normalisation of tt̄ in the (� 5j, 1b+2b) re-
gion), the choice of the generator to simulate tt̄ production, and uncertainties on the components
of jet energy calibration and jet resolution and jet flavour tagging.

• An uncertainty due to the choice of the generator is evaluated by comparing a sample generated
using Madgraph interfaced with Pythia to the default tt̄ sample. E↵ects on the shapes are com-
pared, symmetrised and applied to the shapes predicted by the default model after correcting both
samples to match top quark pT and tt̄ pT distributions as measured in the di↵erential cross section
analysis.

• An uncertainty due to the choice of the parton shower and hadronisation model is derived by
comparing events produced by Powheg interfaced with Pythia or Herwig. Only the e↵ect on
normalisation per jet multiplicity is considered from this source since the e↵ect on the shape is
found to be similar to the one from Madgraph+Pythia.

• A systematic uncertainty of 50% is applied to the tt̄+HF components of tt̄+ jets background ob-
tained from the Powheg+PythiaMC simulation.

Single top background: An uncertainty of 6.8% is assumed for the cross section of the single top
production [75] corresponding to the theoretical uncertainty on Wt-channel production, the only process
contributing to this final state. An additional modelling uncertainty on Wt production is obtained from a
simulated sample which uses the alternative diagram subtraction approach in the Wt-channel production
to avoid overlap between single top quark and tt̄ final states.

Misidentified lepton background: An uncertainty of 50% is applied to the misidentified lepton yield
across all selected regions to cover the maximum di↵erence between yields obtained from the simulation
and from SS dilepton events in data. An additional uncertainty is applied to cover the di↵erence in shape
of HT distributions in the MC simulated and SS data events.

8.4.3 Common electroweak backgrounds modelling

Diboson background: In the trilepton and same-sign dimuon channels the diboson background is
dominated by WZ production. In the opposite-sign dilepton channel diboson background includes WW,
WZ and ZZ production and the uncertainties are applied to the sum of these processes.

In all channels the uncertainty on the diboson background includes a 20% uncertainty estimated from
the agreement between data and prediction in the trilepton CRZ region, and the observed uncertainty in
the WZ prediction when theory assumptions are varied. Additional uncertainties are assigned due to a
di↵erence in jet and b-tag multiplicities between the trilepton and opposite-sign dilepton signal regions
and the control region:

• A 10% uncertainty is added to the WZ+jets uncertainty in the trilepton and same-sign dimuon
channels to account for the extrapolation of the cross section with three light jets to the cross
section with four light jets.

• An uncorrelated 40% uncertainty is added to the WZ+jets cross section in the trilepton and same-
sign dimuon channels in quadrature in the signal regions requiring at least two b-tagged jets. This
uncertainty is added to the diboson background in all selected regions in the opposite-sign dilepton
channel to account for the modelling of diboson production associated with the heavy flavour jets.

In the trilepton and same-sign dimuon channels a 100% uncertainty is applied to the ZZ background
normalisation in all signal regions.
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tt̄H background: An uncertainty of 12% is assumed for the theoretical cross section of tt̄H produc-
tion [42] in all channels. Additional uncertainties that a↵ect tt̄H kinematics are applied in the OS dilepton
channel. They come from the choice of factorisation and renormalisation scales and the functional form
of the scale in tt̄H simulated samples. The e↵ect of the variations is studied at particle level and the
nominal PowHel tt̄H MC sample is reweighted to reproduce these variations.

tZ background: An uncertainty of 20% is assumed for the theoretical cross section of the tZ back-
ground. An additional uncorrelated 15% uncertainty arising from scale, ↵s and the jet pT threshold
variations, is applied to the tZ background in the trilepton and same-sign dimuon channels.

9 Results

A summary of all three channels with their corresponding fit regions used to measure tt̄W and tt̄Z pro-
duction in this analysis is shown in Table 8.

Trilepton and same-sign dilepton Opposite-sign dilepton

Analysis strategy comparable signal and background: small signal in huge background

cut and count multivariate techniques

3`Z 3`Zveto 2µSS 2`OSZveto 2`OSZ

Z-mass selection |m`` � mZ | < 10 GeV |m`` � mZ | > 10 GeV - |m`` � mZ | > 10 GeV |m`` � mZ | < 10 GeV

Additional Emiss
T > 40 GeV Emiss

T > 40 GeV(ee, µµ) �Rjj
ave > 0.75

selection HT > 240 GeV HT> 130 GeV(eµ)

�Rjj
ave > 0.75

Lepton flavour all trilepton all trilepton µµ all dilepton ee, µµ

Signal tt̄Z tt̄W dominated tt̄W dominated tt̄Z and tt̄W tt̄Z dominated

Main background tZ, WZ and fakes tt̄Z, tt̄H and fakes tt̄Z, tt̄H and fakes tt̄+jets Z+jets

Validation regions (3j + 2j + 1j, 1b) (CRZ) (1b) (CRW) Emiss
T < 40 GeV

Regions in the fit (� 4j, 1b) (SRB1J4) (3j + 2j,� 2b) (SRW3`) (� 2j,� 2b) (SR2µSS) (3j, 1b + 2b) (3j, 2b)

(Signal region, (3j,� 2b) (SRB2J3) (4j, 1b + 2b) (4j, 2b)

control region) (� 4j,� 2b) (SRB2J4) (� 5j, 1b + 2b) (� 5j, 2b)

Table 8: Summary of the tt̄V event selection and analysis strategies in three channels. In the last row signal-rich
regions are shown in bold.

The calculation of confidence intervals and hypothesis testing is performed using a modified fre-
quentist method as implemented in RooStats [76] and is based on a profile likelihood which takes into
account the systematic uncertainties as nuisance parameters. Significance is calculated using the asymp-
totic formula of Refs. [77–79].

9.1 Trilepton and same-sign dilepton channels

A simultaneous fit of the three signal regions SRZb1j4, SRZb2j3, SRZb2j4 is used to extract the tt̄Z
signal strength while the tt̄W signal strength is measured from the fit in SRW`3 and SR2µSS regions.
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Table 9 summarises the observed signal strength µ with respect to the SM prediction and the correspond-
ing observed and expected significance � for the combined tt̄V production, assuming the SM ratio of tt̄Z
to tt̄W cross sections, for the tt̄W production assuming SM tt̄Z production rate, and for the tt̄Z produc-
tion assuming SM tt̄W production rate. Since only low statistics signal-rich regions are included in the
fit, none of the systematic uncertainties are constrained below their initial uncertainties by the physics
measurement. Table 10 provides a breakdown of the total uncertainty on the measured signal strengths
of the tt̄Z and tt̄W processes from one-dimensional fits. For both signal processes, the measurement is
dominated by the statistical uncertainty. The leading systematic contributions arise from the detector
e↵ects for both tt̄Z and tt̄W measurements, and from uncertainties on the simulated and misidentified
lepton background for the tt̄Z and tt̄W, respectively.

Trilepton and same-sign dilepton channels

Process Signal Strength Observed � Expected �

tt̄V 0.91+0.27
0.24 4.6 4.6

tt̄W 1.31+0.62
�0.50 3.0 2.3

tt̄Z 0.72+0.33
�0.28 2.8 3.4

Table 9: The observed signal strength relative to the SM prediction and its total uncertainty, and the
observed and expected significance of the tt̄V , tt̄Wand tt̄Z signals for the trilepton and same-sign dilepton
channels.

Trilepton and same-sign dilepton channels

Uncertainty µtt̄Z µtt̄W

Detector 0.08 0.13

Background from simulation 0.07 0.03

MisID lepton 0.02 0.08

Signal modelling < 0.01 0.02

Total systematic uncertainty 0.12 0.18

Statistics +0.30�0.26 +0.58�0.47

Total +0.33�0.28 +0.62�0.50

Table 10: Breakdown of uncertainties on the measured signal strength of tt̄Z and tt̄W processes from
one-dimensional fits in the trilepton and same-sign dilepton channels. Systematic uncertainties are sym-
metrised.

Distributions of selected pre-fit observables, comparing data to expectation, are shown in Figure 4
for all the regions considered, where the region SRZ is defined as the sum of SRZb1j4, SRZb2j3, and
SRZb2j4. In particular, the distribution of the minimal three-jet invariant mass peaks near the mass of
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the top quark in the trilepton regions SRZb1j4 and SRZb2j4, as is expected from tt̄Z signal. Figure 5
shows the expected and observed event yields in all the signal regions, before the fit.

9.2 Opposite-sign dilepton channel

A simultaneous fit using the discriminating variables considered in each of the six regions in 2`OSZveto
and 2`OSZ is performed to extract the tt̄Z and tt̄W signal strengths.

The post-fit distributions are presented in Figure 6, showing good agreement between data and post-
fit expectation within the small uncertainties.

The sensitivity of the analysis in the OS channel is limited by the systematic uncertainties on the
tt̄+jets background and Z+jets background in the 2`OSZveto and 2`OSZregions, respectively. These
uncertainties a↵ect the normalisation of these backgrounds as a function of jet multiplicity and a↵ect
the shape of the variables that enter into the discriminant. In the 2`OSZveto region, the Madgraph tt̄
model predicts between 3% and 8% relative di↵erence to Powheg+Pythia in tt̄ normalisation in the three
regions used in the fit. The fit to data constrains this uncertainty on the rate per jet multiplicity to 50%
of those initial values. Similarly, Madgraph predicts up to 6% and 15% variation of the NN discriminant
shape with respect to Powheg+Pythia in the (4j, 1b + 2b) and (� 5j, 1b + 2b) regions, respectively. The
large data statistics available in these regions allow to constrain this uncertainty to 40% of its initial
value.

The largest impact on the signal sensitivity comes from the uncertainty on the Z+jets background
modelling since 2`OSZ is a significantly more sensitive region than 2`OSZveto. The uncertainty on the
Z+jets background yield as a function of jet multiplicity due to scale variation in Alpgen+Pythia ranges
from 30% for the (3j, 2b) region to 60% in the (� 5j, 2b) region. For Sherpa, the relative variation of
the Z+jets background yield on jet multiplicity is much milder with a 15% e↵ect relative to the nominal
Z+jets Alpgen+Pythia model in the (3j, 2b) region and lower for higher jet multiplicities. As expected
from the initially largely overestimated uncertainty from Alpgen scale variation and from Sherpa Z+jets
prediction in (3j, 2b) not being supported by data, both uncertainties are significantly constrained by data
to 22% and 45% of their initial variations for Alpgen+Pythia scale variation and Sherpa, respectively.
The uncertainty on the total background prediction is reduced by a factor of 10 as a result of the fit in
the most sensitive (� 5j, 2b) region of 2`OSZ. Table 11 summarises the observed signal strength µ with
respect to the NLO QCD calculation [80–83] and the corresponding observed and expected significance
� for the combined tt̄V production assuming SM ratio of tt̄Z to tt̄W cross sections, for the tt̄W production
assuming SM tt̄Z production rate and for the tt̄Z production assuming SM tt̄W production rate. Table 12
provides a breakdown of the uncertainty on the measured signal strengths of the tt̄Z and tt̄W processes.
The main contribution to the total uncertainty arises from the limited statistics for the tt̄Z measurement
and from the systematics for the tt̄W measurement. The dominating systematic uncertainty in both cases
comes from the modelling of the backgrounds. The largest e↵ects among the detector uncertainties
originate from uncertainties on b-tagging, JVF and JES uncertainties.

9.3 Combination

Table 13 summarises the observed signal strength µ with respect to the SM prediction and the corre-
sponding observed and expected significance � for the combined tt̄V production assuming SM ratio of
tt̄Z to tt̄W cross sections, for the tt̄W production assuming SM tt̄Z production and for the tt̄Z production
assuming SM tt̄W production. The signal stregth values are obtained from the fit to data using all regions
of the trilepton, same-sign and opposite-sign dilepton channels. Table 14 provides a breakdown of the
total uncertainty on the measured signal strengths of the tt̄Z and tt̄W processes, for the one-dimensional
fit. For both signals, the measurement is dominated by the statistical uncertainty followed by the uncer-
tainties due to modelling of the detector e↵ects. The result of the simultaneous fit of signal strengths of
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Opposite-sign dilepton channel

Process Signal Strength Observed � Expected �

tt̄V 0.77+0.63
�0.56 1.4 1.7

tt̄W 0.57+2.48
�2.30 0.3 0.4

tt̄Z 0.77+0.69
�0.59 1.4 1.5

Table 11: The observed signal strength relative to the SM prediction and its total uncertainty, and the
observed and expected significance of the tt̄V , tt̄W and tt̄Z signals for the opposite-sign dilepton channel.

Opposite-sign dilepton channel

Uncertainty µtt̄Z µtt̄W

Detector 0.11 0.36

Background from simulation 0.20 1.28

MisID lepton 0.02 0.32

Signal modelling < 0.01 0.10

Total systematics 0.33 2.06

Statistics +0.59�0.51 +1.20�1.18

Total +0.69�0.59 +2.48�2.30

Table 12: Breakdown of uncertainties on the measured signal strength of tt̄Z and tt̄W processes from one-
dimensional fit in the opposite-sign dilepton channel. Due to large anti-correlations between the di↵erent
sources of uncertainties, total systematic uncertainty can be di↵erent from the sum in quadrature of the
individual sources. Systematic uncertainties are symmetrised.
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both tt̄Z and tt̄W processes using all three channels compared to the SM expectation is shown in Figure 7
and the results for all three channels and their combination are summarized in Table 15. A combined
fit to all channels with two parameters of interest (µtt̄W and µtt̄Z) allows to measure both cross-sections
without the assumption that one of them is at the Standard Model prediction. Figure 8 displays the result
of the combined fit only.

Combination

Process Signal Strength Observed � Expected �

tt̄V 0.89+0.23
�0.22 4.9 4.9

tt̄W 1.25+0.57
�0.48 3.1 2.4

tt̄Z 0.73+0.29
�0.26 3.2 3.8

Table 13: The observed signal strength relative to the SM prediction and its total uncertainty, and the
observed and expected significance of the tt̄V , tt̄W and tt̄Z signals for the combination of all channels.
The combined tt̄V result assumes SM ratio of tt̄Z to tt̄W cross sections, the tt̄W result assumes SM tt̄Z
production rate and the tt̄Z result assumes SM tt̄W production rate.

Combination

Uncertainty µtt̄Z µtt̄W

Detector 0.07 0.13

Background from simulation 0.08 0.09

MisID lepton 0.03 0.09

Signal modelling < 0.01 < 0.01

Total systematics 0.10 0.24

Statistics +0.26�0.24 +0.49�0.43

Total +0.29�0.26 +0.57�0.48

Table 14: Breakdown of uncertainties on the measured signal strength of tt̄Z and tt̄W processes from
one-dimensional fit. Systematic uncertainties are symmetrised.

The result of the combined simultaneous fit of two parameters of interest is µtt̄Z = 0.71+0.28
�0.26 and

µtt̄W = 1.30+0.59
�0.48, corresponding to the tt̄Z and tt̄W cross sections of 150+58

�54 = 150+55
�50(stat.)± 21(syst.) fb

and 300+140
�110 = 300+120

�100(stat.)+70
�40(syst.) fb, respectively. The observed and expected signal significances

for tt̄V production are 4.4�. The observed (expected) signal significances for tt̄Z and tt̄W from the si-
multaneous fit can be found in Table 16, together with the measured cross-sections. The measured signal
strengths and significances in the simultaneous fit are close to those from the fits using one parameter
of interest due to the very small correlation between tt̄Z and tt̄W measurements. Figure 7 provides a
comparison of the two-dimensional contours obtained by the opposite-sign dilepton and the trilepton and
same-sign dilepton channel and their combination.
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Simultaneous fit of two signal strengths in all channels

Channel µtt̄Z µtt̄W Observed � Expected �

trilepton and same-sign dilepton 0.70+0.30
�0.28 1.37+0.62

�0.51 4.1 4.1

opposite-sign dilepton 0.77 ± 0.65 0.71 ± 2.41 0.4 0.6

combination 0.71+0.28
�0.26 1.30+0.59

�0.48 4.4 4.4

Table 15: The observed signal strength for tt̄Z and tt̄W production from the simultaneous fit of two
parameters of interest, and the observed and expected significance of the signals for each individual
channel and the combination. The signal significance is calculated with respect to no tt̄Z and no tt̄W
signal hypothesis. The result for the tt̄W (tt̄Z) signal strength is obtained treating the tt̄Z (tt̄W) signal
strength as a nuisance parameter.

Summary of combined simultaneous fit results

Process Measured cross-sections Observed � Expected �

tt̄Z 150+58
�54(total) = 150+55

�50(stat.) ± 21(syst.) fb 3.1 3.7

tt̄W 300+140
�110(total) = 300+120

�100(stat.)+70
�40(syst.) fb 3.1 2.3

Table 16: The measured cross-sections and its total uncertainty, and the observed and expected signif-
icance of the individual tt̄W and tt̄Z signals from the simultaneous fit of two parameters of interest for
the combination of all channels. The significances for each signal process is calculated assuming null
hypothesis for one of them and treating the other as a free parameter in the fit.
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10 Conclusion

Measurements of the production cross sections of top quark pair pairs in association with a W or Z boson
using 20.3 fb�1of data collected by the ATLAS detector in 2012 are presented. Final states with two
or three charged leptons are analyzed. The signal strength, expressed as the ratio of the measured sig-
nal strength to the Standard Model (SM) expectation, is measured for various scenarios. The tt̄Z signal
strength is found to be µtt̄Z = 0.73+0.29

�0.26 assuming SM tt̄W production, corresponding to a 3.2 � excess
over the background-only hypothesis. The tt̄W signal strength is found to be µtt̄W = 1.25+0.57

�0.48 assuming
SM tt̄Z production, corresponding to a 3.1 � excess over the background-only hypothesis. The com-
bined tt̄Z and tt̄W signal strength is found to be µtt̄V = 0.89+0.23

�0.22, corresponding to a 4.9 � excess over
the background-only hypothesis. These measurements thus provide evidence for SM tt̄Z and tt̄W produc-
tion. A simultaneous measurement of the cross sections yields�(tt̄Z) = 150+58

�54 = 150+55
�50(stat.)±21(syst.)

fb and �(tt̄W) = 300+140
�110 = 300+120

�100(stat.)+70
�40(syst.) fb, equivalent to the signal strengths µtt̄Z = 0.71+0.28

�0.26
and µtt̄W = 1.30+0.59

�0.48, and corresponding to a 4.4 � excess over the background-only hypothesis. The ob-
served signal significance from the combined simultaneous fit for the tt̄Z and tt̄W processes individually
is 3.1� each. All measurements are consistent with the NLO QCD theoretical calculations [80–83] for
tt̄Z and tt̄W processes.
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Figure 4: (top left) The lepton flavour combination for events that passed the SRZ selection. (top right)
The Emiss

T distribution for events in the SRZb2j4 region. (middle row) The minimal three-jet invariant
mass in the region (left) SRZb1incj4 defined as four jets and at least one b-jet, and (right) SRZb2j4
region. (bottom left) The Emiss

T distribution for events in the SRW`3 region. (bottom right) The Emiss
T

distribution for events in the same-sign dimuon signal regions. In all cases the distributions before the fit
are shown. The shaded bands represent the systematic uncertainties on the expected event counts. The
final bin in each histogram includes the overflow.
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Figure 6: Post-fit distributions for each of the six fit regions in the OS dilepton channel. The left (right)
column shows the distributions in the 2`OSZveto (2`OSZ) regions. The red dashed lines show the tt̄V
signal normalized to the background yield. The top left plot shows the (3j, 1b + 2b) region, where only
the event count is used in the fit.
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11 Appendix

11.1 S/
p

B in OS dilepton channel
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Figure 9: S/
p

B ratio for each of the analysis regions after the OS dilepton event preselection (assuming
SM tt̄V cross sections). Each row shows the figure for a specific jet multiplicity (3, 4, �5), and the
columns show the b-jet multiplicity (1, 2) for the 2`OSZveto region and 2 b-jet multiplicity for the
2`OSZ region. Signal-rich regions are shown in red, while the rest are shown in blue.
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11.2 Pre-fit plots in OS dilepton channel
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Figure 10: Pre-fit distributions for each of the six regions included in the fit. The left (right) column
shows distributions in 2`OSZveto (2`OSZ). The red dashed line shows the tt̄V signal normalized to the
background yield. The top left plot shows the (3j, 1b + 2b) region, where only event counting is used in
the fit. The bottom two plots show the (� 5j, 1b + 2b) and (� 5j, 2b) regions, respectively.
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11.3 Input variables for NN in OS dilepton channel
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Figure 11: The distributions of the highest two ranked variables in the (4j, 1b + 2b) region in
2`OSZveto (top), the (� 5j, 1b+2b) region in 2`OSZveto (middle) and the (� 5j, 2b) region in
2`OSZ (bottom). All distributions are shown after the fit. The red dashed line shows tt̄V signal
normalized to the background yield. The error band includes both statistical and systematic
post-fit uncertainties. The arrow in the bottom panel indicates that the central value of the ratio
between data and total prediction in that bin is outside the specified range. The last bin in each
histogram includes the overflow.
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