
Search for the Higgs Boson in the WH
Production Mode with H→WW∗ Decay

using the ATLAS Detector

Petar Kevin Rados

Submitted in total fulfilment of the requirements
of the degree of Doctor of Philosophy

May 2018

School of Physics
The University of Melbourne

Produced on archival quality paper





Abstract

In order for fundamental particles to attain mass, the electroweak symmetry of the
Standard Model (SM) of particle physics must be broken. The simplest way of breaking
this symmetry is via the SM Higgs Mechanism, and it predicts the existence of a new
particle called the SM Higgs boson. This particle should be experimentally accessible
at the high-energy frontier, and so its discovery is considered as one of the most
important goals in modern particle physics. This goal was partially achieved in July
2012, when the ATLAS and CMS experiments at the Large Hadron Collider (LHC)
announced the discovery of a Higgs-like particle with a mass of around 125 GeV. The
next step for both experiments is to scrutinize the properties of this new particle in
order to determine whether it is, in fact, the SM Higgs boson.

One high-priority objective of the ATLAS experiment is to confirm the SM predictions
for Higgs boson production at the LHC. The main result presented in this thesis
contributes to this objective by searching for the WH production mode with subsequent
H→WW∗ decay. The H→WW∗ decay channel provides a sensitive probe of WH
production due to its large branching ratio and clean detector signature. Moreover,
this signal process provides important information on the Higgs boson couplings,
since it only involves couplings to W bosons at both the production and decay vertices
at tree-level.

The search for this signal process was conducted using LHC proton-proton collision
data collected by the ATLAS detector. This data was recorded at centre-of-mass en-
ergies of 7, 8 and 13 TeV corresponding to integrated luminosities of 4.5, 20.3 and 5.8
fb−1, respectively. The analysis strategy was first developed using the 7 and 8 TeV data
samples and it was used to measure the relative signal strength with respect to the
SM expectation. For a Higgs boson of mass 125 GeV, the observed value of the signal
strength was determined to be 0.72 +1.2

−1.1 (stat.) +0.4
−0.3 (sys.). The analysis method was then

extended to perform the first measurement of the signal strength at 13 TeV, with this
quantity measured to be 3.2 +3.7

−3.2 (stat) +2.3
−2.7 (sys). An overall excess was observed at

0.66σ (0.77σ) significance with respect to the background-only hypothesis in the 7+8
TeV (13 TeV) data. All measurements are in agreement with the SM expectations.
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Preface

The ATLAS Collaboration consists of over 3000 scientific authors from 38 countries
and represents one of the largest collaborative efforts in science. Considering this, it is
very rare that any substantial body-of-work within ATLAS will be done by a student
in isolation. When conducting research projects, a student will typically work within
groups that each have a specific purpose within the larger collaboration.

The work of this author is presented in chapters 4 and 5 of this thesis, and was done in
concert with several different ATLAS working groups detailed below. The three earlier
chapters provide an introduction, the motivation and a description of the experimental
setup relevant to this author’s work. The final chapter of this thesis summarizes the
main results of this work.

Section 4.1 provides context to the work of this author presented later in chapter 4.
Section 4.2 summarizes a relevant paper released by the ATLAS Collaboration [1] on
work conducted by the ATLAS Tau Trigger and Offline Tau Identification working
groups. This is done to give context to this author’s work conducted within the
ATLAS Tau Trigger working group, which is presented in section 4.3. This work was
done under the supervision of E. Barberio and P. Urquijo, and was included in the
previously mentioned paper. This work included: the development of the software
framework, preparation of the data and MC samples, development of the tag-and-
probe method, measurements of the tau trigger efficiencies in data, measurements of
the tau trigger efficiency correction factors for simulation, and the measurements of
the energy resolutions at each trigger-level.

Section 4.4 summarizes a relevant technical design report released by the ATLAS
Collaboration [2] on work conducted by the ATLAS FTK working group. This is
done to give context to this author’s work performed within that group, which is
presented in section 4.5. This work was done under the supervision of E. Barberio and
P. Urquijo and in collaboration with V. Cavaliere, and was included in the previously
mentioned technical design report. This work included: the measurement of FTK
tracking efficiencies and track multiplicities for tau leptons, the development of a tau
trigger algorithm that uses FTK tracks, and the performance measurements of this
algorithm. The results shown specifically in subsection 4.5.5 were not the work of this
author and were performed later by the ATLAS FTK working group. This subsection is
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included in order to demonstrate how the trigger algorithm developed by this author
improves the sensitivity of analyses performed by ATLAS in the H→ ττ decay channel.

Chapter 5 presents the work of this author conducted within the VH production
mode subgroup of the ATLAS H→WW working group. This work was done under
the supervision of E. Barberio and T. Kubota, with the

√
s = 7 and 8 TeV analysis

released by the ATLAS Collaboration in a paper [3] and the
√

s = 13 TeV analysis in a
conference note [4]. The

√
s = 7 and 8 TeV analysis presented in chapter 5 was done in

collaboration with the following members, in alphabetical order, of the VH subgroup:
T. Baroncelli, M. Biglietti, V. Bortolotto, B. Di Micco, A. Farilla, A. Huitfeldt, T. Kubota,
D. Orestano, D. Puddu, L. Shan, J. Smith, C. Taccini and M. Trovatelli. The

√
s = 13 TeV

analysis was done in collaboration with the following members of the same subgroup:
C. Bertella, M. Biglietti, A. Farilla, A. Huitfeldt, T. Kubota, R. Munoz, D. Puddu,
C. Shmitt, O. Whitton and N. Wieseotte. The work of this author covered most aspects
of the analyses, including: the collaborative development of the analysis framework,
preparation of the data and MC samples, electron and muon trigger studies, definition
and optimization of the analysis selection, development of the background estimation
methods, evaluation of the experimental uncertainties, calculation and inclusion of the
theoretical uncertainties, and running the statistical fit.

Appendix A includes a description of the BDT method used in two of the signal regions
from the

√
s = 7 and 8 TeV analysis of the VH subgroup. Appendix C includes results

from the combination of all analyses performed by the ATLAS H→WW working group
at
√

s = 7 and 8 TeV. Both the BDT methd and the statistical combination of all the
analyses were not the work of this author. Appendices C and D include additional
plots from the analyses presented in chapter 5.
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1
Introduction

Particle physics is a particular field in science that aims to understand the most fun-
damental building blocks of matter and their interactions. The benchmark theoretical
framework in this field is known as the Standard Model (SM), and over the last four
decades its ability to explain high-energy phenomena has been rigorously scrutinized.
Although the theory has, so far, passed all experimental tests with a great degree of
success, it is known to be incomplete.

One of the main open questions in particle physics is which mechanism breaks the
electroweak symmetry of the SM and thus generates particle masses. The simplest
mechanism is the SM Higgs Mechanism, and it predicts the existence of a particle
known as the SM Higgs boson. This particle should be experimentally accessible at
the high-energy frontier, and so its discovery is regarded as one of the most important
goals in particle physics.

The Large Hadron Collider (LHC) is a particle accelerator that can collide protons at
unprecedented center-of-mass energies (

√
s) of up to 14 TeV. It was built at CERN,

near Geneva, and since March 2010 has been operating at
√

s = 7, 8 and more recently
13 TeV. One of the primary physics goals of the LHC is to either prove or refute the
existence of the SM Higgs boson. This goal was partially achieved on the 4th of July,
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Chapter 1. Introduction

2012, when the ATLAS and CMS experiments at the LHC announced the discovery of
a Higgs-like particle with a mass of approximately 125 GeV [5, 6].

The next step for the Higgs program at ATLAS is to measure the properties of this
new particle to confirm whether it is, in fact, the one predicted by the SM Higgs
Mechanism. To this end, directly observing each of its production modes is essential.
Since the discovery of the Higgs-like particle, the ATLAS experiment has confirmed
the existence of the dominant gluon fusion production mode and found significant
evidence for the subdominant vector-boson fusion mode, at rates consistent with the
SM predictions [7]. However, finding direct evidence for the more rare production
modes must also be achieved in order to complete the picture of SM Higgs boson
production. The associated production of the Higgs boson with a W boson, referred
to throughout this thesis as WH production, has the next largest cross section after
vector-boson fusion and is therefore a promising next candidate for direct observation.

The main result presented in this thesis is a search for the SM Higgs boson in the
WH production mode followed by H→WW∗ decay. This search was performed using
proton-proton collision data collected by the ATLAS detector at

√
s = 7, 8 and 13 TeV.

The H→WW∗ decay channel is a good candidate for the direct observation of WH
production since it has the second largest branching fraction at the measured Higgs
boson mass, and it provides a clean detector signature. In addition, the combined
production and decay process is interesting due to its sensitivity to any deviations to
the SM prediction of the coupling between the Higgs and W bosons.

This thesis also includes studies conducted by this author relating to the ATLAS tau
trigger. The tau trigger plays a key role in collecting data used in many ATLAS physics
analyses, including the search for the SM Higgs boson in the H→ ττ decay channel.
Two studies are presented. The first is the measurement of the tau trigger performance
at
√

s = 8 TeV using a tag-and-probe method targeting Z→ ττ decays. The second
study explores the potential of using the ATLAS Fast Tracker upgrade to improve tau
trigger performance in future ATLAS runs at

√
s = 14 TeV.

This thesis is organized as follows. The next chapter provides the motivations for the
SM Higgs boson studies presented in this thesis. A description of the LHC, the ATLAS
detector and how collision events are reconstructed is presented in chapter 3. Chapter
4 is dedicated to the ATLAS tau trigger studies. Chapter 5 presents the search for
the WH production of the SM Higgs boson with H→WW∗ decay. The final chapter
summarizes the key results presented in this thesis.
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2
The Standard Model Higgs Boson

This chapter provides both the theoretical and experimental motivations for the SM
Higgs boson studies presented in this thesis. This will first include, in section 2.1,
an overview of the SM of particle physics and the Higgs Mechanism. The ways in
which the SM Higgs boson can be produced at the LHC and subsequently decay will
be described in sections 2.2 and 2.3, respectively. Finally, section 2.4 will summarize
the discovery of the Higgs-like particle, its subsequent measurements from the ATLAS
experiment at

√
s = 7 and 8 TeV, and the next steps for the ATLAS Higgs program at

√
s = 13 and 14 TeV.

2.1 The Standard Model and the Higgs Mechanism

Scientists in the field of particle physics have made incredible progress over the years
towards their common goal of understanding the properties of the basic building
blocks of matter and how they interact. We now know that everything in the universe
is made up from a handful of fundamental particles whose interactions are governed
by four fundamental forces. Our current most complete understanding of how these
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Chapter 2. The Standard Model Higgs Boson

particles and three of the forces1 are related to each other is provided by a theoretical
framework known as the SM [8–11]. Since it was formulated in the early 1970s, the SM
has precisely predicted a wide variety of phenomena and through many experiments
has become one of the most well-tested theories in physics [12,13]. The particle content
of the SM is shown in figure 2.1, and will be detailed in sections 2.1.1 and 2.1.2.

Figure 2.1 Summary of the fundamental particles in the SM. The quarks (orange),
leptons (violet) and their three generation structure (I, II and III) are
shown. The gauge and Higgs bosons (green) are also shown. The
mass, spin and electric charge quantum numbers are specified for
each particle. Details are provided in sections 2.1.1 and 2.1.2.

1The gravitational force is not accounted for in the SM.
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2.1. The Standard Model and the Higgs Mechanism

2.1.1 Fermions

The twelve particles which make up matter are called fermions, and each of them
has spin 1

2 . Every fermion has a corresponding anti-fermion with the same mass but
opposite electric charge. The fermions consist of six quarks and six leptons, organized
into three generations where each contains one pair of quarks and one pair of leptons.
The higher generations are copies of the lower generations, with larger masses but the
same quantum numbers.

The quarks in each family contain one up-type quark and one down-type quark. Up-
type quarks have an electric charge of + 2

3 , while for down-type quarks it is − 1
3 . In the

order of the generations these include: the up and down, the charm and strange, and
the top and bottom quarks. Quarks have never been observed in isolation, and rather
exist in bound states known as hadrons.

The leptons in each generation contain one charged lepton, with electric charge 1, and
one electrically neutral neutrino. Neutrinos are assumed to be massless in the SM, and
it is not yet known whether they are different from their anti-particles. In the order of
the generations these include: the electron and electron neutrino, the muon and muon
neutrino, and the tau and tau neutrino.

2.1.2 Gauge Bosons

The SM accounts for the electromagnetic, weak and strong forces through the exchange
of another class of particles called gauge bosons that have spin 1. The electromagnetic
interaction is mediated by the massless photon, while for the weak interaction it is the
massive W± and Z bosons. Together, the electromagnetic and weak interactions are
unified under the electroweak (EW) interaction. The photon couples to particles with
electric charge, while the massive gauge bosons couple to particles that carry weak
isospin. The massless gluons, for which there are eight, mediate the strong interaction
between particles carrying colour charge.

2.1.3 Gauge Symmetries

The SM is based on the mathematical framework of quantum field theory in which
particles are described by quantized fields, and the field dynamics are encapsulated
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Chapter 2. The Standard Model Higgs Boson

in a Lagrangian density. As dictated by Noether’s theorem [14], conservation laws,
such as the one associated to electric charge, are the byproduct of imposing certain
symmetries on the SM Lagrangian.

Particles that are free and non-interacting are described by a Lagrangian that is sym-
metric under global gauge transformations. However, new terms enter the Lagrangian
after requiring, in addition, invariance under local gauge transformations. The inter-
actions of the SM mediated by gauge bosons, as described earlier in section 2.1.2, are
encoded in these additional terms.

The particular unitary group of local gauge transformations that describe the symmet-
ries of the SM Lagrangian is:

SU(3)C × SU(2)L ×U(1)Y (2.1)

The non-Abelian SU(3)C gauge symmetry governs the strong interaction between the
quarks and gluons which carry colour charge (C). The unified EW interaction is
determined by the SU(2)L ×U(1)Y gauge symmetry which, if you recall, was mediated
by the photon, W± and Z bosons. Here, the Y is the weak hypercharge and the L
signifies that the weak interaction only occurs between left-handed particles (or right-
handed anti-particles).

2.1.4 The Higgs Mechanism

The SU(2)L × U(1)Y local gauge symmetry of the EW interaction requires that the W±

and Z bosons are massless. Moreover, the global SU(2) symmetry and parity violation
prohibit fermion masses. We know that the quarks, charged leptons, W± and Z bosons
do in fact have mass; so clearly something fundamental is missing from the picture
described in section 2.1.3.

A solution to this problem was proposed in 1964-1965 by Brout and Englert [15],
Higgs [16, 17] and Kibble, Guralnik and Hagan [18] in what is now known as the
Brout-Englert-Higgs Mechanism. This mechanism will be referred to, hereafter, as
simply the SM Higgs Mechanism.

In the SM Higgs Mechanism, particles acquire mass after the EW symmetry has been
spontaneously broken. This is achieved by introducing into the SM a new complex
scalar field φ, called the Higgs field, with quanta that are weak isospin doublets with
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2.1. The Standard Model and the Higgs Mechanism

four degrees of freedom. The Higgs field has an associated energy potential V(φ)
in which it could occupy an infinite number of non-unique and degenerate vacuum
states. The EW symmetry is broken when the Higgs field arbitrarily and so, we say,
spontaneously settles into a particular vacuum state.

The simplest form for V(φ) that breaks the EW symmetry in the desired way is:

V(φ) = −µ2φ†φ +
λ
2

(φ†φ)2 (2.2)

which is bounded from below for µ2 > 0 and λ > 0. It has a local maximum at φ = 0
and a ring of degenerate absolute minima at:

ν =

√
µ2

λ
eiθ (2.3)

The shape of V(φ) is shown in figure 2.2. In this figure, the ball rolling down the hill
symbolizes φ spontaneously settling into a particular vacuum states φ0 and, in doing
so, acquiring the non-zero vacuum energy in equation 2.3.

Figure 2.2 The shape of V(φ) in the phase space of the complex field φ.

The vacuum energy can be selected where θ = 0, without loss of generality, and then
φ0 becomes:

φ0 =
1
√

2

 0

ν

 (2.4)
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Chapter 2. The Standard Model Higgs Boson

where v = 246 GeV. We can then consider excitations in the Higgs field by expanding
around φ0:

φ =
1
√

2

 σ1 + iσ2

ν + σ3 + iσ4

 (2.5)

where σ1, σ2, σ3 and σ4 are the fields four degrees of freedom.

After passing the Higgs field excitations though the EW Lagrangian with V(φ), new
mass terms are produced. The photon remains massless, while three of the degrees
of freedom (σ1, σ2 and σ4) become the longitudinal polarizations of the now massive
W± and Z bosons. The remaining physical degree of freedom, σ3, is a new massive
boson. Its predicted to be electrically neutral, have spin 0 and positive parity2. This
is the SM Higgs boson, symbol H, and its mass (mH) is not predicted by the SM.
This particle will be referred to, hereafter, as simply the Higgs boson. By manually
including Yukawa-type interactions, the fermion masses can also be generated.

The mass of a particle is determined by the strength of its coupling to the Higgs
boson. One key feature of the couplings is that they are proportional to the mass of
the fermions and the mass squared of the weak bosons. All of the possible couplings
are illustrated in figure 2.3.

H

f

f̄

(a) gH f f̄ =
m f

v

H

V

V

(b) gHVV =
2m2

V
v

H
VH
V

(c) gHHVV =
2m2

V
v2

H

H

H

(d) gHHH =
3m2

H
v

H
HH
H

(e) gHHHH =
3m2

H
v2

Figure 2.3 Couplings of the SM Higgs boson (a) to fermions, (b)-(c) to gauge
bosons (V = W± or Z) and (d)-(e) to itself [19].

2Parity is a measure of how a particles mirror image behaves.
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2.2. Higgs Boson Production at the LHC

2.2 Higgs Boson Production at the LHC

When protons collide at the LHC many quarks and gluons are produced which can
subsequently interact. We call these particles partons, and their relative proportions are
determined by what are called parton distribution functions (PDFs). The PDFs describe
the probability of finding a parton with a certain longitudinal momentum fraction of
the proton, and they depend on the energy of the proton-proton interaction. At LHC
energies the PDFs are dominated by gluons and light (first and second generation)
quarks, and so most physics processes at the LHC are initiated by pairs of these
particles.

Although they are prevalent in LHC collisions, the gluons are massless and, as their
name suggests, the light quarks have small masses. Therefore, their couplings to the
Higgs boson are either zero or very small and so direct production of the Higgs boson
from these particles is heavily suppressed. Instead, pairs of gluons or light quarks will
first produce intermediate particles with larger masses, and thus larger Higgs boson
couplings, such as weak bosons and top-quarks. The main Higgs boson production
modes at the LHC are shown in figure 2.4. Their predicted cross sections as a function
of mH for proton-proton collisions at

√
s = 8 TeV are shown in figure 2.5. The cross

sections for mH = 125 GeV, which is compatible with the observed value, are shown in
table 2.1 for both

√
s = 7 and 8 TeV collisions.

ggF VBF WH ZH tt̄H

σ7TeV [pb] 15.13 +15%
−15% 1.222 +2.8%

−2.4% 0.5785 +3.5%
−3.5% 0.3351 +5.6%

−5.6% 0.08632 +12%
−18%

σ8TeV [pb] 19.27 +15%
−15% 1.578 +2.8%

−3.0% 0.7046 +3.4%
−3.4% 0.4153 +5.6%

−5.6% 0.1293 +12%
−17%

σ8TeV / σ7TeV 1.274 1.291 1.218 1.239 1.498

Table 2.1 The predicted Higgs boson production cross sections in proton-proton
collisions at

√
s = 7 and 8 TeV, for mH = 125 GeV [20]. The errors

correspond to the total theoretical uncertainties. The last row shows
that central value of the ratio between the

√
s = 8 and 7 TeV cross

sections.

The gluon fusion (ggF) production mode is the dominant one at the LHC, with the
largest contribution coming from the process involving a top-quark loop as seen in
figure 2.4a. Although the cross section is large, to first order there is only a Higgs boson
produced and so it can be difficult to distinguish this process from backgrounds such
as Z/γ∗ production. The theoretical uncertainties on the ggF production cross sections
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Chapter 2. The Standard Model Higgs Boson

H

g

t
g

(a) ggF production

W/Z
W/Z

q′

q

H

(b) VBF production

W/Z

H

q′

q

(c) WH and ZH productions

t̄

t

t

t̄

g

g

H

(d) tt̄H production

Figure 2.4 Feynman diagrams for the main Higgs boson production modes at the
LHC.

include those associated to the renormalization and factorization scale dependence of
the higher order QCD calculations (QCD scales), the choice of PDF and the strong
coupling constant (αs) [20]. The ggF production cross sections, in particular, tends to
have relatively large QCD scale uncertainties.

The vector boson fusion (VBF) production mode has the second largest cross section,
although it still a factor of around 12 smaller then ggF for mH = 125 GeV. Nevertheless,
it provides a more distinct signature due to presence of two final state quarks, as seen
in figure 2.4b, that hadronize into two back-to-back jets3 in the forward regions of the
ATLAS detector. The VBF production mode is an EW process at tree-level and so its
cross section has a smaller overall theoretical uncertainties compared to ggF.

The WH and ZH production modes have the next largest cross sections which are
factors of about 2 and 4 times smaller then VBF, respectively, for mH = 125 GeV. In
these processes a W or Z boson is produced in association with the Higgs boson as
seen in figure 2.4c. Although the cross sections are relatively small, these modes
have excellent background rejection when either the associated W or Z bosons decay
leptonically (W→ `ν or Z→ ``, where ` is a charged lepton). Like the VBF mode, the

3Jets are collimated sprays of hadrons. Additional information will be provided in chapter 3.
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2.3. Higgs Boson Decay

 [GeV] HM
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+

X
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Figure 2.5 The predicted Higgs boson production cross sections in proton-proton
collisions at

√
s = 8 TeV, as a function of mH in the low-mass range [20].

The ggF (blue), VBF (red), WH (green), ZH (grey) and tt̄H (purple) pro-
duction modes are shown. The theoretical uncertainties are indicated
by the bands.

WH and ZH modes are EW at tree-level and so they also benefit from relatively small
theoretical uncertainties on the cross sections. The WH production mode is the target
of the Higgs boson search presented in this thesis.

Finally, the tt̄H production mode has the smallest cross section that is about 9-11
times smaller then the combined WH and ZH production modes for mH = 125 GeV.
Nevertheless, this mode is interesting since it provides a direct probe of the top-quark
Yukawa coupling.

2.3 Higgs Boson Decay

The Higgs boson has a short lifetime of around 10−22 s [21] and so after being produced
at the LHC it will decay before reaching the active regions of the ATLAS detector. There
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are many channels through which the Higgs boson can decay. The branching ratio
(BR) of a particular decay channel is partially determined by the coupling strength of
the decay particles to the Higgs boson. The BR can become suppressed if the Higgs
boson mass is smaller then the combined mass of the decay particles, which limits the
available phase space. The BRs are shown in figure 2.6 as a function of mH and in
figure 2.7 for mH = 125 GeV.

The decays into WW and ZZ have the largest BRs out of the bosonic decay channels over
the full mH range. WW is larger since there are more combinatorics with W compared
to Z decays, and more available phase space since the W mass (mW) is smaller then
the Z mass (mZ). For mH below around 160 GeV, both the WW and ZZ channels start
to become suppressed (2mW, 2mZ > mH) and only one of the weak bosons is produced
on-shell. Such decays are written WW∗ and ZZ∗, where “∗” indicates a virtual particle
that is off-shell.

For mH = 125 GeV the WW∗ decay channel has a large BR at 21%, which is the largest
of the bosonic decays and the second largest of all possible decay channels. The BR of
ZZ∗ is 3% and for γγ it is less then 1%. The γγ BR is so small since the decay process
can only occur at second order of perturbation theory through W boson and top-quark
loops. Nevertheless, both the γγ and ZZ∗ channels compensate for their small BRs by
providing very clean detector signatures and the ability to reconstruct mH with a high
degree of precision. The Zγ decay has a tiny BR but a clean signature, and although
decays into two gluons have a sizable BR they provides little sensitivity due to huge
backgrounds.

The decays of the Higgs boson into fermions also have significant BRs in the low-mass
region. Although top-quarks have the largest Yukawa coupling due to their large
mass, decays into tt̄ pairs are negligible since they are heavily suppressed (2mt >> mH).
Rather, it is the decay into bb̄ pairs that provides not only the largest fermionic BR, but
the largest BR of all possible decay channels at 58% for mH = 125 GeV. However, this
channel suffers from large backgrounds and so it is searched for in the WH and ZH
production modes, providing much needed background rejection at the expense of the
reduced production cross sections.

The second largest BR into fermions is for the decay into a pair of tau leptons. The
ττ channel does not suffer from as large backgrounds as for decays into bb̄, and so
it actually provides the most sensitive probe of the Higgs boson Yukawa couplings.
Decays into µµ have a very small BR but a good mH resolution, and the BR of cc̄ is
modest but the backgrounds are huge.
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Figure 2.6 Higgs boson decay branching ratios as a function of mH in the low mass
range [20]. The theoretical uncertainties are shown by the bands.

Figure 2.7 The percentage of the total Higgs boson branching ratio for each decay
channel at mH = 125 GeV [20]. The colours in the pie chart correspond
to those in figure 2.6.
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2.3.1 H→WW∗→ `ν`ν decay topology

The Higgs boson search presented in this thesis targets H→WW∗ decays with sub-
sequent WW∗→ `ν`ν decay, where ` is an electron or muon. This decay process
provides a clean detector signature due the presence of two high momentum leptons
and large missing energy from the two undetected neutrinos.

There is another feature of this decay process where the two leptons tend to have a
small angular separation. This is due to correlations in the directions of the leptons
originating from the spin of the Higgs boson and the properties of the weak interaction.
This unique topology can be illustrated in a simplified one-dimensional example,
which will be provided below.

The projection of a particle’s spin along its direction of motion is called its helicity (λ).
Since W bosons have mass, they can have three possible helicity values: -1, 0 or 1. This
is also the case if a W boson is off-shell, since it will still have a non-zero mass value.
The Higgs boson has a spin and thus helicity value of zero, and so in the Higgs boson
rest frame the WW pair must also have a total helicity value of zero. As illustrated in
figure 2.8, these conditions require the WW pair to have one of three possible helicity
configurations: (1,1), (-1,-1) or (0,0).

Figure 2.8 The three allowed WW helicity configurations, in the rest frame of the
Higgs boson. The direction of motion and spin of the W bosons are
represented by the large arrows and small bold arrows, respectively.
The helicities (λ) of the W bosons are indicated on the right.

Recall from section 2.1.3 that the EW gauge symmetry of the SM requires that the weak
interaction only occur between left-handed particles or right-handed anti-particles.
This requires the neutrinos and anti-neutrinos from the WW decays to have negative
or positive helicity values, respectively.
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We can now move to the rest frame of the W bosons, in which only three possible
`ν`ν helicity configurations are allowed due to the property of the weak interaction
mentioned previously. These are shown in figure 2.9, and in all three configurations
the two leptons from the WW decay are required to have the same direction of motion.

Figure 2.9 The three allowed `ν`ν helicity configurations, in the rest frame of the
W bosons. The arrow notation is the same as in figure 2.8

If the two leptons have the same direction of motion in the rest fame of the W bo-
sons, then in the laboratory frame of the ATLAS detector they should have correl-
ated directions and a relatively small angular separation. This unique topology of
H→WW∗→ `ν`ν decays is exploited in the Higgs boson analyses presented in this
thesis.

2.4 Discovery and Results from ATLAS

2.4.1 Prior to the LHC

Prior to the LHC, the Higgs boson mass had already been heavily constrained. Theor-
etical constraints from the requirement of unitarity on the amplitude of longitudinal W
scattering WLWL→WLWL [22–25] require mH . 800 GeV. Other theoretical arguments
concerning the finiteness of the Higgs self-coupling [26] and vacuum stability [27]
prefer mH . 160 GeV and mH > 129.4 ± 1.8 GeV, respectively. Indirect limits were set
on the Higgs boson mass using precision electroweak results [28] for mH < 158 GeV
at 95% confidence level (CL). Direct searches at LEP [29] and the Tevatron [30–32]
excluded at 95% CL the mH < 114.4 GeV region and the regions 147 > mH < 180 GeV
and 100 > mH < 103 GeV, respectively.
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2.4.2 Discovery of a Higgs-like Particle

On the 4th of July, 2012 the ATLAS and CMS experiments announced the discovery
of a new Higgs-like particle with mass of around 125 GeV [5, 6]. For the ATLAS
experiment, this discovery was the result of a combination of searches in three di-boson
decay channels: H→ZZ∗ (4 leptons), H→γγ and H→WW∗ (eνµν). LHC proton-proton
collision data at

√
s = 7 and 8 TeV was used corresponding to integrated luminosities

of 4.8 fb−1 and 5.8 fb−1, respectively. The observation had a significance of 5.9 standard
deviations (σ), exceeding the 5σ threshold required to claim discovery.

2.4.3 ATLAS measurements at
√

s = 7 and 8 TeV

The di-boson discovery channel analyses from ATLAS have been subsequently up-
dated including the full 20.3-20.7 fb−1 dataset collected at

√
s = 8 TeV. In addition, many

other analyses have been performed such as those targeting the fermionic H→ ττ and
H→ bb̄ decay channels. Some of the main results from ATLAS using the complete

√
s =

7 and 8 TeV datasets will be summarized in this section. These results are compatible
with the corresponding results from CMS [13, 33].

Figure 2.10a shows the four lepton invariant mass distribution that was used to confirm
the existence of the Higgs boson at 8.1σ significance in the H→ZZ∗ decay channel. The
di-photon invariant mass distribution from the H→γγ analysis is shown in figure
2.10b, from which the signal was confirmed at 5.2σ. Due to their excellent mass
resolutions, these channels are used to perform the measurement of the Higgs boson
mass. The mass is derived from a combined fit to the invariant mass spectra in both
channels [34], and measured to be:

mH = 125.36 ± 0.37 (stat) ± 0.18 (sys) GeV

where the labels “stat” and “sys” refer to statistical and systematic uncertainties,
respectively.

As was mentioned in section 2.3, the H→WW∗ decay channel has the second largest
BR at the measured Higgs boson mass and the sequential decay H→WW∗→ `ν`ν

provides a clean experimental signature. This makes the H→WW∗ channel analysis
a good candidate for observing the Higgs boson although, due to the presence of
neutrinos in the final state, it has a relatively poor mass resolution. The analysis is
divided into categories based on the number of jets. The ggF production mode is
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Figure 2.10 Distributions of (a) the four lepton invariant mass for events passing
the H→ZZ∗ analysis selection criteria and (b) the di-photon invari-
ant mass for events passing the H→γγ analysis selection criteria [34].
Data (black points) are compared to the signal and background ex-
pectation (stacked filled histograms in (a) and solid red line in (b)).
The lower panel in (b) shows the background subtracted data (black
points) compared to the signal expectation (solid black line).
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targeted in events with less then two jets, while events with two or more jets provide
sensitivity to the VBF mode. The transverse mass distribution4 is used to provide the
final separation between the signal and backgrounds, and is shown in figures 2.11a and
2.11b for the ggF and VBF categories, respectively. A clear excess in data is observed
providing confirmation at 6.1σ significance of the H→WW∗ decay channel [35].

Analyses targeting the WH and ZH production modes with H→WW∗ decay were also
performed [3]. This author contributed to the search for the WH production mode in
the three lepton channel, and the results of this analysis will be presented in chapter
5. When including the WH and ZH mode analyses in the H→WW∗ combination,
the H→WW∗ decay channel is confirmed at 6.5σ. Additional results from the full
H→WW∗ combination can be found in appendix B.

(a) (b)

Figure 2.11 Distributions of the transverse mass after passing the H→WW∗ se-
lection criteria in (a) the ggF category and (b) the VBF category [35].
Data (black points) are compared to the signal and background ex-
pectation (stacked filled histograms). The lower panel in (a) shows
the background subtracted data (black points) compared to the signal
expectation (red line).

To confirm the Higgs Mechanism also generates fermion masses by the inclusion
of Yukawa-type interactions, it is necessary to demonstrate the direct coupling of
the Higgs boson to fermions. The most sensitive probe of the Yukawa couplings is
provided by the H→ ττ decay channel, in which the analysis targets the ggF and VBF
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2.4. Discovery and Results from ATLAS

production modes in all combinations of leptonic (τ→ `ν`ντ, ` = e, µ) and hadronic
(τ→ ντ + hadrons) tau decays. Figure 2.12a shows the estimated ττ invariant mass
after all selections for the combined channels. Evidence of the H→ ττ decay is obtained
with a significance of 4.5σ [36].

At the measured Higgs boson mass, the decay channel with the largest BR of all possible
decays is H→ bb̄. However, this channel suffers from huge backgrounds and so it is
restricted to the WH and ZH production modes. These production modes provide a
more distinct detector signatures at the expense of lower cross sections. Nevertheless,
this channel still plays an important role in confirming the Yukawa couplings and the
WH and ZH production modes. Figure 2.12b shows the bb̄ invariant mass after all
selections in the

√
s = 8 TeV dataset. A small excess is observed above the background

expectation, corresponding to a significance of 1.4σ [37].
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Figure 2.12 Distributions of (a) the estimated ττ invariant mass in the combined
√

s = 7 and 8 TeV datasets for all events passing the H→ ττ selections
[36], and (b) the bb̄ invariant mass in the

√
s = 8 TeV dataset for

all events passing the H→ bb̄ selections [37]. In (a) the data (black
points) are compared to the signal and total background expectations
(stacked histograms), where the lower panel shows the background
subtracted data. In (b) the background subtracted data is shown,
where all backgrounds are subtracted except the diboson processes.
Events in both distributions are weighted by the signal significance.

All of the bosonic and fermionic decay channel analyses conducted by the ATLAS
Collaboration at

√
s = 7 and 8 TeV were combined to perform many Higgs boson
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property measurements [7]. The combination provides confirmation of the ggF pro-
duction mode at over 5σ, and evidence for the VBF mode at 4.3σ. No strong evidence
was found for the WH, ZH and tt̄H production modes. The observed significance for
these more rare production modes are 2.1σ, 0.9σ and 2.5σ, respectively.

The observed signal strength (µobs), the measured signal yield relative to the SM
prediction, for the combined decay channels at the measured Higgs boson mass is
determined to be:

µobs =
σobs

σSM
= 1.18 ± 0.10 (stat) ± 0.07 (sys)+0.08

−0.07 (theo)

where the label “theo” refers to the signal theoretical uncertainties. The signal strength
measurements in the individual decay channels are shown in figure 2.13. Both the
combined and individual decay channel measurements are consistent with the SM
expectation of unity within the uncertainties.

The signal strength can also be measured for the different production modes. Figure
2.14 shows the signal strength likelihood contours for weak boson mediated (VBF +

WH + ZH) versus fermion mediated (ggF + tt̄H) production modes. These are shown
separately for the individual decay channels. By taking the ratio of the two previously
mentioned quantities, the individual decay channels can be combined in a way that
removes the dependence on the BRs. Fitting this ratio across all decay channels gives:

µVBF+WH+ZH
obs

µ
ggF+tt̄H
obs

= 0.96 +0.33
−0.26 (stat) +0.20

−0.13 (sys) +0.18
−0.10 (theo)

which is in good agreement with the SM expectation of unity within the uncertainties.

The Higgs boson coupling strengths can also be extracted in a leading-order coupling
framework [7] that has the following assumptions:

1. The signal in each decay channel comes from the decay of a single resonance
around the measured mass.

2. The width of the Higgs boson near the measured mass is negligible such that:

σ × BR(i→ H→ f ) =
σiΓ f

ΓH

where σi is the production cross-section for initial state i, Γ f is the partial width
to final state f and ΓH is the total Higgs boson width.
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2.4. Discovery and Results from ATLAS

Figure 2.13 The measured signal strength in each of the decay channels and in
the combination [7]. Statistical uncertainties are shown in black,
systematic uncertainties (including theory uncertainties) in blue and
the theory component of the systematic uncertainty alone in red. The
total uncertainties are represented by the green bands.

3. Only differences in the absolute values of coupling strength need be accounted
for.

Coupling scale factors (κ j) are defined such that σ j and Γ j associated with particle j are
scaled from their leading order SM expected values by a factor of κ2

j . In this way:

σ × BR(i→ H→ f ) = σSM × BR(i→ H→ f )SM ×
κ2

i κ
2
f

κ2
H

The benchmark model assumes no undetected or invisible Higgs boson decays exist,
and that there is a universal coupling strength scale factor to bosons (κV) and fermions
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Figure 2.14 Likelihood contours in the signal strength for the bosonic version
fermionic production modes in the individual decay channels [7].
The 68% CL is shown with solid lines, and the 95% CL with dashed
lines. The measured value for the combined decay channels is shown
with + , and the SM expectation with a star.

(κF). Figure 2.15 shows the results of the fit for this benchmark model, and how each
decay channel contribute to the combined measurement. The best fit values of κV and
κF for the combined measurement are:

|κV| = 1.09 +0.05
−0.05 (stat) +0.03

−0.03 (sys) +0.04
−0.03 (theo)

|κF| = 1.11 +0.12
−0.11 (stat) +0.10

−0.09 (sys) +0.06
−0.05 (theo)

(2.6)

which are compatible with the SM expectations of unity within the uncertainties.

Measurements of the spin and parity of the Higgs boson have also been performed [38].
In these measurements, kinematic distributions from the di-boson decay channels are
used to compare the shape expectations for the SM prediction (JP = 0+) to alternative
spin and parity hypotheses (0−, 1+, 1−, 2+ and mixed states). All alternative hypotheses
were excluded at above 99% CL, in favor of SM 0+ hypothesis.
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2.4. Discovery and Results from ATLAS

Figure 2.15 68% CL likelihood contours for the universal scale factors κF and κV
for each of the decay channels and their combination [7]. The values
of best fit are shown with +.

To summarize, a Higgs-like particle was discovered with a mass of around 125 GeV
using the full

√
s = 7 TeV and partial 8 TeV datasets. Subsequently, many Higgs

boson measurements have been performed by ATLAS including the full
√

s = 8 TeV
dataset. The ZZ∗, γγ and WW∗ decay channels and the ggF production mode were
confirmed at over 5σ significance. Evidence at over 4σ significance was observed
for the ττ decay channel and the VBF production mode. There was no statistically
significant evidence for the bb̄ decay channel or the rare WH, ZH and tt̄H production
modes. Combined measurements of the signal strengths, couplings, spin and parity
were performed. They were all measured to be consistent with the SM expectations
and the corresponding measurements from CMS within the current level of precision.

2.4.4 Next Steps

The LHC began its second run in late 2015 at the higher proton-proton collision energy
of
√

s = 13 TeV, and in the coming years this will rise to 14 TeV. The increased collision
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Figure 2.16 The predicted Higgs boson production cross sections as a function of
the
√

s of the proton-proton collisions, for mH = 125 GeV [39]. The
error bands show the theoretical uncertainties.

energy provides a substantial boost to the Higgs boson production cross sections. The
predicted cross sections are shown in figure 2.16 and table 2.2. The increase from

√
s =

8 to 13 TeV causes the ggF, VBF, WH and ZH production cross sections to increase
by a factor of about 2-2.5, while the tt̄H mode increases by a factor of almost 4. An
additional boost to the cross sections of around 10-20% comes from the increase from
√

s = 13 to 14 TeV.

ggF VBF WH ZH tt̄H

σ13TeV [pb] 48.58 +12%
−14% 4.013 +2.4%

−2.1% 1.373 +2.4%
−2.6% 0.8837 +5.4

−4.7% 0.5072 +11%
−15%

σ13TeV / σ8TeV 2.521 2.543 1.949 2.128 3.923

σ14TeV [pb] 54.67 +12%
−14% 4.547 +2.4%

−2.1$ 1.514 +2.2%
−2.5% 0.9858 +5.4%

−4.9% 0.6137 +11%
−14%

σ14TeV / σ13TeV 1.125 1.133 1.103 1.116 1.210

Table 2.2 The predicted Higgs boson production cross sections for proton-proton
collisions at

√
s = 13 and 14 TeV, for mH = 125 GeV [39]. The errors

correspond to the total theoretical uncertainties. The second row shows
the central values of the ratio between the

√
s = 13 and 8 TeV cross

sections. The final row shows the same thing but for the
√

s = 14 and
13 TeV cross sections.

Page 24



2.4. Discovery and Results from ATLAS

The LHC is expected to operate at the higher collision energies for total of around
20 years. The second run is expected to end in late 2018 followed by a third run
from 2021-2023, where during both runs the LHC is expected to deliver around 300
fb−1 of data [40]. After the High Luminosity LHC (HL-LHC) upgrade [41], data
collection should commence again in 2025 and continue for around 10 years to deliver
approximately 2 ab−1 of data.

The combination of the increased production cross sections and substantially larger
datasets will allow many new and improved Higgs boson measurements from the
ATLAS experiment. The mass, signal strength, couplings, spin and parity measure-
ments will become more precise and, if they exist, reveal any deviations from the SM
predictions. Two more specific objectives of the ATLAS Higgs program most relevant
to the studies presented in this thesis are detailed below.

One important goal will be to claim discovery in the H→ ττ channel alone, more tightly
constrain the tau lepton Yukawa coupling and perform the first measurements in this
channel of the spin and parity. In order to collect the proton-proton collision data for
these measurements, a tau trigger system that can efficiently identify interesting events
containing tau leptons will be essential. Studies relating to the ATLAS tau trigger will
be presented in chapter 4.

Another high priority objective will be to first find direct evidence for and eventually
claim independent discoveries of the rare WH, ZH and tt̄H production modes. The
analyses presented in chapter 5 contribute to this objective by performing a direct
search for the WH production mode with H→WW∗ decay. This process also provides
important information on the Higgs to W boson coupling strength, since the combined
production and decay process involves only this coupling at tree-level.
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3
Experimental Setup

The world’s leading particle physics laboratory is operated by the European Organiza-
tion for Nuclear Research (CERN) and consists of an extensive network of accelerators,
particle experiments and computing facilities. It is located along the French-Swiss bor-
der near the city of Geneva, and is home to the LHC [42] which is the world’s largest
and most powerful particle accelerator. The LHC can accelerate protons or lead ions
up to unprecedented energies and collide them inside four particle detectors situated
along its circumference. The proton-proton collision data used in the studies presented
in this thesis was collected by one of these detectors called ATLAS (A Toroidal LHC
Apparatus) [43].

This chapter will provide an overview of the experimental setup used for the studies
presented in this thesis. This will include a description of the LHC in section 3.1
and the ATLAS detector in section 3.2. Finally, details regarding the reconstruction of
collision events will be provided in section 3.3.
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Figure 3.1 The LHC site and the position of its four particle detectors [44].

3.1 The Large Hadron Collider

The LHC is situated in a tunnel on the CERN site that was previously occupied by
the Large Electron Positron (LEP) collider from 1989 to 2000. This tunnel straddles the
French-Swiss border, has a circumference of 27 km and lies between 45-170 m under-
ground. Construction of the LHC began in 1998 while LEP was still in operation, and
the first proton beam was successfully steered around the full LHC ring in September
of 2008. The LHC can accelerate bunches of protons or lead ions and brings them to
collision at the centres of four particle detectors: ALICE, ATLAS, CMS and LHCb. The
positions of these detectors around the LHC ring are shown in figure 3.1.

ATLAS and CMS are general purpose detectors designed to probe a broad range
of physics phenomena, including those related to the SM Higgs boson. These two
experiments provide each other with healthy competition and a means of validating
results, since any discovery made by one detector should be corroborated by the other.
The other two experiments are designed with more specific goals in mind. The LHCb
detector specifically targets b-hadron decays in order to probe phenomena such as
the origin of the matter-antimatter asymmetry in the universe. ALICE uses lead ion
collisions to study the quark-gluon plasma which is postulated to have existed during
the early universe.

Page 28



3.1. The Large Hadron Collider

Figure 3.2 The LHC accelerator complex [45].

3.1.1 Collision Energy

The proton beam energy is increased gradually before collisions occur by using a
series of accelerators on the CERN site. These accelerators are collectively referred
to as the LHC accelerator complex and are illustrated in figure 3.2. Initially, 50 MeV
protons are generated by the linear accelerator LINAC 2, which are then directed to
the Proton Synchrotron Booster where they are accelerated to 1.4 GeV. At this stage,
they are injected into the Proton Synchrotron (PS) which further accelerates them to
26 GeV. The final stage before injection to the main ring of the LHC is the Super
Proton Synchrotron (SPS) which increases the beam energy to 450 GeV. The LHC itself
provides the final boost, accelerating the protons up to a maximum beam energy of 7
TeV corresponding to a maximum centre-of-mass energy of

√
s = 14 TeV.

Since its first major proton-proton collision run starting in March 2010, the LHC has
operated at a range of centre-of-mass energies. Up until the end of 2011 it was operating
at
√

s = 7 TeV. This was increased to 8 TeV during 2012, and 13 TeV from late 2015 until
the present date. In the coming years the LHC is expected to eventually operate at the
maximum 14 TeV.
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3.1.2 Luminosity

Besides increasing the collision energy, the only other means of increasing the number
of collision events per second (N) is by operating the LHC at a higher luminosity (L).
The event rate is related to the luminosity in the following way:

N = Lσ , (3.1)

where σ is the cross section of the particular physics process. Since the cross sections
of the Higgs boson production modes are relatively small, it is important to maximize
the luminosity of the LHC.

The LHC and the ATLAS detector were designed to operate at a maximum luminosity
of 1034 cm−2s−1 [42, 43]. The luminosity depends on the LHC beam parameters [42]:

L =
N2

bn2
b frevγ

4πεnβ∗
F , (3.2)

where:

• Nb is the number of protons per bunch, nb is the number of bunches per beam,
frev is the revolution frequency and γ is the relativistic factor.

• εn is the normalized transverse beam emittance and β∗ is a measure of the beam
focus at the collision point.

• F is the geometric reduction factor due to the crossing angle of the beams at the
interaction point.

The proton-proton collision data used in the studies presented in this thesis was
collected by the ATLAS detector from March 2011 up until early June 2016. During
this time, the LHC collided bunches of order 1011 protons every 25-50 ns and achieved
a peak luminosity of 7.8 × 1033 cm−2s−1 [46–49]. The peak luminosity reached during
each of the 2011, 2012, 2015 and 2016 data taking periods is shown in table 3.2.

The cumulative luminosity over time both delivered by the LHC and recorded by the
ATLAS detector is shown in figure 3.3. The ATLAS detector efficiently recorded data
during the time periods considered, with an average efficiency of around 92%. The
size of the data samples used in the studies presented in thesis are summarized in table
3.1. The column titled “good for physics” indicates the size of the data samples after
applying quality criteria to suppress non-collision backgrounds such as cosmic-ray
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muons, beam-related backgrounds, or noise in the calorimeters. After applying the
data quality criteria, the total integrated luminosity of the datasets are 4.5, 20.3 and 5.8
fb−1 at

√
s = 7, 8 and 13 TeV, respectively.
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Figure 3.3 The total integrated luminosity versus time delivered by the LHC
(green) and recorded by the ATLAS detector (yellow) during: (a) 2011,
(b) 2012, (c) 2015 and (d) up until early June 2016 [46–49].

Year (
√

s) LHC delivered ATLAS recorded Good for physics

2011 (7 TeV) 5.46 fb−1 5.08 fb−1 4.5 fb−1

2012 (8 TeV) 22.8 fb−1 21.3 fb−1 20.3 fb−1

2015-2016 (13 TeV) 7.32 fb−1 6.74 fb−1 5.8 fb−1

Table 3.1 The total integrated luminosity delivered by the LHC, recorded by the
ATLAS detector and passing data quality criteria (good for physics).
[46–49].
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(a) (b)

Figure 3.4 The luminosity-weighted distributions of the µpile−up parameter for
the proton-proton collision data collected during (a) 2011 (blue) and
2012 (green), and (b) 2015 (green) and 2016 (blue) [46–49].

3.1.3 Collision Environment

Although operating the LHC at high luminosities increased the number of events
originating from rare physics processes, it also resulted in a challenging collision
environment. Raising the luminosity also increases the amount of overlapping proton-
proton interactions in each collision event, resulting in a significant amount of mostly
low-momentum signals in the ATLAS detector. This phenomenon is known as “pile-
up”, and it can have contributions from both in-time and out-of-time effects [50]. Any
simultaneous proton-proton interactions that occur within the same bunch crossing
will contribute to in-time pile-up. Out-of-time pile-up can occur if the interactions from
neighbouring bunch-crossings can leave signals in the detector within the processing
time for a single event.

The contribution from both in-time and out-of-time pile-up can be parameterized in
terms of the mean number of interactions per bunch crossing (µpile−up). The ATLAS
detector was designed to operate with an average µpile−up parameter of 22 [42,43]. The
luminosity-weighted distribution of this parameter during the

√
s = 7, 8 and 13 TeV

data taking periods is shown in figure 3.4. For the data samples used in the studies
presented in this thesis, the average µpile−up parameter is 9.1, 20.7, 13.7 and 21.1 during
2011, 2012, 2015 and 2016, respectively. The effects of pile-up are included in simulated
collision events following a procedure that will be described in section 3.3.3.

Page 32



3.2. The ATLAS Detector

2011 2012 2015 2016
√

s [TeV] 7 8 13 13

Peak L [cm−2s−1] 3.7 × 1033 7.7 × 1033 5.0 × 1033 7.8 × 1033

Total integrated L [fb−1] 4.5 20.3 3.2 2.6

Average pile-up 9.1 20.7 13.7 21.1

Table 3.2 Summary of the proton-proton collision energy, maximum luminosity,
total integrated luminosity (good for physics) and pile-up conditions
for the data samples used in the studies presented in this thesis [46–49].

3.2 The ATLAS Detector

ATLAS [43] is a multi-purpose detector designed to perform precision tests of the SM,
discover and measure the properties of the SM Higgs boson, and search for evidence of
physics beyond the SM. The detector is installed in a cavern along the LHC at CERN’s
main site in Meyrin, Switzerland. With dimensions of 44 m in length and 25 m in
height it is the largest experiment at the LHC, and weighs approximately 7000 tonnes.
A diagram of the ATLAS detector is shown in figure 3.5.

The ATLAS detector is composed of several layers of sub-detectors arranged in a
cylindrical geometry around the nominal proton-proton collision point. Each sub-
detector is designed to measure different particle properties, and together they build a
detailed picture of each collision event. Starting from the beam line and moving radi-
ally outward they include: the Inner Detector which enables the tracking of charged
particles, the calorimeters which measure the energy of neutral and charged particles
and the Muon Spectrometer that provides additional tracking for muons. The central
barrel region of the detector is enclosed by two end-caps. A solenoid magnet surrounds
the Inner Detector, a large toroid magnet spans the outer barrel region of ATLAS and
two smaller toroids span the outer end-caps. Their magnetic fields bend the trajectory
of charged particles, allowing the measurement of their momentum and charge.

The high luminosity and pile-up conditions of the LHC presented certain challenges
when initially designing the ATLAS detector [43]. In general, the physics goals of
the ATLAS experiment require fast, radiation-hard electronics and sensors with fine
granularity and a large acceptance in solid angle around the collision point. The
performance goals of the ATLAS detector are listed in table 3.3 and detailed below.
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Figure 3.5 A cut-away view of the ATLAS detector showing the position of the
main detector components [43]. To provide some perspective regard-
ing the size of the detector, two people are shown standing within the
muon chambers on the left of the diagram.

Detector component Target resolution |η| coverage

Measurement Trigger

Tracking
σpT
pT

= 0.05% pT ⊕ 1% < 2.5 -

Electromagnetic calorimetry σE
E = 10%

√
E
⊕ 0.7% < 3.2 < 2.5

Hadronic calorimetry

Barrel and endcap σE
E = 50%

√
E
⊕ 3% < 3.2 < 3.2

Forward σE
E = 100%

√
E
⊕ 10% 3.1 < |η| < 4.9 3.1 < |η| < 4.9

Muon spectrometer
σpT
pT

= 10% at pT = 1 TeV < 2.7 < 2.4

Table 3.3 Performance goals of the ATLAS detector [43]. E and pT are in units of
GeV, unless otherwise specified.

Page 34



3.2. The ATLAS Detector

The tracking systems were designed to provide high precision measurements over
a wide momentum range, with the Muon Spectrometer able to unambiguously de-
termine the charge of high momentum muons. Some tracking components of the
Inner Detector were placed very close to the beam. This enables the reconstruction
of secondary vertices that are crucial to the identification of tau leptons and b-quark
initiated jets. The calorimeter system was designed to have fine granularity and good
energy resolution, both of which are essential for the reconstruction and identification
of leptons, photons and jets. It was also designed to provide an almost complete cov-
erage of the nominal collision point, which is particularly important for reconstructing
the missing energy in events. The trigger system was designed to be efficient for low
momentum particles, and provide a sufficient level of background rejection for the
recording and storage of data.

The ATLAS coordinate system and a brief overview of each of its sub-detectors will
be provided in the remainder of this section. A more comprehensive description is
available in ref. [43].

3.2.1 Coordinate System

The ATLAS detector is described by a right-handed Cartesian coordinate system with
its origin at the nominal collision point. The z-axis lies tangent to the beam with the
positive z-axis pointing in an anti-clockwise direction around the LHC ring. The x-y
plane is transverse to the beam, with the positive x-axis pointing radially inward to
the centre of the LHC and the positive y-axis pointing upwards towards the surface.

As the detector exhibits cylindrical symmetry about the beam line, it is often more
convenient to use cylindrical coordinates. In this case the z direction remains the same
and r is the distance from the centre of the beam pipe. The angle from the positive
z-axis towards the x-y plane is denoted θ, with values ranging from 0 at the positive z-
axis to π at the negative z-axis. The angle from the positive x-axis towards the positive
y-axis is denoted φ, with values ranging from -π at the negative y-axis to π at the
positive y-axis. The radial distance r, the polar angle θ and the azimuthal angle φ are
determined from the Cartesian coordinates in the following way:

r =

√
x2 + y2 ,

φ = tan−1
(

x
y

)
, θ = tan−1

( r
z

)
,

(3.3)
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It is also convenient to express the polar angle in a different form known as the
pseudorapidity:

η = − ln
[
tan

(
θ
2

)]
(3.4)

Pseudorapidity is invariant under Lorentz transformations and the cross-sections of
physics processes are roughly constant as a function of it. The angular separation
between particles in the η-φ plane is calculated as:

∆R =
√

∆η2 + ∆φ2 (3.5)

It is common practice to project the momentum and energy vectors of particles into
the x-y plane. These quantities are called the transverse momentum and transverse
energy, and their magnitudes are denoted pT and ET respectively. These quantities can
be calculated using the polar angle in the following way:

pT =
√

p2
x + p2

y = |p|sin(θ) , ET = Esin(θ) , (3.6)

3.2.2 Inner Detector

The ATLAS Inner Detector (ID) records hits from charged particles passing through it
within a pseudorapidity range |η| < 2.5 and with full coverage in φ. The ID sits within
a superconducting solenoid, and its uniform 2 T magnetic field bends the charged
particle trajectories. The hits from the ID are used to reconstruct the corresponding
tracks, and precise measurements of pT and charge can be inferred from the track
curvature. The ID also allows for the accurate measurement of the vertex locations
from which the charged particles originate.

The ID consists of three sub-systems that use different detection technologies. In order
of their closeness to the beam they include: the Pixel Detector, the SemiConductor
Tracker (SCT) and the Transition Radiation Tracker (TRT). The granularity of the sub-
systems increase inward towards the beam. The barrel modules of the Pixel Detector
and SCT are arranged in cylindrical layers around the beam axis and their end-cap
modules form disks that are perpendicular to the beam. An illustration of the ID is
shown in figure 3.6a, with the radial scale of each barrel layer shown in figure 3.6b.
The Pixel Detector, SCT and TRT will be described, in turn, below.
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(a)

(b)

Figure 3.6 (a) A cut-away view of the ID showing each of the barrel and end-cap
components [43], and (b) a transverse slice of the ID showing the radial
scale of each barrel layer [43].
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Pixel Detector

The silicon-based Pixel Detector is located closest to the beam, has the finest granularity
and provides coverage that is complete inφ and partial in η (|η| < 2.5). It was originally
built was three concentric cylindrical layers in the barrel region and three disks in each
end-cap. An additional innermost barrel layer, the Insertable B-Layer (IBL), was
installed after the

√
s = 7 and 8 TeV data taking periods in order to improve the overall

performance and pile-up robustness of the Pixel Detector [51]. Including the IBL, the
Pixel Detector consists of 1968 sensor modules that in total contain over 86 million
individual pixels, each with its own readout channel. The pixels in the IBL (other
layers) are of size 50 × 250 (50 × 400) µm2 in the r-z plane and provide hit coordinate
measurements with an intrinsic resolution of 8 (10) µm in r-φ and 40 (115) µm along z.

SemiConductor Tracker

The SCT surrounds the Pixel Detector, provides the same coverage in φ and η, and
utilizes a silicon microstrip sensor technology. It consists of 4088 modules that tile four
concentric cylindrical layers in the barrel region and nine disk layers in each end-cap,
with a total of over 6 million readout channels. Each module has a silicon strip on both
sides that can individually perform a one dimensional hit position measurement. The
upper and lower strips have a small stereo angle between them of 40 mrad, allowing
the coordinate along the module axis to also be measured. The SCT modules have an
intrinsic hit coordinate resolution of 17 µm in r-φ and 580 µm along z.

Transition Radiation Tracker

The TRT surrounds the SCT and has the same coverage in φ but a reduced coverage in
η (|η| < 2.0). It is built from polyamide straw tubes of 4 mm diameter that are packed
into chambers filled with mainly xenon gas. To reduce operational costs during

√
s =

13 TeV data taking, a larger proportion of the chambers were filled with an argon gas
mixture. The tubes are arranged perpendicular to the beam in the barrel and radially
in the end-caps, and have in total over 350, 000 readout channels. A gold-plated
tungsten wire is suspended within each tube, and an electrical potential of 1530 V is
maintained between the tube walls and the wires. Charged particles traversing the
TRT will ionize the gas and generate an avalanche of fee electron that will drift towards
the closest anode wire. The times at which the electrical signals pass certain thresholds
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are recorded, from which drift-circles can later be reconstructed. The size of the signals
can also be used to discriminate between electrons and pions, since the prior tends
emit more transition radiation in the TRT. The tubes only allow measurements in r-φ
and with a relatively coarse intrinsic resolution of 130 µm. This is compensated for by
the fact that charged particles tend to register more hits in the TRT, typically 22-36 per
particle, that are spread over larger distances.

3.2.3 Calorimeters

Figure 3.7 A cut-away view of the ATLAS calorimeter system showing the differ-
ent components of the electromagnetic and hadronic calorimeters [43].

The energies of both neutral and charged particles are measured in ATLAS using a
system of sampling calorimeters that surround the ID as shown in figure 3.7. They are
built from layers of dense material designed to absorb incident particles and initiate
showers of additional particles, and layers of active material that produce an output
signal proportional to the shower energy. An electromagnetic calorimeter (ECAL)
is designed to absorb and measure the energies of electrons and photons, while a
hadronic calorimeter (HCAL) targets hadrons. The combined systems provide energy
measurements with good resolution and an almost complete coverage of the nominal
collision point, both of which enable the accurate reconstruction of missing energy.
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Electromagnetic Calorimeter

The ECAL consists of absorber plates made of lead and active regions filled with
liquid argon (LAr). It is built from many lead-LAr layers shaped in an accordion-like
geometry, as shown in figure 3.8, that has a smaller charge collection time compared
to more simple geometries [52]. The ECAL is designed to have full φ coverage and a
large acceptance in η. It consists of a barrel component that covers |η| < 1.475 and a
co-axial wheel in each end-cap covering 1.375 < |η| < 3.2. The total thickness of the
ECAL ranges from 22-24 radiation lengths1.

∆ϕ = 0.0245

∆η = 0.025
37.5mm/8 = 4.69 mm
∆η = 0.0031

∆ϕ=0.0245x4
36.8mmx4
=147.3mm
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∆η = 0.1
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∆ϕ×�∆η = 0.0245×�0.05

Figure 3.8 Diagram of an ECAL barrel module [43]. The characteristic accordion
geometry of the lead-LAr layers is shown, as well as the granularity
in η and φ for each of the three barrel layers.

Incident photons will interact with the lead plates and first generate electron-positron
pairs via conversion. If electrons or positrons themselves enter the ECAL, they will
initially emit photons via bremsstrahlung that subsequently undergo conversion. For
both kinds of incident particles, the chain of photon conversion and bremsstrahlung

1 A radiation length is the mean distance travelled through a material by a high-energy electromagnetic
particle before losing 1/e of its original energy.
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will continue until the generated particles fall below a critical energy threshold of
approximately 10 MeV. This produces electromagnetic showers consisting of photons,
electrons and positrons throughout the lead-LAr layers. The charged particles in the
showers will ionize the LAr and generate free charges that are collected by electrodes.
The resulting electrical signals are measured, and their size is proportional to the
energy deposited in each layer.

The ECAL has three layers in the barrel, as seen in figure 3.8, and two in the end-caps.
A tight localization of the energy deposits is enabled by the fine granularity in η of
the first barrel layer (0.0031 × 0.1 in ∆η × ∆φ). The bulk of the calorimeter material is
contained in the second barrel layer and is composed of square cells with a granularity
of 0.025 × 0.025. The final barrel layer has a reduced cell granularity of 0.050 × 0.025,
and for the cells in the end-cap layers it is 0.1 × 0.1. In order to correct for energy lost
in dead material before entering the ECAL, presampler detectors are placed in front of
the first barrel layer and most of the first end-cap layer (1.5 < |η| < 1.8) .

Hadronic Calorimeter

The HCAL surrounds the ECAL, has a complete coverage in φ and an almost complete
coverage in η (|η| < 4.9). It uses layers of steel, copper or tungsten to absorb incident
hadrons and initiate showers of additional hadrons via electromagnetic or inelastic
nuclear interactions. The energies of the hadronic showers are measured using either
LAr or plastic scintillator tiles as the active material. For the latter, the hadrons
inside the showers will excite the scintillator material which then emits light that is
transformed into electrical signals by photo-multiplier tubes. The combined HCAL
and ECAL have a total thickness of approximately 10 nuclear interaction lengths2, with
the HCAL providing over 8, that is sufficient to contain the hadronic showers.

The HCAL consists of three sub-systems: the Tile Calorimeter, the Hadronic End-cap
Calorimeter (HEC) and the Forward Calorimeter (FCal). The Tile Calorimeter covers
the barrel and extended-barrel regions (|η| < 1.7), and is made of alternate layers of steel
absorbers and active plastic scintillator tiles. The HEC consists of two independent
wheels per end-cap that cover 1.5 < |η| < 3.2 and are built from copper absorbers
with active regions filled with LAr. Finally, the FCal consists of three modules in
each end-cap that cover the forward region (3.1 < |η| < 4.9). The first module of
the FCal uses copper absorbers and the other two use tungsten, with all modules

2 A nuclear interaction length is the mean distance travelled through a material by a hadronic particle
before undergoing an inelastic nuclear interaction.
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using LAr as the active material. The three sub-systems of the HCAL have coarser
granularity compared to the ECAL [43], but provide a sufficient level of precision for
the reconstruction of jets and missing energy in ATLAS.

3.2.4 Muon Spectrometer

Figure 3.9 A cut-away view of the ATLAS MS and toroid magnets [43].

Most muons produced in LHC collisions are minimally ionizing particles, and so
escape the previously mentioned sub-detectors leaving hits in the ID and depositing
only small amounts of energy in the calorimeters. Since muons experience limited
bending in the magnetic field of the solenoid, the ID struggles to provide precise
muon track pT measurements and reliable charge assignment at high pT. The Muon
Spectrometer (MS) surrounds the HCAL and is designed to provide additional tracking
for muons within |η| < 2.7 and with fullφ coverage. Its large toroid magnet in the barrel
region and two smaller toroids in the end-caps result in muon tracks with larger arcs,
allowing for precise muon pT and charge measurements over the full pT range. The
MS consists of four sub-systems as shown in figure 3.9. Muon tracking is performed
by two kinds of precision detectors: the Monitored Drift Tubes (MDTs) and Cathode
Strip Chambers (CSCs). The other two sub-systems use fast-response detectors that
provide information for triggering, and include the Resistive Plate Chambers (RPCs)
and Thin Gap Chambers (TGCs).
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MDT modules exist in both the barrel and end-cap regions of the MS, and contain
between 3-8 layers of anode wires within 3 cm diameter tubes. The tubes are filled
with an Ar/CO2 gas mixture, and the charged particle detection mechanism is similar
to that of the TRT. The MDTs provide precise muon hit coordinate measurements
within |η| < 2.7, with their innermost layer restricted to |η| < 2. The remaining forward
region (2 < |η| < 2.7) contains the highest muon flux and is covered by the CSCs.
The CSCs are multi-wire proportional chambers that can also provide precision hit
coordinates but with a rate capacity that is higher then the MDTs. The RPCs and
TGCs can rapidly provide information to the trigger with sufficient spatial and time
resolution. The RPCs are gaseous parallel electrode-plate detectors while the TGCs,
like the CSCs, are multi-wire proportional chambers. They cover the barrel (|η| < 1.05)
and end-cap (1.05 < |η| < 2.7) regions, respectively.

3.2.5 Trigger

At its design luminosity the LHC delivers proton-proton collisions at a rate of 40 MHz,
which exceeds the capacities of the data collection network and data storage system
of the ATLAS experiment. The ATLAS trigger system [53–55] performs the critical
task of identifying the subset of events that contain the most interesting physics for
further analysis. In doing so, it reduces the event rate to a level that is low enough
to be recorded. The trigger system contains multiple levels where each subsequent
level further brings down the event rate by using increasingly more sophisticated
reconstruction and identification techniques. A general description of the trigger
system is provided below. Additional information on the specific triggers used in the
studies presented in this thesis will be provided in section 3.3.2.

The trigger system operational during
√

s = 7 and 8 TeV data taking is illustrated in
figure 3.10, and consists of three levels. The hardware-based Level 1 (L1) rapidly iden-
tifies regions-of-interest (ROIs) in the detector using reduced granularity information
from the calorimeters and the fast-response components of the MS. The delay between
a collision event and the L1 trigger decision (latency) is at most 2.5 µs. L1 reduces the
event rate to about 75 kHz and passes along its data through a readout system to the
High-Level Trigger (HLT).

The HLT is software-based and consists of two levels: the Level 2 (L2) and the Event
Filter (EF). L2 brings down the event rate to around 3 kHz by using the full detector
granularity within the ROIs and including, for the first time, information from the
precision tracking systems. The average latency at L2 is 40 ms but can take up to 100
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Figure 3.10 A schematic of the ATLAS trigger system operational during
√

s =
7 and 8 TeV data taking [55]. Note that the two levels of the HLT
(L2 and EF) were unified into a single level during

√
s = 13 TeV data

taking.

ms in high pile-up conditions. Finally, the EF has access to the full detector information
and executes reconstruction and identification techniques that are very similar to those
used offline. The event rate is brought down to roughly 200 Hz at EF, with an average
latency of approximately 4 s.

In order to cope with the higher event rates expected during
√

s = 13 TeV data taking,
the ATLAS trigger system received several upgrades [54]. The L1 upgrades include
changes to the calorimeter and muon trigger systems, and the addition of a new
topological trigger module. Regarding the HLT, the previously mentioned L2 and EF
were merged into a single level. This merger allows for better resource sharing and an
overall simplification of both the hardware and software. The data collection network
and data storage system were also upgraded, increasing the output event rate to 100
kHz after L1 and 1 kHz after the HLT. Although it was not yet available in the

√
s = 13

TeV data used in this thesis, a Fast TracKer (FTK ) system [2] will be added to the future
ATLAS trigger. The FTK upgrade will enable global track reconstruction at the full L1
output rate, with more details provided in the context of the FTK studies presented in
chapter 4.
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3.3 Event Reconstruction

The proton-proton collision events provided by the LHC are reconstructed using spe-
cialized algorithms developed for the ATLAS detector. During data taking (online),
events are partially reconstructed by the algorithms implemented in the ATLAS trigger
system. More sophisticated algorithms are subsequently run to provide the full event
reconstruction used in offline studies.

The offline studies presented in this thesis use data recorded by the muon, electron
and tau trigger systems; and utilize the offline reconstruction of tracks, vertices, energy
clusters, leptons, jets and missing transverse energy. Both the offline and trigger-level
reconstruction algorithms will be described in sections 3.3.1 and 3.3.2, respectively.
Finally, an overview of the ATLAS data processing chain is provided in section 3.3.3.

3.3.1 Offline Reconstruction

Tracks and vertices

When charged particles pass through the ATLAS ID they can interact with and leave
signals in each of the pixel, SCT and TRT sub-detectors. These signals provide a three-
dimensional picture of each charged particles path through the ID, where the paths are
helical in form due to the magnetic field of the solenoid. The most likely helical paths
can be reconstructed in an algorithmic construction known as tracks. The properties of
the charged particles, such as their charge and momentum, can then be inferred from
the curvature of the track trajectories.

Track reconstruction is a challenging task given the pile-up conditions of the ATLAS
detector. It is possible for individual collision events to contain thousands of track
candidates [56], with the ID producing a large volume of raw data. The data must first
be converted into a form that is appropriate for the tracking algorithms. This involves
building three-dimensional space points from the raw pixel and SCT hit coordinates,
as well as calibrated drift circles from the raw TRT timing information [57]. Tracks are
then reconstructed from this information in two stages [56, 58, 59].

The first stage targets tracks that are associated to charged particles directly produced
from the proton-proton collisions, or those originating from the decays of particles with
a lifetime shorter then 3 × 10−11s. This is achieved using an inside-out algorithm that
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starts from the space points of the first pixel layer and then extends them radially out-
ward. This algorithm begins by constructing track seeds with at least three matching
space-points from the pixel layers and first SCT layer. From these seeds the algorithm
iteratively adds matching hits throughout the SCT using a Kalman filter [60], and a
fit is then performed to estimate the helical trajectory of each track candidate. Any
outlying hit clusters are then removed, ambiguities in the association of the hits to the
tracks are resolved and selections on track quality criteria are applied to reduce fake
tracks. The remaining track candidates are then extrapolated into the TRT and, finally,
refitted using the combined information of the pixel, SCT and TRT sub-detectors.

The second stage recovers any tracks that did not have enough pixel hits from which to
build a seed in the first stage. This can occur for tracks associated to charged particles
that originate from photon conversions or the decays of long-lived particles. The track
seeds for the second stage are built from any unused segments in the TRT, and are
extrapolated inward using an outside-in algorithm. This algorithm searches for any
matching space points from the SCT and pixel layers that were not already associated
to a track in the first stage.

Multiple tracks can have a common origin or vertex. Primary vertices are defined as
those compatible with originating from the nominal interaction region of the ATLAS
detector, and are reconstructed using an iterative vertex finding algorithm [61]. All-
though each event can contain many primary vertices, the offline studies presented in
this thesis define one of them as the primary vertex (PV). The PV is identified as the
vertex with the largest value of the sum of the squared pT of its associated tracks, with
at least three of the tracks having pT above 400 MeV. Some processes, such as those
involving the decays of b quarks or tau leptons, can produce secondary vertices that
are displaced from the nominal interaction region.

The helical trajectory of a reconstructed track is parameterized at its point of closest
approach to the z-axis using a perigee representation (d0, z0, φ0, θ, q

p ). The coordinate
system can be centered at either the nominal interaction point of the ATLAS detector
or at a particular vertex. The track helix parameters are defined as:

• d0 and z0: the transverse and longitudinal impact parameters. They measure the
distance of closest approach in the transverse plane and z-direction, respectively.

• φ0 and θ: the azimuth and polar angles.

•
q
p : the ratio of the track electric charge (q = ±1) to the magnitude of its momentum.
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Energy clusters

When particles pass through the ATLAS calorimeter system they can produce particle
showers, where each shower will deposit its energy in a cluster of calorimeter cells. The
identification and energy reconstruction of the initial particles requires the association
of each cell to the correct cluster. There are two main clustering algorithms used in
ATLAS. One of them is for purely electromagnetic showers that deposit energy only
in the ECAL, and the other also targets hadronic showers that can deposit energy in
both the ECAL and HCAL.

A sliding window algorithm [62–64] is utilized for the purely electromagnetic showers.
This algorithm uses a window of 3×5 units, each with size 0.025×0.025 in (η, φ) space,
and scans across the entire ECAL. The total transverse energy of a cluster is taken as
the sum of the energies of each cell in the window. The clusters are then passed to
dedicated particle reconstruction algorithms, such as those for electrons and photons,
if their transverse energy is above 2.5 GeV. This relatively simple clustering algorithm
is appropriate given that electromagnetic showers tend to be well contained and have
little variation in shower shape.

In contrast, the hadronic showers exhibit large variations depending on the type of
particle that initiates the shower. Considering this, a more sophisticated topological
clustering (topoclustering) algorithm [65–69] is used that does not assume any par-
ticular shower shape. The three dimensional topoclusters are seeded by calorimeter
cells that have a signal-to-noise ratio of at least four. In order to suppress noise, the al-
gorithm then iteratively includes only the surrounding cells that have a signal-to-noise
ratio of at least two. After this step, a single layer is added consisting of all neighboring
cells and then any topoclusters that contain multiple local maxima are split. This last
point avoids the aggregation of nearby showers into a single topocluster. The total
transverse energy of the topoclusters is taken as the sum of the energy of its cells, and
its position is taken as the energy weighted average of the position of its cells.

To account for variations in the calorimeter response to showers initiated by different
kinds of particles, the reconstructed energy of the clusters are corrected using custom
calibration schemes. The electromagnetic energy (EM) scale is used to calibrate the
energy of the purely electromagnetic showers, under the assumption that electrons or
photons initiate them. Topocluster energies are corrected according to a shower shape
dependent local hadron calibration (LC) scheme [70]. This corrects for the effects of
invisible or escaped energy, the presence of dead material and signal losses due to
out-of-cluster deposits that fail the noise thresholds.
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Muons

Since muons are minimally ionizing particles at LHC energies, they will pass through
the entirety of the ATLAS detector. Along their path they can leave hits in the ID
and MS, and deposit small amounts of energy in the calorimeters. Therefore, the
reconstruction of muons comes largely from tracking and is performed in two stages
[71,72]. The first stage builds tracks from straight-line segments using the MS stations,
and then extrapolates them back to the interaction point while accounting for any
energy losses in the calorimeters. The second stage searches for matching tracks in
the ID, where the matching scheme is based on the agreement between the MS and
ID track parameters. Finally, combined tracks are formed by taking the covariance
weighted average of the two sets of track parameters [73].

There are two types of muon candidates relevant to the studies presented in this thesis:
Stand-Alone (SA) and Combined (CB). SA muons have tracks in the MS but not in the
ID, and so they will only pass the first stage of reconstruction. In contrast, CB muons
have a track in both the MS and ID and so their reconstruction involves both stages.
Overall, the CB muons make up over 95% of the offline candidates and have the best
performance in terms of reconstruction efficiency and the rejection of fake, non-prompt
and cosmic muons.

The studies presented in this thesis consider muons in the region |η| < 2.5 and with pT

above at least 15 GeV. Only CB muons are considered in the
√

s = 7 and 8 TeV data
samples. In the

√
s = 13 TeV data sample, both CB and SA muons are included if they

pass a Medium identification criteria [72]. This criteria was designed to minimize the
systematic uncertainties associated with the muon reconstruction and calibration. In all
data samples and over most of the pT and η range considered, the offline reconstruction
efficiency is close to 99% [71, 72].

The muon candidates in each collision event are required to originate from the PV.
To this end, selections are applied to the z0 and d0 impact parameters of the tracks
calculated with respect to that vertex. Upper thresholds are imposed on both the
absolute value of z0 multiplied by sin(θ) (|z0sin(θ)|) and the d0 significance, defined as
its absolute value divided by the uncertainty (|d0|/σd0). The values of the upper bounds
applied to both of these quantities are summarized in table 3.4.

To further reduce contributions from misidentified muons, both track and calorimeter-
based isolation selections are applied. These selections utilize cones around the muon
candidates, and restrict the amount of detector activity contained within them. The
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track-based isolation uses the scalar sum of the pT of the tracks from the PV that are
inside a cone, excluding the track of the muon itself, relative to its offline pT (

∑∆R
rel. p

track
T ,

where ∆R is the size of the cone). The calorimeter-based isolation considers the scalar
sum of the transverse energies of the calorimeter cells within a cone, excluding the
energy associated with the muon itself, relative to its offline pT (

∑∆R
rel. E

calo
T ). The size of

the isolation cones and the upper bound on the isolation variables are summarized in
table 3.4, and both quantities were chosen to maximize the sensitivity to the relevant
signal processes3. In some cases tighter isolation criteria are applied for muons with
lower pT, since they provide better background rejection.

A more sophisticated isolation scheme is used in the
√

s = 13 TeV data sample. A Gradi-
ent criteria [72] is applied to all muon candidates, where the track and calorimeter-
based selections are both pT and η dependent, and are tuned to provide an efficiency
of 90-99% depending on pT. Several of such criteria from ref. [72] were considered,
with the Gradient criteria chosen since it provided the best sensitivity to the relevant
signal process.

√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

Identification CB CB CB and SA (Medium)

|η| < 2.5 < 2.5 < 2.5

pT [GeV] > 15 > 15, 26 > 15

|z0sin(θ)| [mm] < 1.0 < 1.0 < 0.5

|d0|/σd0 < 3.0 < 3.0 < 3.0

Isolation for
∑0.2

rel. E
calo
T < 10%

∑0.2
rel. E

calo
T < 10%, 2% Gradient

high-pT
∑0.2

rel. p
track
T < 4%

∑0.2,0.4
rel. ptrack

T < 4%, 6%

Isolation for
∑0.2

rel. E
calo
T < 7%

∑0.2
rel. E

calo
T < 7%, 2% Gradient

low-pT
∑0.2

rel. p
track
T < 4%

∑0.2,0.4
rel. ptrack

T < 4%, 6%

Table 3.4 Summary of the offline selection criteria for muons that is used in the
studies presented in this thesis. The separation between the high- and
low-pT regions is at 20 GeV for the

√
s = 7 and 8 TeV data samples,

and 25 GeV for the
√

s = 13 TeV data sample. Wherever two comma-
separated values are given for the

√
s = 8 TeV selections, the first value

refers to the Higgs boson analysis of chapter 5 and the second to the
tag-and-probe method of chapter 4 .

3 The signal process for the analyses presented in chapter 5 is the WH production of the Higgs boson
with H→WW∗ decay (mH = 125 GeV). For the tag-and-probe method presented in chapter 4 it is the
Z→ ττ process. Note that the tag-and-probe method uses only the

√
s = 8 TeV data sample, whereas

the Higgs boson analyses use the
√

s = 7, 8 and 13 TeV data samples.
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Electrons

When electrons pass through the ATLAS detector they leaves hits in the ID and deposit
their energy in the ECAL. Therefore, the offline reconstruction of electrons involves
both tracking and clustering algorithms, and occurs in three steps [63, 64]. First, the
energy clusters in the ECAL are reconstructed using the sliding window algorithm
defined earlier. Next, tracks from the ID with pT above 500 MeV are extrapolated to
the middle layer of the ECAL and matched to a cluster if they lie within ∆η < 0.05
and ∆φ < 0.1. If multiple tracks are matched to a particular cluster, then the closest
track in ∆R is chosen with priority given to those with hits in both the pixel and SCT
sub-detectors. Finally, for all matched clusters, the sliding window algorithm is run
again but with the window size reoptimized separately for the barrel and end-cap
regions of the ECAL. The new windows have a size of 3×7 and 5×5 units in the barrel
and end-cap regions, respectively.

Many of the electron candidates that pass the reconstruction stage originate from
photon conversions and hadrons misidentified as electrons. To reduce these contri-
butions, the candidates are also required to pass identification criteria [63, 64] using
variables built from calorimeter and tracking information. The variables that provide
the best discrimination are based on the calorimeter shower shape, the quality of the
match between the track and cluster, and the amount of transition radiation emitted
in the ID. Many different kinds of identification criteria are defined, each of which
targets a different level of efficiency and purity. Some of these criteria are cut-based,
where sequential selections are applied on the discriminating variables. Others are
likelihood-based, where the variables are used to train a multivariate likelihood and
working points are defined by applying different thresholds on its output.

The studies presented in this thesis consider offline electrons reconstructed within the
region |η| < 2.47, except in the transition region between barrel and endcap of the ECAL
(1.37 < |η| < 1.52), and with pT above at least 15 GeV. In these studies, several different
electron identification criteria are used. For the

√
s = 7 TeV data sample, a Medium [74]

cut-based criteria is used that provides an electron identification efficiency of up to 92%.
The likelihood-based LooseLH, MediumLH and VeryTightLH operating points [63] are
utilized in the

√
s = 8 TeV data sample, corresponding to identification efficiencies of

up to 96%, 94% and 88%, respectively. In the
√

s = 13 TeV data sample, the likelihood-
based MediumLH and TightLH [64] operating points are used that provide up to 94%
and 88% efficiency, respectively.
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Requirements on the |z0sin(θ)| and d0 significance are applied to the electron tracks
to ensure that they originate from the PV. To further bring down contributions from
hadrons misidentified as electrons, both track- and calorimeter-based isolation criteria
are applied. The definitions of the electron isolation variables and the thresholds
applied to them are very similar to what was described previously for the offline
muons. The Gradient operation point [64] is again used in the

√
s = 13 TeV data

sample for the isolation of the electron candidates.

The precise offline electron selections used in the studies presented in this thesis are
shown in table 3.5. Both the electron identification and isolation criteria were chosen
to maximize the sensitivity to the relevant signal processes (see footnote 3). In some
cases tighter electron identification and isolation criteria are used for electrons with
lower pT, since they provide better rejection against backgrounds.

√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

Identification Medium LooseLH, MediumLH MediumLH

for high-pT

Identification Medium VeryTightLH, MediumLH TightLH

for low-pT

|η| < 2.47 < 2.47 < 2.47

pT [GeV] > 15 > 15, 20 > 15

|z0sin(θ)| [mm] < 1.0 < 0.4 < 0.5

|d0|/σd0 < 10 < 3.0 < 5.0

Isolation for
∑0.2

rel. E
calo
T < 10%

∑0.2
rel. E

calo
T < 10%, 2% Gradient

high-pT
∑0.2

rel. p
track
T < 4%

∑0.2,0.4
rel. ptrack

T < 4%, 6%

Isolation for
∑0.2

rel. E
calo
T < 7%

∑0.2
rel. E

calo
T < 7%, 2% Gradient

low-pT
∑0.2

rel. p
track
T < 4%

∑0.2,0.4
rel. ptrack

T < 4%, 6%

Table 3.5 Summary of the offline selection criteria for electrons that is used in the
studies presented in this thesis. The separation between the high- and
low-pT regions is at 20 GeV for the

√
s = 7 and 8 TeV data samples,

and 25 GeV for the
√

s = 13 TeV data sample. Wherever two comma-
separated values are given for the

√
s = 8 TeV selections, the first value

refers to the Higgs boson analysis of chapter 5 and the second to the
tag-and-probe method of chapter 4 .
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Jets

Quarks and gluons can never be observed in isolation. If they are produced in the initial
hard scatter interaction of a proton-proton collision, they will fragment into showers
of partons that will eventually form hadrons. This process is called hadronization,
and the resulting collimated collections of hadrons that can be observed by the ATLAS
detector are called jets. The hadrons in jets will deposit energy in the ECAL and HCAL,
and any charged hadrons will also leave tracks in the ID.

Offline jet reconstruction in ATLAS is performed using a successive recombination
algorithm [75, 76] that associates calorimeter energy deposits to jet candidates. The
inputs to this algorithm are the LC calibrated topoclusters in each event, and their
grouping is based on a particular spatial separation metric:

di j = min(k2m
ti , k

2m
tj )

∆2
i j

R2 (3.7)

where i and j refer to a particular topocluster pair, ∆2
i j = (ηi − η j)2 + (φi − φ j)2, R is a

parameter used to set the characteristic jet radius and kt is the topocluster transverse
momentum. The parameter m sets the power of the momentum (kt) weighting to
distance (∆i j) scales, and is chosen to be -1. This choice results in the size of jets being
largely determined by the higher pT topoclusters. The resulting algorithm is called
anti-kt, with additional information provided in refs. [75, 76].

For the offline studies presented in this thesis, the R parameter is set to 0.4 and the
resulting jets are reconstructed over the region |η| < 4.5. Offline jets are required to
have pT larger than 25 GeV except for |η| > 2.4, where the threshold is raised to 30
GeV. The increased threshold in the forward region reduces the contribution from jets
originating from pile-up. A final refinement of the jet energy calibration, on top of
the LC scheme, is performed using what is called the jet energy scale (JES). The JES
correction is estimated from data using in-situ techniques that exploit the pT balance
between jets and other objects in Z/γ∗+jets, γ+jets and QCD di-jet events [67, 69].

Additional requirements are applied in order to further reduce pile-up jets. In the
√

s =

7 and 8 TeV data samples the jet vertex fraction (JVF) [77] is used, which is the ratio
of the sum of the pT of all tracks associated to a jet to that of the subset of tracks from
the PV. Each jet in the

√
s = 8 TeV data sample with pT below 50 GeV and |η| < 2.4 is

required to have a JVF value larger then 0.5. Due to less severe pile-up conditions, the
threshold is increased to 0.75 in the

√
s = 7 TeV data sample. In the

√
s = 13 TeV data
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sample a multivariable algorithm called the jet vertex tagger (JVT) [78] is used instead.
The JVT output is required to be larger than 0.64, which provides a 92% efficiency for
non pile-up jets.

b-jet tagging

The ability to efficiently discriminate between jets that were initiated by b-quarks as
opposed to gluons or other lighter quarks is critical to the studies presented in this
thesis. If a b-quark is produced in the hard scatter interaction of a proton-proton
collision, either directly or from the subsequent decay of a top-quark, it will hadronize
into a jet containing a b-hadron. Due to the relatively large mass of b-hadrons their
decay products have a relatively large momentum transverse to the b-hadron flight
path, and so b-quark initiated jets tend to be wider. Moreover, due to the relatively
long lifetime of b-hadrons, the tracks associated to such jets tend to have larger impact
parameters and can originate from secondary vertices.

Jets that were initiated by b-quarks are referred to in this thesis as b-jets, and their
identification is referred to as b-jet tagging. The discriminating variables used in b-jet
tagging algorithms are based on the unique features of b-jets mentioned above. There
are three main algorithms used in ATLAS [79]:

• IP3D algorithm: uses the impact parameters of tracks associated to jets in order to
separate b-jets from gluon and light-quark initiated jets.

• SV1 algorithm: uses the properties of secondary vertices to distinguish between the
different kinds of jets.

• Jet fitter algorithm: identifies b-jet candidates by looking for a common path along
which the PV, the secondary vertex and any subsequent vertices lie.

To maximize the performance of b-jet tagging in ATLAS, the three algorithms are
combined using artificial neural networks that assign a score to each jet representing
how likely it is to be initiated by a b-quark. The combined algorithm that was developed
for the

√
s = 7 and 8 TeV data samples is called MV1 [80]. For the

√
s = 13 TeV data

sample, the new IBL pixel layer and several algorithmic enhancements were included
into what is called MV2 [81].
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The tagging of b-jets is limited to the coverage of the ID (|η| < 2.5), and for jet pT above
25 GeV in the

√
s = 7 TeV data sample and 20 GeV otherwise. For the studies presented

in this thesis, an operating point that is 85% efficient in identifying b-jets is adopted
for both the MV1 and MV2 algorithms. This corresponds to a rejection of a factor
of 10 and 33 against jets originating from light-quarks or gluons for MV1 and MV2,
respectively [80, 81]. The b-jet tagging operating point was chosen to maximize the
sensitivity to the relevant signal processes (see footnote 3).

Tau leptons

Due to their short lifetime, tau leptons will decay before reaching the active regions of
the ATLAS detector and so are reconstructed and identified via their decay products.
About one third of decays occur in the leptonic mode, producing two neutrinos and
an electron or muon. The remaining decays occur in the hadronic mode, producing a
neutrino and a number of neutral and charged hadrons consisting mostly of pions and
kaons. These hadrons form a jet, referred to as a τ-jet, that tends to be have a narrower
collimation and lower track multiplicity compared to quark or gluon initiated (QCD)
jets. A more detailed introduction to tau leptons and their decays will be provided in
the context of the ATLAS tau trigger in chapter 4. While leptonic tau decays are covered
by the offline reconstruction and identification of electrons and muons, ATLAS uses
dedicated algorithms [1, 82] for the τ-jets from hadronic tau decays.

The reconstruction of τ-jets is seeded by anti-kt (R = 0.4) jets that lie within the coverage
of the ID and have pT above 10 GeV. Since τ-jets are typically more collimated then QCD
jets, a core region (∆R < 0.2) is defined around each jet barycentre. The topoclusters
contained within the core region are used to re-calculate the direction and estimate
the total transverse energy of the τ-jet candidates. An isolation region is then formed
around the core region (0.2 < ∆R < 0.4), and tracks are assigned to the τ-jets in both
regions. To ensure the track assignment is robust against pile-up, a dedicated algorithm
called the Tau Jet Vertex Association (TJVA) [83] is used to calculate the most likely
vertex of origin for each τ-jet candidate. The tracks associated to τ-jets are required to
pass track quality requirements on the number of pixel and SCT hits, and selections on
the d0 and z0 impact parameters calculated with respect to the TJVA vertex. The sum
of the track charges in the core region is used to determine the tau lepton charge, and
the number of tracks in this region is used to classify them as 1-prong or multi-prong
(exactly one track or at least two tracks, respectively). The transverse energy of the
τ-jet candidates is corrected using a custom calibration, separate from the JES, called
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the tau energy scale (TES) [1, 82]. The TES correction is applied on top of the LC
calibration of the anti-kt jet seeds, and is measured using Z→ ττ and W → τντ events.

Many of the τ-jet candidates that pass the reconstruction stage originate from misid-
entified QCD jets, and so they are required to pass additional identification criteria.
The identification algorithms relevant to the studies presented in this thesis use multi-
variate techniques based on a Boosted Decision Trees (BDT) [84] method. The BDT is
trained using a set of track and calorimeter-based variables [1, 82] that provide good
discrimination against QCD jets. These variables are based on the narrowness of the
calorimeter shower and the spread of tracks, the impact parameters of the tracks, the
invariant mass of the tracks and the track multiplicity in the isolation region. The BDT
is trained separately for 1-prong and multi-prong τ-jet candidates, and three operating
points are defined based on the target τ-jet identification efficiency. These working
points are called Loose, Medium and Tight and their respective target efficiencies are
70% (65%), 60% (55%) and 40% (35%) for 1-prong (multi-prong) candidates.

Although QCD jets are by far the most significant background for τ-jet identification,
it is also possible for electrons or muons to mimic the signature of 1-prong τ-jets.
Dedicated algorithms for vetoing electrons and muons are defined [1] to help reduce
these backgrounds. The electron veto algorithm uses a BDT method and is trained
using variables based on the calorimeter shower shape and the emission of transition
radiation. It is less likely for a muon to be misidentified as a 1-prong τ-jet, but it can
occur in the rare situation where the muon track is wrongly associated to a calorimeter
cluster with sufficient energy. To reduce this minor background, a cut-based muon veto
algorithm is used that exploits the fraction of energy deposited in the EM calorimeter
and the fraction of energy carried by the highest momentum track.

Overlap removal

It is possible that multiple of the previously defined offline objects are close together
in η − φ space. In these situations, one of the overlapping objects is retained and the
others are removed. The studies presented in this thesis adopt different schemes for
resolving overlaps, the details of which will be provided below.

In the Higgs boson analysis presented in chapter 5 using the
√

s = 7 and 8 TeV data
samples, the higher-pT lepton is retained if two electrons or two muons candidates
overlap within ∆R < 0.1. This can occur, for example, if a prompt electron undergoes
bremsstrahlung in the ID material producing more than one electron candidate in its
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vicinity. If a muon and an electron are separated by ∆R < 0.1, then only the muon can-
didate is retained. This usually indicates that a muon has undergone bremsstrahlung
in the ID or calorimeter materials. A high-pT electron will usually also be reconstructed
as a jet, so a jet is removed if it overlaps with an electron within ∆R < 0.3. In contrast,
if a muon and a jet are separated by ∆R < 0.3, the muon candidate is removed since it
is more likely to be a non-prompt muon from a b-hadron decay.

In the tag-and-probe method presented in chapter 4 using the
√

s = 8 TeV data sample,
τ-jets are included in addition to the above mentioned offline objects. For these partic-
ular studies, offline objects are considered to be overlapping if they are separated by
∆R < 0.2. The overlaps are resolved by retaining the objects in the following order of
priority: muons, electrons, τ-jets and jets.

Finally, a different approach is adopted in the Higgs boson analysis using the
√

s =

13 TeV data sample presented in chapter 5. The electron-electron, muon-muon and
electron-muon overlaps are resolved using a set of harmonized criteria [85] that were
developed by a dedicated task force within the ATLAS Collaboration. These criteria
are more sophisticated than the purely ∆R-based criteria mentioned above, and are
shared by many ATLAS analyses using

√
s = 13 TeV data. Jets are discarded if they

overlap within ∆R < 0.2 of an electron, or if they are separated by ∆R < 0.2 with
a muon and have fewer than three associated tracks. For the remaining jet-electron
and jet-muon overlaps within ∆R < 0.4, the leptons are rejected if the jet passes the
previously mentioned JVT requirement.

Missing transverse energy

Although the energy of the protons accelerated by the LHC is precisely known, the
momentum carried by the constituent partons after a proton-proton collision is not.
However, the component of the partons momentum transverse to the beam pipe will
be negligible. Therefore, by conservation of momentum, the transverse momenta of
all particles in an event will be balanced with the magnitude of their vectorial sum
close to zero.

The only particles in the SM that will not interact with any of the ATLAS detector ma-
terials are neutrinos. Although neutrinos cannot be detected directly, their presence
in an event can be inferred by a large imbalance in the reconstructed transverse mo-
mentum of all the detected particles. In this way, the missing transverse momentum
that would otherwise balance the vectorial sum is carried away by the escaping neutri-
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nos. More modest contributions to the transverse momentum imbalance can originate
from resolution effects in the offline reconstruction, pile-up effects, cracks and dead or
transition regions in the detector, cosmic-ray or beam halo muons, detector noise and
other temporal detector defects.

The offline reconstruction of the missing transverse momentum [86–88] involves the
calculation of the negative vectorial sum of the transverse momenta of all objects
selected by the ATLAS offline reconstruction and identification algorithms, and any
remaining “soft” objects that typically have low values of pT. The calculation can thus
be summarized as:

−

 ∑
selected

pT +
∑
soft

pT

 (3.8)

where the choice of soft and selected objects differ between different methods of re-
constructing the missing transverse momentum. Two methods of reconstruction are
considered in the studies presented in this thesis: one is calorimeter-based and the
other is track-based.

The calorimeter-based missing transverse momentum is referred to in this thesis as
Emiss

T
and its magnitude as Emiss

T . This quantity benefits from the large coverage of
the ATLAS calorimeter system and its sensitivity to electrically neutral particles. The
offline objects that enter the selected term in eq. 3.8 include muons, electrons, photons
and jets (including b-jets and τ-jets). Any remaining jets and clusters of calorimeter
cells are included in the soft object term. To suppress pile-up effects that worsen the
Emiss

T resolution, the soft term in the
√

s= 8 and 13 TeV data samples is scaled by
quantity called the soft term vertex fraction (STVF) [89]. The STVF is computed as the
scalar pT sum of all soft term tracks associated with the PV to that of all vertices.

The track-based missing transverse momentum [90] is referred to in this thesis as pmiss
T

and its magnitude as pmiss
T . It is calculated as the vectorial sum of the transverse

momenta of all tracks in an event that originate from the PV and have a pT above 500
MeV. In order to account for electrically neutral particles that do not have associated
tracks, the sum of track momenta in jets is replaced by their energy measured in the
calorimeters. The resolution of this quantity is more robust against pile-up compared
to the calorimeter-based variant, however it is limited to the coverage of the ID and it
is less sensitive to any neutral particles contained in events.
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3.3.2 Online Reconstruction

Muon trigger

The ATLAS L1 muon trigger [54, 91] uses custom built hardware to process signals
from the fast-response components of the MS, in order to rapidly identify ROIs in the
detector that potentially contain muon candidates. The muon ROIs are identified by
the presence of a spatial and temporal coincidence of hits in the RPCs or TGCs pointing
to the nominal interaction region. The ROIs can have several pT thresholds, where the
low and high thresholds require a coincidence in two and three layers, respectively.
The requirement of an additional coincidence between the inner and middle TGC
layers was added for the

√
s = 13 TeV data sample, significantly reducing the rate of

misidentified muons at L1 [54].

The muon HLT refines the L1 ROIs by including the hit information from the high
resolution MDT and CSC components of the MS [54, 91]. Muon candidates are recon-
structed by the HLT in two stages, with both stages following the principal of offline
CB muon reconstruction. The first stage brings down the event rate using a more rapid
algorithm that only includes the MDT hits, while the algorithm of the second stage is
very similar to offline and uses the full precision of both the MDT and CSC chambers.
HLT muons candidates can also be required to pass track-based isolations selections
that are similar to offline, but consider only ID tracks in the isolation cones.

The studies presented in this thesis use data recorded by single muon triggers that
are not prescaled and provide the lowest available pT thresholds at the HLT4. Table
3.6 shows a summary of the L1 and HLT requirements for these triggers. The pT

thresholds increase during data taking from 11-20 GeV and 18-24 GeV at L1 and the
HLT, respectively. The HLT muon candidates are also required to be isolated in the
√

s = 8 and 13 TeV data samples. The pT thresholds at L1 and the HLT were raised
and HLT isolation was applied in order to reduce the event rate to a manageable level
given the increasing luminosity.

The isolated HLT triggers mentioned above were used in conjunction with a higher-pT

threshold HLT trigger that does not have an isolation requirement. The pT thresholds
for these non-isolated triggers increased during data taking from 36-50 GeV. The ab-
sence of isolation helps regain trigger efficiency for high-pT muons.

4 A single muon trigger requires at least one trigger-level muon candidate to be reconstructed in an
event. For a trigger that is not prescaled, every event that fires the trigger is recorded for offline
analysis.
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√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

L1 muon trigger 11 15 2015: 15

2016: 20

HLT muon trigger 18 24i or 36 2015: 20i or 50

2016: 24i or 50

Table 3.6 Summary of the single muon triggers used in the studies presented in
this thesis. The numbers indicate the minimum lepton pT requirements
(in GeV), and the letter “i” indicates an isolation requirement. The
“or” is logical. The L1 trigger that is specified is the one that seeds the
lower-pT HLT trigger.

Tau trigger

A description of the L1 and HLT tau trigger is provided in chapter 4 in the context of
the tau trigger studies presented in that chapter.

Electron trigger

The ATLAS L1 calorimeter (L1Calo) trigger [54, 92] rapidly identifies ROIs using in-
formation from the ECAL and HCAL systems. Rather then using the full precision
of the calorimeters in the ROIs, it uses trigger towers with a reduced granularity of
0.1 × 0.1 in ∆η × ∆φ. The algorithms of the L1Calo trigger can be used to identify
a wide range of particle candidates including electrons, photons, jets and τ-jets. In
order to cope with the increased luminosity during

√
s = 13 TeV data taking, several

components of the L1Calo electronics received upgrades [54]. For example, new multi-
chip modules were installed for the pre-processor system [93] that allows a dynamic
pedestal correction to mitigate pile-up effects [54] . At L1, an electron trigger is defined
by a lower threshold on the total transverse energy of the ROIs and, in some cases, a
requirement on the isolation energy. The algorithms used to calculate these quantities
follow the procedure of the L1 tau trigger described in chapter 4.

Electrons are reconstructed and identified in the HLT [54] first using a simplified but
fast algorithm to reduce the event rate, followed by more precise algorithms. The fast
algorithm builds energy clusters in the L1 ROIs using the full granularity information
of the ECAL. Since electrons deposit most of their energy in the second layer of the
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ECAL, the algorithm finds the cell in this layer with the largest energy in the ROI. A
sliding window algorithm is run around this seed, and a cluster is required to match a
track within ∆η < 0.2. Identification algorithms that are very similar to offline are then
run on the matched clusters in the remaining ROIs. The electron triggers used in the
studies presented in this thesis apply Medium cut-based identification criteria in the
√

s = 7 TeV data sample, and the likelihood-based Loose, Medium or Tight working
points otherwise. Additional track- and calorimeter-based isolation selections can be
applied to the HLT electron candidates, following the same principle as offline.

The data used in the studies presented in this thesis was collected with non-prescaled
single electron triggers that have the lowest available pT thresholds at the HLT. The
requirements of these triggers at L1 and the HLT are summarized in table 3.7. The
L1 and HLT pT thresholds increase from 14-20 GeV and 20-24 GeV, respectively, in
response to the increasing luminosity during data taking. Isolation requirements are
required at both L1 and the HLT in the

√
s = 8 TeV data sample, and in the 2016

component of the
√

s = 13 TeV data sample. In order to mitigate efficiency loss at
high-pT, the isolated HLT electron triggers are used in conjunction with up to two
non-isolated triggers that have higher-pT thresholds.

√
s = 7 TeV

√
s = 8 TeV

√
s = 13 TeV

L1 electron 14-16 18i 2015: 20

trigger 2016: 20i

HLT electron 20-22M 24Mi or 60M 2015: 24M or 60M or 120L

trigger 2016: 24Ti or 60M or 120L

Table 3.7 Summary of the single electron triggers used in the studies presented in
this thesis. The numbers indicate the minimum lepton pT requirements
(in GeV), and the letter “i” indicates an isolation requirement. The
letters “L”, “M” and “T” next to the threshold value stand for the
Loose, Medium and Tight HLT identification criteria, respectively. The
“or” is logical. The L1 trigger that is specified is the one that seeds the
lower-pT HLT trigger.

3.3.3 The ATLAS Processing Chain

There are two kinds of event samples considered in the studies presented in this thesis.
The data samples are one kind, and consist of the real proton-proton collision events
collected by the ATLAS detector. The other kind includes the simulated Monte Carlo
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3.3. Event Reconstruction

Figure 3.11 Summary of the ATLAS processing chain. The colour coding is
indicated on the top left, and represents the resources used at each
step in the chain. The online (red), Tier 0 of the GRID (orange), lower-
tiers of the GRID (green) and local computing resources (blue) are
indicated.

(MC) events generated for different physics processes, that are collectively referred to
as the MC samples. Both the data and MC samples are prepared for analysis using
the ATLAS processing chain illustrated in figure 3.11. Each step in this chain will be
briefly summarized below, with a more complete description available in refs. [94–97].

The ATLAS trigger system records the data samples online, and the raw data is passed
to the Tier 0 of the LHC computing GRID [98]. Using the Tier 0 computing resources, the
raw data undergoes prompt offline reconstruction and is prepared in a ROOT-readable
xAOD format [97]. The lower-tiers of the GRID are available for any reprocessings
of the data samples, as well as the production and subsequent processing of the MC
samples. An ATLAS software framework known as Athena [96] is used for all stages
of the processing chain up until the final analyses. The analyses typically use local
computing resources to run dedicated analysis frameworks. The frameworks used to
conduct the studies presented in this thesis are based on ROOT [99].
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The MC samples are prepared via a simulation chain [94] that includes four stages. The
event generation is the first stage and involves the simulation of the hard scattering
process followed by the modeling of the parton showering, hadronization, and the
underlying event. Many generators exist for LHC physics simulation, and the partic-
ular ones used in the studies presented in this thesis were chosen according to their
suitability for the relevant physics processes. For some processes the same generator
is used for all steps in the event generation, while for others the generator used for
the hard scatter is interfaced with a different one for the remaining steps. The second
stage in the simulation chain is the detector simulation that uses a framework called
Geant 4 [100]. This framework simulates how the particles from the event generation
will interact with the detector material, how they will shower, and how much energy
they will deposit in each of the detector elements. The third stage in the chain is called
digitization and it turns the simulated energy deposits into a detector response that
look like the raw data from the ATLAS detector. In the final stage of the simulation
chain, the MC samples undergo offline reconstruction in a way that is coherent with
the data samples.

At this point in the processing chain both the data and MC samples are in the same
xAOD format, and contain similar information. One difference is that the MC samples
not only have available the reconstructed objects but also the “truth” information of
the original generated events. Also, a particular method is used to correctly account
for pile-up in the MC samples. This method first involves generating soft interactions
with Pythia [101, 102] and overlaying them on top of the generated hard scattering
event. The events in the MC samples are produced with a range of values for the
µpile−up parameter, with the associated distribution chosen so that it roughly matches
the expected pile-up conditions online. The simulated events are then reweighted so
that the µpile−up distribution matches the one observed in the data samples [103].

The xAOD samples are too big to analyze directly. In order to reduce their size they
are further processed in a derivation stage, the output of which is in another ROOT-
readable format called DxAOD [97]. Different derivations and associated DxAOD
samples exist according to the needs of the various physics groups of the ATLAS
Collaboration. The final analysis frameworks are capable of reading the information in
the DxAOD samples, and apply corrections to them according to the recommendations
of the ATLAS performance groups.
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Tau Trigger Studies

Physics processes involving tau leptons play a crucial role in understanding particle
physics at the high-energy frontier. The most sensitive probe of the Yukawa couplings
of the Higgs boson to fermions is provided by the H→ ττ decay channel [36]. In
addition, processes involving tau leptons provide a window into physics beyond the
SM such as models with extended Higgs sectors [104–106], supersymmetry [107–109],
heavy gauge bosons [110] and leptoquarks [111]. The ability to efficiently trigger on
events containing tau leptons is, therefore, of particular importance to the ATLAS
experiment.

In this chapter two studies are presented relating to the ATLAS tau trigger. The first
is the measurement of the tau trigger performance using a tag-and-probe method
targeting Z→ ττ decays. These measurements were performed using LHC proton-
proton collision data at

√
s = 8 TeV corresponding to an integrated luminosity of 20.3

fb−1. This study was published by the ATLAS Collaboration in a paper [1], and was
the task assigned to this author to attain qualification within the collaboration.

In future runs of the LHC the luminosity will increase substantially and necessitate new
detector upgrades to help cope with increased event rates and pile-up. One of these
upgrades is a system of electronics being developed for the ATLAS detector, called
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the Fast TracKer (FTK), that will be capable of performing global track reconstruction
after each L1 trigger accept. The second study presented in this chapter explored
the potential for the FTK to improve tau trigger performance in future proton-proton
collisions at

√
s = 14 TeV. These studies were included in the ATLAS FTK Technical

Design Report [2].

This chapter is organized as follows. Section 4.1 provides an introduction to tau
leptons and their decays. A general overview of the ATLAS tau trigger system that
was operational during

√
s = 8 TeV data taking is provided in section 4.2. The study

relating to the measurements of the tau trigger performance at
√

s = 8 TeV is presented
in section 4.3. A general overview of the FTK is provided in section 4.4, with the studies
exploring the potential of using FTK tracks in the tau trigger presented in section 4.5.
Finally, a conclusion is provided in section 4.6.

4.1 Introduction to Tau Leptons

Tau leptons have a relatively long lifetime and a proper decay length of 87 µm [21], and
so typically decay before reaching the active regions of the ATLAS detector. Because of
this, they are identified through their decay products. About one third of decays occur
in the leptonic mode (τ→ ντ`ν`, where ` is an electron or muon). With a mass of 1.777
GeV [21] the tau lepton is the only lepton heavy enough to decay hadronically (τ →
ντ+ hadrons), and does so in about two thirds of all cases. The leptonic and hadronic
tau decay modes are illustrated in figures 4.1a and 4.1b, respectively.

A number of neutral and charged hadrons will be produced in hadronic tau decays.
One or three charged pions (π±) are produced in 70% and 21% of the decays, respect-
ively. These will be referred to as 1-prong and 3-prong decays, hereafter. Charged
kaons (K±) are present in the majority of the remaining 9% of hadronic decays. In 60%
of all decays, up to two associated neutral pions (π0) are also produced.

The leptonic and hadronic tau decays will be referred to in this chapter as τlep and
τhad decays. The neutral and charged hadrons stemming from the τhad decays make
up the visible decay products of the tau lepton, and will be referred to as τ-jets. The
τlep decays are covered by the electron and muon triggers of the ATLAS detector. The
purpose of the ATLAS tau trigger, rather, is to identify the τ-jet from τhad decays.
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(a) (b)

Figure 4.1 (a) A leptonic tau decay and (b) an example of a hadronic tau decay.
The blob in (b) represents a possible intermediate resonance of bound
quark pairs.

(a) (b)

Figure 4.2 (a) A τ-jet with three associated tracks (3-prong decay), where the
visible decay products are contained within a narrower cone (blue).
(b) A QCD jet where its associated neutral and charged hadrons are
distributed throughout a larger cone.

The main background when reconstructing and identifying τ-jets comes from quark or
gluon-initiated jets (QCD jets). QCD jets can mimic τ-jets, and are far more common in
proton-proton collisions at the LHC. However, we can discriminate between them by
exploiting the unique signature of τ-jets as illustrated in figure 4.2. Compared to QCD
jets, τ-jets tend to have lower track multiplicity (mainly one track from 1-prong or three
tracks from 3-prong decays) and form a narrower shower shape in the calorimeters.
These features are exploited by the ATLAS tau trigger system.

4.2 The ATLAS Tau Trigger

During its operations at
√

s = 8 TeV, the LHC reached instantaneous luminosities of
nearly 1034 cm−2s−1 with bunch crossings occurring every 50 ns. This resulted in a large

Page 65



Chapter 4. Tau Trigger Studies

event rate and detector activity from pile-up. With this in mind, it was necessary to
design an ATLAS tau trigger system that could reduce the event rate to a manageable
level for disk storage, while efficiently extracting the most interesting physics events
containing τ-jets in a pile-up robust manner.

In this section, the ATLAS tau trigger system that was implemented during
√

s = 8 TeV
data taking is described. Each subsequent level of the tau trigger (L1, L2 and EF) used
algorithms with increasing levels of data analysis complexity and sophistication. A
general overview of the τ-jet reconstruction and identification algorithms implemented
at each level of the trigger is presented below. A more complete description can be
found in refs. [1, 112].

4.2.1 Level 1

At L1, τ-jet candidates were rapidly identified as ROIs in the detector using calorimeter
energy deposits. Each ROI was built with two distinct regions: a core region and an
isolation region. These regions were defined using trigger towers in both the ECAL
and HCAL with a reduced granularity of ∆η × ∆φ = 0.1 × 0.1. The core region was
defined as a square of 2 × 2 trigger towers, with the isolation region defined as a box
of towers in the ECAL around the core region. An illustration of a L1 τ-jet candidate
is shown in figure 4.3.

The energy of a τ-jet ROI was calculated as the total transverse energy (ET) in the two
most energetic neighboring central towers in the ECAL core region, and in the 2 × 2
towers in the HCAL, all calibrated with the EM scale. The isolation energy at L1 was
calculated as the ET deposited in the isolation region.

4.2.2 Level 2

The L2 tau trigger used the full granularity of all calorimeter layers within the ROIs.
The centre of a τ-jet energy deposit was calculated as the energy-weighted sum of
the calorimeter cells within ∆R < 0.4 of a L1 ROI seed. After noise suppression was
applied to the cells, the ET at L2 was calculated using only the cells within a signal
cone of ∆R < 0.2 around the centre.

The ATLAS tracking systems were available for the first time at L2, and a fast tracking
algorithm (TauB) was run using only the hits from the pixel and SCT components of
the ID. TauB tracking took an average of 37 ms to run at the highest pile-up conditions
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Figure 4.3 Illustration of a τ-jet ROI [54], showing the core and isolation regions
built from trigger towers in the calorimeters.

during 2012 data taking (µpile−up ≈ 40). Although this was fast compared to offline
and EF-level tracking, it was still not fast enough to meet the tight latency constraints
at L2. Considering this, it was necessary to first apply some selections on calorimeter
variables in order to reduce the ROI rate before TauB tracking began. Selections were
typically applied to the ET, and the fraction of ET deposited in a region of ∆R < 0.1
compared to the full signal cone (fcore).

Calorimeter-based shower shape variables, similar to those used by the offline τ-jet
identification algorithms from section 3.3.1, were calculated. Track-based variables
were also calculated, and selections were applied on these variables in order to reject
fake τ-jet ROIs while optimizing true τ-jet efficiencies. As there was no vertex inform-
ation available at this stage, an alternative approach was used to reject tracks coming
from pile-up interactions. The ∆z0 between the highest pT track to all other tracks
within the signal cone was required to be within 2 mm.

4.2.3 Event Filter

At EF-level, more sophisticated τ-jet reconstruction and identification algorithms were
possible due to the higher latency. A multivariate trigger using a BDT method [84] was
employed to suppress the large backgrounds from QCD jets misidentified as τ-jets.
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Figure 4.4 Inverse background efficiency versus signal efficiency at EF-level, for
τ-jet candidates that satisfied the L1 requirements [1]. The signal ef-
ficiency was defined with respect to offline τ-jet candidates passing
Medium identification. The inverse background efficiency was calcu-
lated in a sample of QCD multijet events.

This BDT method was very similar to the one used for the offline τ-jet identification
described in section 3.3.1. However, since the full-event vertex reconstruction was not
available at trigger level, the discriminating variables used to train the BDT were not
corrected for pile-up.

The performance of the EF tau trigger is presented in figure 4.4. Three working points
were defined (Loose, Medium or Tight) targeting different τ-jet identification efficien-
cies. The Medium working point, for example, targeted 85% and 80% efficiency with
respect to offline for 1-track and multi-track candidates, respectively. This working
point had an inverse background efficiency of the order of 200 for QCD jets.

4.3 Tau Trigger Performance Measurements at
√

s = 8 TeV

It was important to measure the performance of the tau trigger in order to confirm it
was operating as expected during data taking at

√
s = 8 TeV. This included measuring

the efficiency at which the tau trigger identified τ-jets, and checking how precise the
τ-jet ET was estimated at each level of the trigger with respect to offline.
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In addition, in order to perform searches for physics processes involving τ-jets, it was
essential to measure the tau trigger efficiency in data in order to correct any mismod-
elling of the efficiency in MC simulation. These tau trigger efficiency corrections were
used in many ATLAS physics analyses based on

√
s = 8 TeV data. This included the

search for the SM Higgs boson in the H→ ττ decay channel [36], as well as many of
the searches for physics beyond the SM mentioned in the introduction to this chapter.

In order to perform these measurements, a so-called tag-and-probe method was de-
veloped that targeted Z→ ττ decays. This section is divided into three subsections.
Section 4.3.1 describes the data and MC samples that were used in this study. The
tag-and-probe method is described in section 4.3.2, with the tau trigger performance
measurements derived from it presented in section 4.3.3.

4.3.1 Samples

Data sample

The LHC proton-proton collision data used in this study was recorded by the ATLAS
detector using a single muon trigger that required an isolated EF-level muon candidate
with pT above 24 GeV. In order to mitigate efficiency loss at high pT due to the isolation
requirement, this trigger was used in conjunction with a 36 GeV single muon trigger
with no isolation requirement. A more detailed description of these single muon
triggers can be found in section 3.3.2. Overall quality criteria were applied to the data
as described in section 3.1.2. The

√
s = 8 TeV data sample corresponds to an integrated

luminosity of 20.3 fb−1 with an average pile-up of 21.

MC samples

Events with Z/γ∗ and W boson production were generated using Alpgen [113] for the
hard scattering process. Alpgen was then interfaced with Herwig [114] or Pythia6
[101], respectively, for the modeling of the parton showering, hadronization, and the
underlying event. Top-quark pair production as well as single top-quark events were
generated with MC@NLO interfaced with Herwig [115] with the exception of t-channel
single-top events, where AcerMC+Pythia6 [116] was used instead. WZ and ZZ
diboson events were simulated with Herwig, and WW events with Alpgen+Herwig.
In all samples with tau leptons, such as those for Z/γ∗→ ττ, Tauola [117] was used

Page 69



Chapter 4. Tau Trigger Studies

Figure 4.5 Tree-level Feynman diagram for the Z→ τµτhad process targeted by the
tag-and-probe method. The tag object (the muon) is highlight in blue,
while the probe object (the τ-jet) is highlight in red.

to model the tau decays. All samples were produced using the CTEQ6L1 [118] PDF
set except for the MC@NLO samples, where the CT10 [119] set was used instead.
Additional information on the MC samples can be found in ref. [1].

The MC samples were passed through each step of the ATLAS simulation chain de-
scribed in section 3.3.3. They were then processed with the same ATLAS offline
reconstruction software, derivation software and final analysis framework as the data
sample. Following the recommendations of the ATLAS performance groups, addi-
tional corrections obtained from measurements in the data were applied to the MC
samples. This accounted for differences between data and simulation in, for example,
the reconstruction efficiencies of muons and τ-jets. Following the procedure described
in section 3.3.3, the simulated events were reweighted so that the pile-up distribution
matched the one observed in the data sample.

4.3.2 Tag-and-probe method using Z→ ττ events

The tag-and-probe method used data from a region enriched in Z→ ττ events, where
one of the tau leptons undergoes τlep decay producing a muon, and the other decays
in the τhad mode producing a τ-jet. This process will be referred to as Z→ τµτhad, and
its tree-level Feynman diagram is shown in figure 4.5. The events entering the region
enriched in this signal process will be collectively called the tag-and-probe sample.
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Events entering the tag-and-probe sample were required to contain a PV, and to fire the
single muon triggers described in section 4.3.1. The events were then required to con-
tain exactly one offline muon and exactly one offline τ-jet candidate, with opposite-sign
electric charges (OS). The muon acted as a clean and efficient tag for Z→ τµτhad events,
while the recoiling τ-jet provided an unbiased probe of the tau trigger performance.
These offline objects will be referred to, hereafter, as the tag-muon and probe-tau.

To ensure that the tag-muon in each event was on the trigger plateau, its offline pT was
required to be above 24 GeV. In addition, it was required to have |η| < 2.5 and pass the
offline muon identification, impact parameter and isolation criteria listed in table 3.4
of section 3.3.1. The probe-tau was required to have offline pT above 20 GeV, |η| < 2.5,
and 1 or 3 associated tracks (1-prong or 3-prong). It was also required to pass at least
the offline Loose τ-jet identification criteria and the lepton-veto selections described
in section 3.3.1. That section also contains details on the offline reconstruction and
selections for electrons, jets, b-tagged jets and Emiss

T , as well as the overlap removal
procedure.

The dominant background in the tag-and-probe sample came from QCD multijet
events. These events can enter the sample if one of the QCD jets is misidentified as a
τ-jet and the other is misidentified as a muon1. The other main background source was
from W→µν events, referred to as W+jets, where a QCD jet produced in such events
was misidentified as a τ-jet. Additional selections were applied in order to reduce
these backgrounds. These selections included2:

• The transverse mass of the tag-muon and Emiss
T system:

mT =

√
2pµT · E

miss
T (1 − cos∆φ(µ,Emiss

T )), (4.1)

was required to be below 50 GeV. This quantity tends to be large for W+jets.

• The distance in the azimuthal plane between the tag-muon and Emiss
T and between

the probe-tau and Emiss
T :∑

cos∆φ = cos∆φ(µ,Emiss
T ) + cos∆φ(τ−jet,Emiss

T ), (4.2)

was required to be above -0.15. For the Z→ τµτhad process, this quantity tends
to peak at zero, indicating that the neutrinos point mainly in the direction of one

1Note that real muons can also come from the semi-leptonic decays of B and D hadrons in QCD jets.
2The selections were optimized in order to maximize the purity of the tag-and-probe sample.
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of the tag-muon or probe-tau. For W+jets events, the value is typically negative,
indicating that the neutrino points away from the muon and misidentified τ-jet.

• The invariant mass calculated from the tag-muon and the probe-tau four-momenta:

mµ,τ−jet =
√

(Eµ + Eτ−jet)2 − (pµ + pτ−jet)2, (4.3)

was required to be between 40 GeV and 80 GeV. The invariant mass peaks within
this window for the Z→ τµτhad process.

The development of the background estimation methods was not the work of this
author, and the techniques that were used followed closely those from the ATLAS SM
Higgs boson search in the H→ τlepτhad decay channel at

√
s = 8 TeV. These methods

are briefly summarized below, with a more complete description available in ref. [120].

The background estimation method relied on the assumption that, in the tag-and-
probe region, the shape of the QCD multijet background was the same irrespective
of whether the tag-muon and probe-tau were required to have OS or same-sign (SS)
electric charge. The shape and normalization of this background was derived from
a control region (CR) that followed the selections of the tag-and-probe region, but
instead had an SS charge requirement. The estimation from this CR was rescaled by
correction factors, derived from a QCD-multijet enriched region in data, that accounted
for potential differences in the misidentification rates of muons and τ-jets introduced
by the OS or SS requirements. The SS CR, while dominated by QCD multijet events,
also contained contributions from other backgrounds. These backgrounds did not
necessarily have an OS-SS symmetry, and so add-on terms, estimated from simulation,
were applied in order to cover any excess of OS components over SS components.
These OS-SS add-on terms were obtained for the W+jets background, as well as other
minor backgrounds including Z/γ∗→µµ, top-quark and diboson processes.

The W+jets background was normalized to data using a CR where both the
∑

cos∆φ
and mµ,τ−jet selections were dropped, and also requiring mT to be above 70 GeV. The
minor contribution from top-quark processes was normalized with a CR that required
at least one b-tagged jet. The shape of the two previously mentioned backgrounds
were taken from simulation, and both the shape and normalization were taken from
simulation for the minor Z/γ∗→µµ and diboson backgrounds.

In total, just over 60,000 events were collected in the tag-and-probe region after all
selections. The purity in this tag-and-probe sample was about 81% when offline

Page 72



4.3. Tau Trigger Performance Measurements at
√

s = 8 TeV

(a) (b)

Figure 4.6 Distributions of the offline pT of the probe-tau passing Medium offline
identification in the tag-and-probe region. They are shown (a) before
and (b) after a tau trigger requirement (details provided in the text).
In this example, 1-prong τ-jet candidates in the barrel region of the
detector are considered. The signal process (Z→ τµτhad) is shown in
blue, with the main QCD multijet and W+jets backgrounds shown
in green and yellow. The bin widths were chosen to ensure each bin
was sufficiently populated when performing the tau trigger efficiency
measurement. The data (points) are compared to the total background
and signal expectation (stacked filled histograms), with their ratio
displayed in the lower panel. Statistical uncertainties are shown.

Medium τ-jet identification criteria was applied to the probe-tau. The probe-tau in
each event was then required to fire different single tau triggers from the

√
s = 8 TeV

trigger menu. This was achieved by requiring the probe-tau to match, within ∆R <

0.2, a corresponding τ-jet candidate at trigger level. The particular tau trigger that will
be used as reference in this and the next section had a 4 GeV isolation and 11 GeV ET

threshold at L1, a 20 GeV requirement on pT and passed Medium identification at EF.
After requiring the probe-tau in each event to match an EF candidate for this trigger,
the purity of the tag-and-probe sample increased to about 88%.

Distributions of the offline pT of the probe-tau in the tag-and-probe sample, both before
and after the tau trigger requirement, are shown in figures 4.6a and 4.6b. As seen in
these figures, the main QCD multijet and W+jets backgrounds accumulated in the
region with pT below 40 GeV.
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4.3.3 Results

The tag-and-probe method described in the previous section was used to perform many
tau trigger performance measurements at

√
s = 8 TeV. This included measurements of

the τ-jet identification efficiency in data at each trigger-level, the scale factors used to
correct the simulated EF-level efficiencies in MC samples, and the resolution of the ET

estimate at each trigger-level. All of these measurements were performed using offline
τ-jet reconstruction and identification as a reference. In this section, some of the main
results from this body-of-work are presented.

The tau trigger efficiencies were extracted directly from the number of reconstructed
τ-jet candidates before and after the tau trigger was applied (as shown in figure 4.6).
The efficiency measured in data (εdata) and simulation (εMC) were computed as follows:

εdata =
Ndata

ID+trig −Nbkg
ID+trig

Ndata
ID −Nbkg

ID

, εMC =
Nsignal

ID+trig

Nsignal
ID

(4.4)

In these equations NID and NID+trig refer to the number of τ-jet candidates in the tag-
and-probe sample passing offline identification and, in addition, the trigger require-
ments, respectively. The superscripts specify whether it is the number of observed
(“data”), estimated total background (“bkg”) or predicted Z→ τµτhad (“signal”) events
that are considered.

Figure 4.7a shows the measured εdata as a function of the offline pT with respect to
τ-jet candidates passing offline Medium tau identification. The particular tau trigger
considered is the same one described in the previous section. The efficiency is shown
to depend minimally on pT when on the trigger plateau (above approximately 35 GeV).
The EF-level efficiency on the plateau is above 80%, meeting the performance goals of
the EF trigger mentioned in section 4.2.3.

The εdata measured as a function of the number of primary vertices in an event, which
is proportional to the amount of pile-up, is shown in figure 4.7b. The trigger efficiency
is shown to have minimal dependence on the pile-up conditions, demonstrating the
pile-up robustness of the tau trigger system implemented during

√
s = 8 TeV data

taking.

The measured εdata was compared to that in simulation (εMC) at the EF trigger-level,
for the same tau trigger, as shown in figure 4.8. The trigger efficiency is shown to
be modeled reasonably well in simulation. Nevertheless, when conducting physics
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Figure 4.7 The tau trigger efficiency measured in data using the tag-and-probe
method, for τ-jet candidates passing offline Medium tau identification.
It is shown (a) as a function of the offline τ-jet pT and (b) the number of
primary vertices (proportional to pile-up). The 1-prong and 3-prong
τ-jets and the barrel+endcal regions are combined. The efficiency
measured at L1, L2 and EF trigger-level is shown in red, magenta
and blue, respectively. The error bars correspond to the statistical
uncertainty on the efficiency.
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Figure 4.8 The measured tau trigger efficiency in data and simulation, for the
offline τ-jet candidates passing Medium tau identification, as a func-
tion of offline τ-jet pT. The 1-prong and 3-prong τ-jets and the bar-
rel+endcal regions are combined. The lower panel shows the ratio of
the two efficiencies (the efficiency correction factors). The uncertainty
band on the ratio reflects the statistical uncertainties associated with
the data (yellow) and MC samples (orange), and the systematic un-
certainty associated with the background subtraction procedure when
computing the efficiency in data (red).

analyses involved τ-jets with ATLAS, such as in the search for H→ ττ, it is essential to
correct in the MC samples any small differences in the trigger efficiency between data
and simulation. To this end, correction factors, defined as the ratio of the tau trigger
efficiency in data to simulation (εdata/εMC), were derived.

The efficiency corrections factors were measured using the tag-and-probe method for a
wide range of single tau triggers that were operational during

√
s = 8 TeV data taking,

separately for 1-prong and 3-prong taus and for various offline criteria. For example,
the correction factors for the previously mentioned tau trigger can be seen in the lower
panel of figure 4.8. They are in general compatible with unity, with small differences
of a few percent observed in the pT region 26-38 GeV. This reinforces the importance of
correcting the simulated trigger efficiencies in MC samples to match those measured
directly from data.
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The uncertainties on the correction factors range from 2% to 8% depending on the
offline pT of the probe-tau . The uncertainty at high pT tend to be larger as the num-
ber of Z→ τµτhad events in the tag-and-probe sample becomes smaller. They are also
sizeable in region with pT below 30 GeV, where the background contamination in the
tag-and-probe sample is the largest. The total uncertainties are dominated by the
statistical component from the data and MC samples, but also include a small system-
atic component coming from the background subtraction procedure when computing
εdata. The main source of this systematic uncertainty originates from the background
estimation method, but also includes minor contributions from variations associated
to the offline reconstruction of the tag-muon and Emiss

T .

Recall from section 4.2 that the ET of τ-jet candidates at L1 and L2 was estimated using
dedicated algorithms that differed substantially from the offline energy reconstruction
and calibration. Also recall that at the EF-level a very similar algorithm to offline was
used. The tag-and probe method was utilized to measure how closely the τ-jet energy
reconstruction and calibration at trigger-level matched that of offline.

The ET resolution that was measured at each trigger-level with respect to τ-jet candid-
ates passing offline Medium tau identification is shown in figure 4.9. The resolution is
defined as:

ET resolution at L1/L2/EF =
EL1/L2/EF

T − poffline
T

poffline
T

(4.5)

As seen in figure 4.9a, the estimated energy at L1 was significantly underestimated
with respect to offline. This was due to the fact that all cells in the trigger towers
of the ROIs were combined without the use of sophisticated clustering algorithms
and without a τ-jet specific energy calibration (EM scale was used). Also, the coarse
energy and geometrical position granularity at L1 limited the precision of the energy
estimation. These effects resulted in a significant efficiency loss at L1 for low-ET τ-jet
candidates, as was observed in figure 4.7a. The overestimation at L2 seen in figure
4.9b was due to the fact that the the clustering algorithm used at this trigger-level did
not have the same noise suppression scheme as offline.

The energy estimation at EF was almost identical to offline, as seen in figure 4.9c. The
slight difference between EF and offline was mainly due to the pile-up corrections,
which were only applied during offline reconstruction. Some discrepancies can be
seen between the resolutions measured in data and in MC simulation. This, once
again, reinforces the importance of correcting the simulated trigger efficiencies used
in ATLAS physics analyses to match those measured directly from data.
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Figure 4.9 The measured tau trigger transverse energy resolution at (a) L1, (b) L2
and (c) the EF, with respect to offline τ-jet candidates passing Medium
tau identification. The data (points) are compared to the total back-
ground and signal expectation (stacked filled histograms), with their
ratio displayed in the lower panel. Statistical uncertainties are shown.

Page 78



4.4. The ATLAS Fast Tracker Upgrade

4.4 The ATLAS Fast Tracker Upgrade

The ATLAS trigger system was originally designed to operate at a maximum lumin-
osity of 1 × 1034 cm−2s−1. During the 2012 data taking period at

√
s = 8 TeV the peak

luminosity was 7.7 × 1033 cm−2s−1, and on the 29th of June 2016 the design luminosity
was exceeded for the first time [121]. Since then, the luminosity has rapidly increased
and in the coming years it is expected to reach up to two times and eventually, after
the HL-LHC upgrade [41], up to five times the design luminosity [40]. As a result, the
collision environment will become even more complicated resulting in substantially
higher event rates and pile-up. This presents a major challenge that must be overcome
in future iterations of the ATLAS trigger system. If the system is not upgraded then the
trigger will not meet its performance goals and, as a result, the ATLAS Collaboration
will not fulfill its ambitions physics objectives at

√
s = 13 and 14 TeV.

Because of its fine resolution and granularity, tracking information is critical for dis-
tinguishing which events triggered at L1 should be kept for further processing by
the HLT. However, extensive software-based tracking in high pile-up environments
is prohibitively expensive in terms of processing time per event. Therefore, as we
saw for the ATLAS tau trigger in section 4.2, it is currently only used sparingly in the
HLT within ROIs that have already been identified as potentially interesting by the L1
trigger.

The FTK upgrade [2] is a system of electronics being built for the ATLAS detector
that will move track reconstruction into a hardware system with massively parallel
processing. This will rapidly provide global track reconstruction, no longer limited
to within the ROIs, with good resolution directly after the L1 trigger. FTK tracking,
freed from the computational constraints of traditional HLT tracking, will provide an
important tool box for improving the performance of the future HLT trigger. Details
on how tracks are reconstructed using the FTK will provided in the following section.

4.4.1 Track reconstruction with FTK

The FTK receives the hit data from the pixel and SCT layers of the ID at the full L1 accept
rate. After processing, the FTK provides access to tracking information over the full
pseudorapidity range of the detector from the start of the HLT. The conversion of the
hits into track helix parameters occurs in three stages: clustering, pattern recognition
and track fitting. An overview of each stage will be provided, in turn, below. A more
complete description can be found in ref. [2].
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Clustering

The hits from the pixel and SCT layers are first grouped into those belonging to the
same cluster, where a cluster is defined as a collection of contiguous hits. Clustering
the hits from the SCT is relatively simple due to its one-dimensional nature. Pixel
clustering is more complicated since it is two-dimensional. For each pixel hit received,
neighboring hits connected either side-by-side or diagonally are considered with a
maximum distance of 4 pixels along the φ direction and 5 pixels in the z or r direction
for the barrel and endcap, respectively. After loading the neighboring hits in the grid,
those contiguous with the first hit received and therefore part of the same cluster are
identified. Hits within a small distance of the first hit received but not part of the
same cluster will be processed again until the cluster they belong to is identified. This
process is repeated until all hits are allocated to a cluster. For each cluster, the position
of the centre is computed assuming equal weight for all hits. The cluster centroids
themselves will be referred to, hereafter, as the “hits”.

Pattern recognition

The feature that most defines the FTK is the unique way it utilizes Associative Memory
(AM) to rapidly perform pattern recognition in order to find track candidates. The AM
boards contain approximately one billion in total preloaded track patterns, referred
to as roads, that correspond to the possible combinations of hits in 8 silicon layers.
Currently 3 pixel layers (the IBL and the 2 outer pixel layers) and 5 SCT layers (the 4
axial layers and 1 stereo layer) are used for pattern recognition. The roads that enter
the pattern banks of the AM boards are determined in advance from the full ATLAS
simulation of single tracks.

The AM is a massively parallel system in that all roads in the pattern banks see each
silicon hit nearly simultaneously. As a result, pattern recognition in FTK is complete
shortly after the final hit has been transmitted into the AM board. If there are at least
7 pixel and SCT layers containing hits within a road, the road is flagged as containing
track candidates and its associated hits are sent to the track fitter.

Track fitting

Track fitting is done rapidly by replacing the helical fit used in offline and HLT tracking
algorithms with a simple calculation that is linear in the position of the hit in each
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Figure 4.10 Efficiency of FTK tracking with respect to offline tracking as a func-
tion of η, measured using MC samples with an average pile-up of 46
(black) and 69 (red) [2]. The bin-by-bin fluctuations come from the
number of silicon modules crossed by a track, which varies slightly
with η.

layer [122]. The calculation is a set of scalar products of the hit coordinates and pre-
calculated constants that take into account the detector geometry and alignment. This
linear calculation is extremely fast since it consists of a series of integer multiply-and-
accumulate steps, with of order 109 track candidates that can be fit per second. The
helix parameter resolution obtained using the linear method is nearly as good as that
obtained with a helical fit if the region covered by the set of constants is small. For
the FTK that region consists of a single silicon module in each layer, typically a few
centimeters wide, and so the linear calculation provides track helix parameters with
good resolution.

Track fitting operates in two stages. In the first stage, the same 8 silicon layers used in
the pattern recognition step are used and only tracks passing a relative loose quality
selection (χ2/ndof < 6, where “ndof” is the number of degrees of freedom) are con-
sidered. If there are two tracks in the same road passing the χ2 requirement and they
have fewer than 6 unique hits, they are considered to be duplicate tracks and the best
track is retained based on the χ2 and the numbers of layers that have a hit. Tracks from
the first stage pass to a second stage where they are extrapolated into the 4 layers that
were not used in the first stage. Nearby hits in those layers are found and the tracks are
refit using the hits in all 12 layers. After a tighter track quality selection (χ2/ndof < 4)
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is applied, duplicate tracks are removed using the same unique hit requirement as in
the first stage.

The efficiency of FTK track reconstruction with respect to offline track reconstruction,
after the final track fitting step, has been checked in simulation and is shown in figure
4.10. The efficiency is high, on average approximately 88%, and generally flat in η.

4.5 Development of a Tau Trigger that uses FTK tracking

As was mentioned in section 2.4.4, one of the high priority physics goals for the ATLAS
Higgs program at

√
s = 13 and 14 TeV will be to claim discovery in the H→ ττ channel

alone, and more precisely measure the Higgs coupling to tau leptons. It should also be
possible to perform the first measurements of the spin and parity in this decay channel.
In order to achieve these goals, a tau trigger system that remains highly efficient under
challenging pile-up conditions will be essential.

An overview of the L2 tau trigger implemented during
√

s = 8 TeV data taking was
provided in section 4.2.2. Recall that a software-based tracking algorithm, referred to
as TauB, was available to the trigger at this level. TauB tracking, although faster then
HLT and offline tracking, is computationally intensive and requires a relatively large
processing time per event. Therefore, in order to meet the tight latency constraints at
L2, selections on calorimeter-based variables were first applied in order to reduce the
number of L1 ROIs that require track reconstruction. A combination of tracking and
calorimeter variables were then used for the full L2 τ-jet identification.

Calorimeter-based selections, although necessary, increased tau trigger thresholds and
reduced overall trigger efficiencies at

√
s = 8 TeV. Moreover, as seen in figure 4.9b,

these kinds of variables tend to have poor resolution at L2 and so applying selections
to them at this stage of the trigger was not ideal. As the LHC rapidly exceeds its design
luminosity in future

√
s =13 and 14 TeV runs, identifying τ-jets candidates at trigger-

level will become significantly more challenging. If the same strategy that was used
at
√

s = 8 TeV is still adopted, the increased L1 ROI rates entering L2 will force even
more stringent calorimeter-based selections that will further degrade the performance
of the tau HLT.

Considering this, it is expected that FTK tracking, freed from the computational con-
straints of software-based HLT tracking, will become a key component of the future tau
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trigger. The FTK will provide access to high resolution tracking with high efficiency
at the very start of L2, so that rapid track-based algorithms can be implemented to
massively reduces the L1 ROI rate. This would allow the L2 calorimeter-based selec-
tions to be, at the very least, relaxed and, if the reduction in rate is sufficiently high, even
avoided altogether. The overall effect would be to improve the tau trigger efficiency,
and so increase the sensitivity of the ATLAS experiment to H→ ττ signatures.

This section presents studies that were performed to explore the potential of the FTK
to improve tau trigger performance at

√
s = 14 TeV in high pile-up conditions. This

section is divided into five subsections. Section 4.5.1 describes the MC samples that
were used in this study. The tracking performance of the FTK for tracks associated to
offline τ-jet candidates is presented in section 4.5.2. The FTK-based L2 τ-jet identific-
ation algorithm that was developed is described in section 4.5.3, and its performance
is presented in section 4.5.4. Finally, the expected improvements to analyses targeting
the H→ ττ decay channel is presented in section 4.5.5.

4.5.1 MC samples

The studies presented in this section were performed on MC samples generated with
Pythia8 [102] at

√
s = 14 TeV, and with two average pile-up configurations (µpile−up =

46 or 69). An emulation of the FTK track reconstruction, described in section 4.4.1, was
included in the simulation. The IBL pixel layer was not included in the FTK emulation
since, at the time of these studies, it was not yet available in the MC simulation chain.

The signal process considered was the SM Higgs boson of mass 125 GeV produced
in the VBF mode with H→ ττ decay. One of the tau leptons was required to decay
in the τlep mode, and the other in the τhad mode producing a τ-jet. For background
studies, the SM Higgs boson produced in the WH production mode with subsequent
WH→ `νqq̄ decay was used. This particular background process was chosen to ensure
the presence of jets in the event that have a similar transverse momentum spectrum as
the signal events.

4.5.2 FTK track reconstruction efficiency for τ-jets

Before developing a FTK-based tau trigger algorithm, it was important to check the
FTK track reconstruction efficiency for tracks associated to offline τ-jets, and compare
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this to the efficiency from traditional TauB tracking. FTK, TauB and offline tracks in
the signal MC sample were considered for this check, and only if they lied within ∆R <

0.2 of an offline τ-jet candidate. The offline τ-jet candidates were required to have pT

above 20 GeV, |η| < 2.5 and pass Medium offline tau identification. These selections
helped suppress QCD jets misidentified as offline τ-jet candidates, particularly in the
high pile-up conditions of the MC samples.

The tracks were required to have pT above 2 GeV, and the magnitude of their d0 and
z0 impact parameters below 2 mm and 100 mm, respectively. In addition, all tracks
associated to a particular offline τ-jet candidate were required to satisfy the ∆z0 criteria
described in section 4.2.2. These selections significantly reduced the number of tracks
originating from pile-up, and also allowed for a more fair comparison between FTK
and TauB tracks.

The measured track reconstruction efficiency for the FTK and TauB algorithms with
respect to offline tracking is shown in figure 4.11. The efficiencies were measured
separately for the barrel and end-cap regions of the detector, and for the 46 and 69
average pile-up configurations. FTK tracking tends to be more efficient then TauB at
low track pT, while it is less efficient at high pT. This is due to the geometric coverage of
the AM board pattern banks at the time of this study. It is expected that the efficiency
loss at high track pT will be mitigated in future iterations of the pattern banks, and
with the addition of the IBL logical layer in the MC simulation.

The number of tracks around the offline τ-jet candidates was also checked. The track
multiplicity distributions for FTK, TauB and offline tracks for both the signal and
background samples are shown in figure 4.12. As expected for the real τ-jets in the
signal sample, two peaks for 1-prong and 3-prong decays are observed in the signal
cone (∆R < 0.1). In the end-caps, this feature is less prominent due to lower tracking
efficiency in this region. The misidentified QCD jets in the background sample tend to
have larger track multiplicities in the isolation cone (0.1 < ∆R < 0.3).

4.5.3 Proposal of a L2 algorithm that uses FTK tracks

This section presents the L2 τ-jet identification algorithm using FTK tracking that
was developed in this study. This section also includes a description of a typical L2
algorithm from the

√
s = 8 TeV trigger menu. This algorithm was used as a reference

when estimating the performance improvement coming from the proposed FTK track-
based algorithm.
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(a) (b)

(c) (d)

Figure 4.11 Efficiency of FTK and TauB track reconstruction as a function of
track pT, measured with respect to offline tracking. Events in the
(left) barrel region, (right) end-cap region, (top) µpile−up = 46 sample
and (bottom) µpile−up = 69 sample are shown separately.

Proposed FTK L2 algorithm

To fully exploit the potential of the FTK, the L2 algorithm that was developed had
purely track-based selections. Selections on calorimeter-based variables at L2 such as
ET and fcore, defined in section 4.2.2, were avoided. This was done in order to recover
the efficiency lost due to the coarse calorimeter requirements that are typically applied
at L2, as explained in the introduction of section 4.5.

The proposed FTK-based algorithm rapidly reduces the large background rate enter-
ing L2, originating for misidentified QCD jets, by applying selections on the track
multiplicity. The highest pT FTK track within ∆R < 0.2 of the L1 cluster direction was
found, and from this track the algorithm builds the signal and isolation cones in the
standard way described in section 4.5.2.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.12 Number of FTK, TauB and offline tracks associated to the offline τ-jet
candidates for (a)-(d) the signal sample in the signal cone (∆R < 0.1)
and (e)-(h) the background sample in the isolation cone (0.1 < ∆R <
0.3). The distributions are shown separately for the barrel region,
end-cap region, µpile−up = 46 sample and µpile−up = 69 sample.
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(a) (b)

Figure 4.13 L2 calorimeter variables (a) ET and (b) fcore, for the H→ ττ signal (red)
and WH→ `νqq̄ background (blue) samples.

The following selections are then applied:

• the number of FTK tracks in the signal cone is less than or equal to 3

• the number of FTK tracks in the isolation cone is less than or equal to 1

The first requirement selects real τ-jet candidates as seen in figures 4.12a-4.12d, while
the second requirement rejects misidentified QCD jets as seen in figures 4.12e-4.12h.

Reference L2 algorithm

Recall that traditional L2 algorithms typically apply selections on the calorimeter-
based variables ET and fcore prior to TauB tracking. These two variables are shown for
both the signal and background samples in figure 4.13. The L2 algorithm used as a
reference in this study required ET above 15 GeV and fcore above 0.75, retaining 79%
of the signal that passed L1 while rejecting 48% of the background. These selections
ensured that the software-based TauB track reconstruction fit within the tight latency
constraints of L2.

The TauB tracking algorithms were then run within the remaining ROIs. Both tracking
and calorimeter information was then used to perform the final τ-jet identification at
L2, as described in section 4.2.2.
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4.5.4 Per-tau performance improvement from FTK

In order to compare the proposed FTK-based algorithm to the reference algorithm, the
τ-jet identification efficiency at L2 was first measured for the H→ ττ signal sample.
These trigger efficiencies were computed for each τ-jet candidate in the event sample
(per-tau). The per-tau signal efficiencies were measured both with respect to truth-level
and offline, and separately for 1-prong and 3-prong decays.

The per-tau L2 signal efficiency with respect to truth-level was defined as:

L2 signal efficiency wrt truth =
NL1+L2

truth

NL1
truth

(4.6)

Where NL1
truth is the number of true τ-jets matched to L1, and NL1+L2

truth are those also
passing either the FTK-based or reference L2 algorithm. The specific L1 tau trigger
considered had a L1 ET threshold of 8 GeV.

Figures 4.14 and 4.15 show the measured L2 signal efficiency with respect to truth-
level for the 46 and 69 pile-up configurations, respectively. A substantial improvement
in efficiency ranging from approximately 10-40% with respect to the reference L2
algorithm is observed, with the largest gains occurs in the low pT region and for the
harsher pile-up conditions. These plots also include, as an additional working point,
the reference L2 algorithm where the FTK tracks are used rather then the usual TauB
tracks. The reference L2 algorithm performs similarly for both kinds of tracks, with
the small differences coming from the differing tracking performance for τ-jets as was
shown in figure 4.11.

The per-tau L2 signal efficiency with respect to offline was defined as:

L2 signal efficiency wrt offline =
NL2

offline

Noffline
(4.7)

Where Noffline is the number of offline τ-jet candidates passing Medium offline tau
identification, and NL2

offline are those also matched to a τ-jet candidate identified by
either the FTK-based or reference L2 algorithm.

Figure 4.16 shows the measured L2 signal efficiency with respect to offline for the 46
pile-up configuration. Here the efficiency improvement is still significant but more
modest, ranging from around 5-15%. The lower efficiency with respect to offline is due
to the fact that the existing offline tau reconstruction and identification was designed
to perform well for events that were selected using calorimeter variables. Therefore, in

Page 88



4.5. Development of a Tau Trigger that uses FTK tracking

order to more fully exploit the possible gain in efficiency provided by FTK, the offline
selection will need to be re-optimized in the future.

It was also important to check that the proposed FTK-based L2 algorithm provides
sufficient rejection against QCD jets misidentified as τ-jets. The misidentification
probability was measured using the WH→ `νqq̄ background sample, and defined as:

L2 misidentification probability =
NL2

jets

NL1
jets

(4.8)

Where NL1
jets is the total number of reconstructed jets that pass L1, and NL2

jets is the
number passing either the FTK-based or reference L2 algorithm.

The misidentification probability is shown in figures 4.17 and 4.18 for the 46 and 69
pile-up configurations, respectively. These plots show that the proposed FTK-based
algorithm can provide a rejection factor for the QCD jet background of order 10, with
respect to L1. This level of rejection is sufficient to allow the EF algorithms to run on all
of the ROIs that pass the FTK track selections. In this way, the more refined variables
computed at EF-level can be used to further bring down the background rate.

4.5.5 Benefits to future H → ττ analyses at
√

s = 14 TeV

As mentioned previously, the H→ ττ decay channel will play a key role in fulfilling
the physics goals of the ATLAS Higgs program in future high pile-up runs at

√
s =

13 and 14 TeV. In the pervious section it was shown that a significant improvement in
the per-tau L2 trigger efficiency can be achieved with the proposed FTK track-based
algorithm. Subsequent studies have been performed to check how this per-tau trigger
efficiency gain translates into an increase to the per-event signal acceptance for H→ ττ

analyses. These particular checks were not the work of this author, and are briefly
summarized below. A more complete description can be found in ref. [123].

For these checks, there were some changes to the MC samples described in section
4.5.1. The FTK emulation included the previously missing IBL layer, and the pile-up
configuration was µpile−up = 60. The H→ ττ signal sample contained boosted Higgs
boson events, defined by requiring the Higgs pT above 60 GeV, produced in the ggF
production mode with subsequent τhadτhad decay. A background sample of QCD
multijet events was used, to be more representative of the backgrounds that enter the
H→ τhadτhad analysis. The offline selections used in this check followed closely those
of the boosted category of the

√
s = 8 TeV analysis [36].
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(a) (b)

(c) (d)

Figure 4.14 The measured per-tau L2 signal efficiency with respect to truth-level
as a function of true τ-jet pT in the µpile−up = 46 sample for the
1-prong (left) and 3-prong (right) decays. The upper plots are for
the barrel region and the lower ones are for the end-cap. Three
working point are shown: the reference L2 algorithm using TauB
tracks (black), the reference L2 algorithm using instead FTK tracks
(red), and the proposed FTK track-based L2 algorithm (blue). The
error bars indicate statistical uncertainties on the efficiency.
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(a) (b)

(c) (d)

Figure 4.15 The measured per-tau L2 signal efficiency with respect to truth-level
as a function of true τ-jet pT in theµpile−up = 69 sample for the 1-prong
(left) and 3-prong (right) decays. The upper plots are for the barrel
region and the lower ones are for the end-cap. The plotting scheme
follows the one described in the caption of figure 4.14.
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(a) (b)

(c) (d)

Figure 4.16 The measured per-tau L2 signal efficiency with respect to offline as a
function of offline τ-jet pT in the µpile−up = 46 sample for the 1-prong
(left) and 3-prong (right) decays. The upper plots are for the barrel
region and the lower ones are for the end-cap. The plotting scheme
follows the one described in the caption of figure 4.14.

Page 92



4.5. Development of a Tau Trigger that uses FTK tracking

(a) (b)

(c) (d)

Figure 4.17 The measured misidentification probability in the background
sample as a function of jet pT in the µpile−up = 46 sample for the
1-prong (left) and 3-prong (right) decays. The upper plots are for the
barrel region and the lower ones are for the end-cap. The plotting
scheme follows the one described in the caption of figure 4.14. The
error bars indicate statistical uncertainties on the misidentification
probability.
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(a) (b)

(c) (d)

Figure 4.18 The measured misidentification probability in the background
sample as a function of jet pT in the µpile−up = 69 sample for the
1-prong (left) and 3-prong (right) decays. The upper plots are for the
barrel region and the lower ones are for the end-cap. The plotting
scheme follows the one described in the caption of figure 4.14. The
error bars indicate statistical uncertainties on the misidentification
probability.
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Figure 4.19 The per-event efficiency in the signal sample versus the background
sample for five different L2 algorithms [123]. The particular L1 tau
trigger is taken from a preliminary 2015 trigger menu. The L1 trigger
requires two isolated (below 8 GeV) and separated (∆R > 2.8) L1 τ-jet
candidates with ET above 12 and 20 GeV, and an additional L1 jet can-
didate with ET above 25 GeV. The red points represent FTK-based L2
algorithms. The red circle represents the FTK track-based algorithm
proposed in section 4.5.3. The upward red triangle is when, in ad-
dition, the jet and at least one of the two τ-jets are required to be
consistent with the PV from the FTK. The downward red triangle
is for the FTK PV requirement alone. The black points represent
traditional L2 algorithms that include selections on calorimeter vari-
ables, similar to the reference algorithm described in section 4.5.3.
The black star has a symmetric ET threshold on both τ-jet candidates
of 32 GeV. The black square has asymmetric thresholds of 40 and 25
GeV.

Figure 4.19 shows the per-event efficiency for the previously mentioned signal sample
versus the background sample for five different tau triggers. These are di-tau triggers
in that the HLT requirements are applied to both ROIs identified at L1. Each trigger is
distinguished by its L2 algorithm.

In this figure there are three red points representing different FTK-based L2 algorithms.
The red circle represents the FTK track-based L2 algorithm proposed in section 4.5.3.
The other two red points represent algorithms that also have requirements on the PV

Page 95



Chapter 4. Tau Trigger Studies

provided by the FTK [2], and are outside the scope of the studies presented in this
chapter.

The two black points refer to traditional L2 algorithms that include selections on
calorimeter variables, similar to those described for the reference algorithm in section
4.5.3. The black star has symmetric thresholds on the ET of the two τ-jet candidates,
while the black square has asymmetric thresholds. Additional information on these
and the previously mentioned triggers can be found in the caption of figure 4.19.

The traditional L2 algorithm with asymmetric ET thresholds is shown to provide good
signal efficiency, at the expense of poor background rejection. The opposite is true
for the traditional algorithm with symmetric thresholds. However, the FTK track-
based algorithm proposed in section 4.5.3 can provide both good signal efficiency and
sufficient background rejection simultaneously. It is shown to provide an approximate
5% increase in signal efficiency and the same level of background rejection as the
traditional algorithms with asymmetric and symmetric thresholds, respectively.

4.6 Conclusions

In this chapter two studies were presented relating to the ATLAS tau trigger. The first
was the measurement of the tau trigger performance during

√
s =8 TeV data taking,

using a tag-and-probe method targeting Z→ ττ decays. The tau trigger performance
with respect to efficiency and pile-up robustness was shown to meet the targets set
during the design of the trigger system. The efficiency in data was shown to be well
reproduced in MC simulation to a level of a few %, with the associated correction
factors measured with a precision of 2-8% depending on the offline τ-jet pT. These
efficiency correction factors have been used in many ATLAS physics analyses using
√

s = 8 TeV data, including the search for the SM Higgs boson in the H→ ττ decay
channel [36]. The tag-and-probe method was also used to measure how precisely
the transverse energy was reconstructed at each trigger level. The energy at L1 and
L2 were shown to be significantly underestimated and overestimated, respectively,
compared to offline. This is not unexpected given that these levels have dedicated
energy reconstruction algorithms that significantly differ to those used offline. At the
EF, the energy reconstruction and calibration followed offline closely and, as expected,
the estimated energy at this level was shown to be very similar to offline.

The second study presented in this chapter investigated the potential of the FTK
upgrade to improve tau trigger performance in future ATLAS runs at

√
s = 14 TeV
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under harsher pile-up conditions. A L2τ-jet identification algorithm was proposed that
used tracks reconstructed by the FTK. The proposed algorithm applied a purely track-
based selection criteria, avoiding requirements on coarse calorimeter variables that
negatively impact performance in traditional L2 algorithms. The FTK-based algorithm
was shown to improve the per-tau efficiency compared to traditional algorithms by
10-40% with respect to truth and 5-15% with respect to offline. When implemented
into a di-tau trigger for use in future H→ τhadτhad analyses, the FTK-based algorithm
outperformed traditional algorithms both in terms of the per-event signal efficiency
and background rejection. Based on these observations it is clear that FTK tracking,
freed from the computational constrains of software-based HLT tracking, will become
a critical component of the future ATLAS tau trigger system. Moreover, FTK-based
tau triggers will enable more sensitive measurements in many future ATLAS physics
analyses such as those in the H→ ττ decay channel.
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5
Search for the Higgs Boson in the WH

Production Mode with H→WW∗ Decay at
√

s = 7, 8 and 13 TeV

Confirming the existence of the WH production mode would represent a major step to-
wards validating the SM predictions for Higgs boson production at LHC. The H→WW∗

decay channel provides a sensitive probe of WH production due its large branching
fraction (21%) at the measured Higgs boson mass and its distinctive detector signature.
Moreover, this combined production and decay process is interesting since the Higgs
boson couples only to W bosons at both the production and decay vertices at tree-level.
Therefore, this process also provides sensitivity to the H-W coupling strength and any
potential deviations to it introduced by physics beyond the SM.

This chapter presents a direct search for the WH production of the SM Higgs boson
with H→WW∗ decay, and uses LHC proton-proton collision data collected by the
ATLAS detector. The search is conducted with data taken at

√
s = 7, 8 and 13 TeV

corresponding to integrated luminosities of 4.5, 20.3 and 5.8 fb−1, respectively. The
sequential decay WH→WWW∗→ `ν`ν`ν, where ` is an electron or muon, is the specific
signal process targeted by the search, and provides a clean signature in the ATLAS
detector.
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Decay at
√

s = 7, 8 and 13 TeV

The analysis strategy was first defined using the data samples taken at
√

s = 7 and
8 TeV and used to measure the signal strength, the ratio of the observed signal yield
to the SM prediction, for a Higgs boson of mass 125 GeV. This analysis strategy was
then extended to search for the same signal process using an early data sample at
√

s = 13 TeV. The first measurement of the signal strength at 13 TeV was performed,
demonstrating the validity of the analysis strategy at the higher center-of-mass energy.
The results of the 7+8 TeV and 13 TeV analyses presented in this chapter were published
by the ATLAS Collaboration in a paper [3] and conference note [4], respectively.

This chapter is organized as follows. Section 5.1 provides a general overview of the
relevant physics processes, the analysis strategy and the statistical method. The data
and MC samples are summarized in section 5.2. Sections 5.3 and 5.4 describe the event
reconstruction and selection criteria, as well as the background estimation technique.
The systematic uncertainties are described in section 5.5, with the final results using
the
√

s = 7 and 8 TeV data samples presented in section 5.6. The analysis using an early
√

s = 13 TeV data sample is presented in section 5.7. Finally, a conclusion is provided
in section 5.8.

5.1 Analysis Overview

5.1.1 Signal and background processes

The signal process targeted by the analyses presented in this chapter is the WH pro-
duction mode, where a W boson is produced that radiates a Higgs boson, followed
by H→WW∗ decay. The W boson originating from the production process and the
WW∗ pair from the Higgs boson decay process are all required to decay leptonically
(W→ `ν, WW∗→ `ν`ν). This produces three leptons, only electrons and muons are
considered, with the sum of their electric charges equal to ±1 and large missing energy
from three undetected neutrinos. Figure 5.1 shows the tree-level Feynman diagram
for this WH→WWW∗→ `ν`ν`ν process.

The three leptons in the final state are labelled `0, `1 or `2 according to the following
criteria. The lepton with unique charge is labelled as `0, the lepton closest to `0 in
∆R is labelled as `1, and the remaining lepton is labelled as `2. As explained in
section 2.3.1, the spin-0 nature of the Higgs boson together with the properties of the
weak interaction result in a preference for a small angular separation between the two
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Figure 5.1 Tree-level Feynman diagram for the signal process. The arrow direc-
tion for charged lepton external lines refer to the superscripted sign.

leptons originating from the H→WW∗ decay. Since leptons `0 and `1 have the smallest
separation in ∆R, they are considered the H→WW∗→ `ν`ν candidate leptons.

When searching for the signal process, the most prominent backgrounds are those that
also produce exactly three prompt leptons and large missing energy from undetected
neutrinos. The most significant of these is the WZ/Wγ∗ process; with WWW produc-
tion also contributing although at a significantly lower rate. Details on these processes,
including representative tree-level Feynman diagrams, can be found in table 5.1. The
main feature that distinguishes WZ/Wγ∗ from the signal process is the presence of
a same-flavour and opposite-sign (SFOS) lepton pair, from Z→ `` decay, that has a
dilepton invariant mass (m``) consistent with the Z boson mass (mZ). Although the
contribution of WWW is relatively small, it is the most irreducible of all the back-
grounds since it has a topology that is the most similar to the signal.

Backgrounds that do not produce exactly three prompt leptons can also contribute
under certain conditions. Those with four prompt leptons can enter if one lepton
goes unidentified, most likely due to its low pT. This includes Zγ production, where
the photon undergoes a conversion into an electron-positron pair, and the continuum
production of ZZ∗. The Zγ and ZZ∗ backgrounds are reducible due to their relatively
small missing energy from the absence of neutrinos, and the presence of a SFOS
lepton pair from Z→ `` decay with m`` compatible with mZ. Additional details on
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these processes, including representative tree-level Feynman diagrams, are available
in table 5.2.

Processes that produce only two prompt leptons can enter due to the presence of a jet
misidentified as an additional lepton. This comes mainly from Z/γ∗ production with
additional jets, referred to hereafter as Z+jets, and top-quark processes. The top-quark
contribution is dominated by tt̄ production, but also includes smaller contributions
from tW and tt̄W processes with W→ `ν decay. The Z+jets background is reducible in
the same way as Zγ and ZZ∗ mentioned earlier. The top-quark processes differ from
the signal process as they tend to have a larger number of jets, with at least one of them
originating from a b-quark (b-jet). Additional details on these background processes
are also provided in table 5.2.

Name Process Features

WZ/Wγ∗

• 3 prompt leptons

• Large missing energy from

an undetected neutrino

• For an on-shell Z boson, a

SFOS lepton pair with m``

consistent with mZ

WWW
• 3 prompt leptons

• Large missing energy from

three undetected neutrinos

Table 5.1 Details on the WZ/Wγ∗ and WWW background processes. A single
representative tree-level Feynman diagrams is shown for each class of
background. Virtual particles are indicated by “∗”. The key features that
distinguish the detector signatures of each background are summarized
in the last column.
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Name Process Features

ZZ∗

• 4 prompt leptons, one

of which is unidentified

• Small missing energy

• SFOS lepton pair with m``

consistent with mZ

Zγ

• Similar features to ZZ∗

• At least one of the three

identified leptons is an

electron from photon

conversion

Z+jets

• 2 prompt leptons

• Jet misidentified as a lepton

• Small missing energy

• SFOS lepton pair with m``

consistent with mZ

tt̄

• 2 prompt leptons

• b-jet misidentified as a lepton

• Large missing energy from

two undetected neutrinos

Table 5.2 Details on the ZZ∗, Zγ, Z+jets and tt̄ background processes. The format
of this table follows that described in the caption of table 5.1.
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Figure 5.2 Diagram illustrating the separation of the pre-selection event sample
into the SRs and CRs.

5.1.2 Analysis strategy

An analysis strategy was developed to perform a search for the signal process using
the
√

s = 7 and 8 TeV ATLAS data samples. An overview of this strategy is presented
in this section, with the full details provided throughout this chapter.

A general sample of three lepton events is first defined by applying a set of pre-selection
criteria, described in section 5.3.2, to both the data and MC samples summarized in
section 5.2. The events in the pre-selection sample are then separated into several
statistically independent (orthogonal) regions in phase-space, as illustrated in figure
5.2, by applying in each region a unique set of event selection criteria on the lepton
flavour combination and event kinematics.

Some regions are designed to be enriched in the signal, while others are enriched in
the main backgrounds. These two kinds of regions are referred to as signal regions
(SRs) and control regions (CRs), respectively, with each region defined separately for
the
√

s = 7 and 8 TeV samples. The SRs have a larger signal-to-background ratio and
thus drive the sensitivity of the signal strength measurement. The purpose of the CRs
is to check the modeling and extract the normalizations of the main backgrounds.
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The SRs are defined by a set of event selections, detailed in section 5.3.2, designed
to preferentially select signal-like events while rejecting as much as possible those
originating from the background processes. There are three SRs in total that are
distinguished according to the number of same-flavour (SF) and opposite-sign (OS)
lepton pairs within events. This includes: three same-flavour leptons (3SF), one pair of
same-flavour and opposite-sign leptons (1SFOS) and zero of such lepton pairs (0SFOS).
This separation is motivated by the varying sensitivities to the signal process in each
SR. The 3SF and 1SFOS SRs contain about 25% and 50% of the signal, respectively,
while splitting equally between them the dominant WZ/Wγ∗ background. The 0SFOS
SR only retains about one quarter of the signal, but nevertheless drives the sensitivity
of the analysis due to the heavy suppression of the WZ/Wγ∗ background.

Certain variables are used in the SRs to provide the final separation between the signal
and backgrounds. In the 0SFOS SR the shape of the angular separation in R between
H→WW∗→ `ν`ν candidate leptons (∆R`0`1) is used. As mentioned previously, this
quantity tends to be smaller for the signal process compared to the backgrounds. In
the 3SF and 1SFOS SRs the shape of a multivariate discriminant from a BDT method [84]
is used. This distribution is called the BDT score, and the specific BDT method that
was developed is referred to as the BDT analysis. The BDT analysis is briefly described
in section 5.6, with a more complete description provided in appendix A1.

The contributions of the major background processes in the SRs are estimated by taking
the kinematics from the simulated samples listed in section 5.2.2, with the normaliz-
ation corrected to match what is observed in data. This correction is performed by
applying normalization factors (NFs). Several CRs are defined for this purpose (re-
ferred to as CRa, CRb, CRc, etc. in figure 5.2). The NF measurement for a particular
background will be largely driven by a CR designed to be enriched in that background,
and is defined as the ratio of the measured yield from data to the one predicated by sim-
ulation. Information regarding the CR definitions, the measured NFs and background
modeling will be provided in section 5.4.

The central result of the analysis is the observed value (µobs) of the signal strength
parameter (µ), which was defined in the introduction to this chapter and in section
2.4. The expected value of this parameter is unity by definition. An observed value
of zero corresponds to no signal in the data, while a value larger then unity indicates
the presence of a signal larger then that predicted by the SM. The measurement of µobs

involves a statistical fit procedure described in the next section.

1 The full BDT analysis description is included in the appendix, rather then the main body of this
chapter, since it was not the work of this author.
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5.1.3 Statistical method

The values of µobs and the background NFs were simultaneously extracted from a
statistical fit to the SRs and CRs that aimed to maximize a likelihood function. The
local significance of any observed excess in the SRs could also be determined using a
profile likelihood-ratio method. These statistical methods are briefly summarized in
this section, with a more complete description available in ref. [35].

Likelihood function and the profile likelihood-ratio method

The likelihood function, L(µ,θ | N), was built as the product of Poisson probability
distribution functions of each of the SRs and CRs, where the mean values of these
distributions were chosen as the sum of the expected yields of the signal and back-
ground contributions in each region. The symbol N = {NA,NB, ...} represents the set of
observed events in each of the SRs and CRs. The signal and background expectations
are functions of the signal strength parameter, µ, and a set of nuisance parameters,
θ = {θa, θb, ...}. The nuisance parameters take into account the corrections to the back-
ground normalization to data, via the NFs, and the different sources of systematic
uncertainties.

More precisely, each SR had multiple terms in the likelihood function. The 3SF and
1SFOS SRs had an entry for each bin of the final BDT score, while the 0SFOS SR
had an entry for each bin of the final ∆R`0`1 distribution. The BDT score and ∆R`0`1

distributions entered the fit as six and four bins, respectively, with the intervals that
defined each bin2 shown in figures 5.8-5.10 of section 5.6. In this way, each of these
bins were treated as a separate SRs in the likelihood function.

After constructing the likelihood function, a fit was performed to determine the para-
meters that maximize the likelihood value. The µ parameter, the main parameter of
interest, and the nuisance parameters for the NFs were left as free parameters in the
fit, while the constraints on the nuisance parameters for the systematic uncertainties
were chosen to be log-normal distributions. The values of µ and θ that uncondition-
ally maximize the likelihood function are µ̂ and θ̂, where µ̂ ≡ µobs and θ̂ includes the
observed values of the background NFs.

2 The bin widths were optimized for the expected signal significance, while ensuring each bin was
sufficiently populated so as not to cause any instabilities in the fit.
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At this point, the profile likelihood-ratio test statistic [124] can be used to test the
compatibility with the background-only hypothesis. The test statistic is defined as:

qµ = −2ln
L(µ, θ̂µ)

L(µ̂, θ̂)
(5.1)

The denominator is the unconditional maximum value of the likelihood mentioned
earlier, which is a constant value. The numerator depends on the nuisance parameter
values, θ̂µ, that maximize the likelihood function for a given value of µ. The p0 value
is computed from qµ evaluated at µ = 0, and represents the probability of obtaining a
value of qµ larger than the observed value under the background-only hypothesis [125].
The p0 value can also be expressed in terms of the number of standard deviations,
referred to as the local significance (Z0). This is determined from p0 by taking the
Gaussian tail probability:

Z0 =
√

2erf−1(1 − 2p0) (5.2)

Inclusion of systematic uncertainties

Systematic uncertainties will influence the estimated signal and background event
yields through their nuisance parameters in the fit. Theoretical uncertainties include
those associated to the modeling of the signal and background processes. Experimental
uncertainties include those associated to the selection and reconstruction efficiencies
and on the calibration of physics objects. The different sources of theoretical and
experimental uncertainties will be described in section 5.5.

The experimental uncertainties were directly applied to the estimated event yields in
the SRs and CRs. The same is true for the theoretical uncertainties of the signal as well
as those for the backgrounds that were not normalized using NFs. For backgrounds
that were normalized via NFs, the theoretical uncertainties were computed on the
SR to CR extrapolation factor, and applied to the SRs. The extrapolation factor, α, is
defined as:

NSR, bkg
est =

NSR, bkg
sim

NCR, bkg
sim

×

(
NCR

obs −NCR, other bkg
sim

)
,

= α ×
(

NCR
obs −NCR, other bkg

sim

)
(5.3)

where NSR and NCR are the number of events in an SR and a particular CR, respectively.
The superscripts also indicate if the number of events is of the background source
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targeted by the CR (“bkg”) or the other backgrounds (“other bkg”). The subscripts
indicate whether it is the observed (“obs”), estimated (“est”) or simulated (“sim”)
number of events.

When performing measurements with the combined
√

s = 7 and 8 TeV event samples,
the fit accounted for correlations between the two samples due to common system-
atic uncertainties. For the experimental uncertainties, the correlation of all respective
nuisance parameters were assumed to be 100% except for those that are statistical in
origin or have a different source for the two samples. For the latter two cases the
nuisance parameters were treated as uncorrelated and include, for example, the stat-
istical component of the JES calibration and the luminosity uncertainty. All theoretical
uncertainties were treated as correlated between the two samples.

5.2 Samples

5.2.1 Data samples

The data samples used in this analysis were recorded by the ATLAS detector during
2011-2012 with the triggers listed in table 5.3. These single lepton triggers were fully
efficient for three lepton signatures, with more details on the triggers provided in
section 3.3.2. Overall quality criteria were applied to the data as described in section
3.1.2. The data samples correspond to an integrated luminosity of 4.5 fb−1 and 20.3
fb−1 at

√
s = 7 and 8 TeV, respectively. As described in section 3.1.3, the 8 TeV data were

taken at a higher luminosity than that for the 7 TeV data producing a higher average
number, 21 versus 9, of pile-up.

Trigger type
√

s = 8 TeV data sample
√

s = 7 TeV data sample

Single e 24Mi or 60M 20-22M

Single µ 24i or 36 18

Table 5.3 Summary of the HLT requirements of the single lepton triggers used to
record the

√
s = 7 and 8 TeV data samples. The numbers indicate the

minimum lepton pT requirements (in GeV), and the letter “i” indicates
an isolation requirement. The letter “M” indicates a Medium electron
identification criteria. The “or” is logical. In order to mitigate efficiency
loss at high-pT, the isolated triggers were used in conjunction with a
non-isolated trigger with a higher-pT threshold.
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5.2.2 MC samples

Given the large range of background processes that could contribute in the SRs, MC
modeling was an important aspect of the analysis. Dedicated samples were generated
for the signal process and each of the backgrounds processes. An overview of the
simulation of the signal and major background processes is provided in this section. A
more complete description, including details on the minor backgrounds, can be found
in ref. [3].

The MC generators that were used for each process are listed in table 5.4. For the
signal process all steps in the simulation chain were done with Pythia [101, 102] for
mH = 125 GeV, which is compatible with the measured value. This included the
generation of the hard scattering process followed by the modeling of the parton
showering (PS), hadronization, and the underlying event (UE). Powheg was used
for the hard scattering process in the high-mass3 WZ/Wγ∗, high-mass ZZ∗, tt̄ and tW
background processes [126–128], all of which were interfaced with Pythia for the other
stages in the simulation chain and used the CT10 [119] PDF set. For the low-mass4

WZ/Wγ∗, low-mass ZZ∗ and Zγ samples Sherpa [129] was used for all steps in the
simulation with the CT10 PDF set. The Z+jets samples were simulated by Alpgen
interfaced with Herwig [113, 114] and used the MRSTMCal [130] PDF set. Both the
tt̄W and WWW processes were modeled by MadGraph [131] interfaced with Pythia
and used the CTEQ6L1 PDF set [118].

The cross sections for the samples were computed to different levels of accuracy: lead-
ing order (LO), next-to-leading order (NLO), next-to-next-to-leading order (NNLO)
or next-to-next-to-leading-logarithm (NNLL). The calculation order for the cross sec-
tions of each process are shown in final column of table 5.4. The signal sample was
normalized to NNLO in the QCD calculations [20, 132–135] with additional NLO EW
corrections computed with Hawk [136]. The branching fraction for the H → WW∗ de-
cay was calculated using Hdecay [137]. The cross sections for the Z+jets samples were
calculated at NNLO precision [138, 139]. The same is true for the tt̄ samples, however
they also included higher-order terms for the soft-gluon resummation up to NNLL,
evaluated with Top++2.0 [140]. The WZ/Wγ∗, ZZ∗ , Zγ and WWW samples were all
normalized to their NLO QCD cross sections [141, 142]. The tW and tt̄W processes
were normalized to NNLL and LO, respectively.

3 The high-mass WZ/Wγ∗ (ZZ∗) samples require the m`` of all SFOS lepton pairs to be above 7 (4) GeV
at the event generation.

4 The low-mass WZ/Wγ∗ (ZZ∗) samples require the SFOS lepton pair with the lowest m`` in an event to
have m`` ≤ 7 GeV (m`` ≤ 4 GeV) at the event generation.
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Decay at
√

s = 7, 8 and 13 TeV

Generator Calculation order of cross section

Signal WH (H→WW∗) Pythia8, Pythia6 NNLO QCD + NLO EW

Major WZ/Wγ∗ (high-mass) Powheg + Pythia8, Pythia6 NLO

Backgrounds WZ/Wγ∗ (low-mass) Sherpa NLO

WWW MadGraph + Pythia6 NLO

qq̄/qg→ ZZ∗ (high-mass) Powheg + Pythia8, Pythia6 NLO

qq̄/qg→ ZZ∗ (low-mass) Sherpa NLO

Zγ Sherpa NLO

Z+jets (with HF) Alpgen + Herwig NNLO

tt̄ Powheg + Pythia6 NNLO+NNLL

tW Powheg + Pythia6 NNLL

tt̄W MadGraph + Pythia6 LO

Minor gg→ ZZ∗, WW gg2VV + Herwig LO

Backgrounds qq̄/qg→WW Powheg + Pythia6 NLO

WWZ, ZZW, ZZZ MadGraph + Pythia6 NLO

Wγ Alpgen + Herwig NLO

W+jets Alpgen + Pythia6, Herwig NLO

tZ, tt̄Z MadGraph + Pythia6 LO

tb Powheg + Pythia6 NNLL

tqb AcerMC + Pythia6 NNLL

Other Higgs WH (H→ ττ) Pythia8, Pythia6 NNLO QCD + NLO EW

ZH (H→WW∗, H→ ττ) Pythia8, Pythia6 NNLO QCD + NLO EW

ggF (H→WW∗) Powheg + Pythia8, Pythia6 NNLO+NNLL QCD + NLO EW

VBF (H→WW∗) Powheg + Pythia8, Pythia6 NNLO QCD + NLO EW

tt̄H (H→WW∗) Pythia8 NLO

Table 5.4 Summary of the MC generators and cross section accuracy used to
model the signal and background processes. Wherever two comma-
separated generators are specified, the first one was used at

√
s = 8

TeV and the second one at 7 TeV. The version of Pythia is stated in this
table (either v6 or v8), but is not specified in the text. In some cases dif-
ferent generators are used for the qq̄/qg-initiated and loop-induced gg-
initiated processes. The definitions of the low- and high-mass samples
were provided in footnotes 3 and 4, respectively. HF refers to heavy-
flavour jet production. All Higgs boson samples were generated with
mH = 125 GeV. The signal and major background samples are described
in the text. A more complete description can be found in ref. [3], in-
cluding details on the minor background samples and the other Higgs
process samples.

The MC samples were passed through each step of the ATLAS simulation chain de-
scribed in section 3.3.3. They were then processed with the same ATLAS offline
reconstruction software, derivation software and final analysis framework as the data
samples. Following the recommendations of the ATLAS performance groups, addi-
tional corrections obtained from measurements in the data were applied to the MC
samples. This accounted for differences between data and simulation in, for example,
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the reconstruction efficiencies of leptons and jets. Following the procedure described
in section 3.3.3, the simulated events were reweighted so that the pile-up distribution
matched the one observed in the data samples.

5.3 Event Reconstruction and Signal Region Selections

5.3.1 Event reconstruction

The signal and background processes produced collision events in the ATLAS detector
containing signatures from several different kinds of physics objects such as leptons,
jets and missing transverse energy from undetected neutrinos. The properties of these
objects were used to separate the signal and background events, and to construct the
event selections that define the SRs and CRs. Before these selections could be defined,
the physics objects within the data and MC samples were reconstructed using offline
algorithms.

The offline event reconstruction algorithms and object selection criteria used for the
√

s = 7 and 8 TeV samples were detailed in section 3.3.1, and won’t be repeated
here. This included descriptions of the offline reconstruction and selections for the PV,
muons, electrons, jets, b-tagged jets, Emiss

T and pmiss
T . Information was also provided

regarding the procedure used to resolve overlaps between muons, electrons and jets.
Recall that there were some differences between the

√
s = 7 and 8 TeV offline recon-

struction and selections including: the electron identification and impact parameter
criteria, the JVF threshold for the jets, the lower pT threshold used in b-jet tagging,
and the inclusion of the soft term STVF scaling for the Emiss

T . The main reason for
these differences was the more challenging pile-up conditions at 8 TeV, rather than the
increased centre-of-mass energy.

5.3.2 Signal region selections

The selections that were used to define the SRs are summarized in table 5.5, and further
detailed throughout this section5. The selections can be roughly split into four classes:
pre-selections, the separation into three SRs using the lepton flavour combination,
background reduction in the SRs and, finally, the targeting of the H→WW∗→ `ν`ν

decay topology.

5 Note that the Emiss
T , pmiss

T , dilepton invariant mass and ∆R`0`1 selections were optimized in order to
maximize the expected significance for the signal process with mH = 125 GeV.
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Decay at
√

s = 7, 8 and 13 TeV

3SF 1SFOS 0SFOS

Pre-selections Primary vertex Each event contains a PV

Trigger ≥ 1 lepton matches a trigger

Num. of isolated leptons 3 3 3

Lepton pT [GeV] > 15 > 15 > 15

Total lepton charge ±1 ±1 ±1

Lepton flavour combination Num. of SFOS pairs 2 1 0

Background reduction Num. of jets ≤ 1 ≤ 1 ≤ 1

Num. of b-tagged jets 0 0 0

Emiss
T (pmiss

T ) [GeV] > 30 (20) > 30 (20) —

|m`+`− −mZ| [GeV] > 25 > 25 —

Min. m`+`− [GeV] > 12 > 12 > 6

Max. m`+`− [GeV] < 200 < 200 < 200

H→WW∗→ `ν`ν topology ∆R`0`1 < 2.0 < 2.0 —

Table 5.5 Event selections that defined 3SF, 1SFOS and 0SFOS SRs. The selection
thresholds were identical for the

√
s = 7 and 8 TeV SRs. However, the

SRs inherited the differences between the 7 and 8 TeV trigger and offline
object selections mentioned in sections 5.2.1 and 5.3.1, respectively.

The pre-selections began with the requirement that events contained a PV and that
they fired the single-lepton triggers described in section 5.2.1. An event is said to have
fired a trigger if at least one offline lepton matches a lepton candidate reconstructed at
trigger-level. To ensure they were on the trigger plateau, any trigger-matched leptons
were required to have offline pT greater than 24 GeV in the

√
s = 8 TeV samples or

18 (22) GeV for muons (electrons) in the 7 TeV samples. Events were then required
to contain exactly three isolated leptons with pT above 15 GeV, with the sum of their
electric charges equal to ±1. After all of the above mentioned pre-selection criteria,
the contributions from background processes with two misidentified leptons (such
as W+jets) or three misidentified leptons (such as QCD multi-jet production) were
negligible. At this point, the dominant backgrounds were the ones described in section
5.1.1: WZ/Wγ∗, ZZ∗, Z+jets, Zγ, top-quark processes and to a lesser extent WWW.

Events were then separated into the 3SF, 1SFOS and 0SFOS SRs according to the
number of SFOS lepton pairs as described in section 5.1.2. After this SR split, a specific
set of selections were applied to each SR taking into account their different background
compositions.

In order to reduce the contributions from top-quark processes, coming mainly from
tt̄ production, events in all SRs were required to contain at most one jet that was not

Page 112



5.3. Event Reconstruction and Signal Region Selections

b-tagged. In the 3SF and 1SFOS SRs, the Emiss
T and pmiss

T were required to be above 30
GeV and 20 GeV, respectively. These missing transverse energy requirements helped
suppress backgrounds without neutrinos such as ZZ∗, Z+jets and Zγ. The distribution
of Emiss

T in the
√

s = 8 TeV samples for the combined 3SF and 1SFOS SRs is shown in
figure 5.3a. In this figure, the backgrounds are split into five categories: diboson (VV),
triboson (VVV), single boson (V), top-quark (Top), and other non-signal Higgs boson
processes (Other Higgs). The processes that entered each category are summarized in
table 5.6. Since the 0SFOS SR was already very clean and its main backgrounds contain
neutrinos, no requirements were imposed in this region on Emiss

T or pmiss
T .

In the 3SF and 1SFOS SRs, the invariant mass of all SFOS lepton pairs was required
to pass the criteria |mll − mZ| > 25 GeV. This requirement, referred to as the Z-mass
veto, suppressed WZ, ZZ∗, Z+jets and Zγ events. These events contain Z bosons
and so the invariant mass of the two leptons from Z→ `` decay peaks around mZ ≈

91 GeV as seen, for example, in the m`0`2 distribution of figure 5.3b. In all the SRs,
the OS lepton pair in each event that has the smallest invariant mass was identified.
To reject backgrounds from heavy-flavour processes [143], the invariant mass of this
lepton pair was required to be above 12 GeV in the 3SF and 1SFOS SRs, and above 6
GeV in the 0SFOS SR. While the signal can only proceed through an s-channel process,
the WZ/Wγ∗ background can also proceed via the t- and u-channels. This results in a
larger number of combinatorial lepton pairs for WZ/Wγ∗, and a broader tail at large
di-lepton invariant mass values. In order to further reduce this background, the OS
lepton pair with the largest invariant mass was identified and its value was required
to be below 200 GeV in all SRs.

Background category Processes Colour in plots

VV WZ/Wγ∗, ZZ∗, Zγ
and minor diboson processes

VVV WWW
and minor triboson processes

V Z+jets

and minor single boson processes

Top tt̄, tW and tt̄W
and minor top-quark processes

Other Higgs non-signal Higgs boson processes

Table 5.6 Categorization scheme of the background processes, including the col-
ours used to represent them in plots. The minor backgrounds and
non-signal Higgs boson processes refer to those listed in table 5.4.

.
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Decay at
√

s = 7, 8 and 13 TeV
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Figure 5.3 Distributions in the combined 3SF and 1SFOS SRs with the
√

s = 8 TeV
samples of (a) Emiss

T after applying the selections in table 5.5 down to
the number of b-tagged jets requirement, and (b) m`0`2 after applying
the selections down to the Emiss

T and pmiss
T requirements. The data

(points) are compared to the background expectation (stacked filled
histograms). The total uncertainty on the total background estimate is
represented by the hatched area. This includes both the statistical and
systematic components. The background NFs are applied. The final
bin includes overflows. The signal (red line) is overlaid, and scaled by
a factor of 20.
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Figure 5.4 ∆R`0`1 distribution in the combined 3SF and 1SFOS SRs with the
√

s = 8
TeV samples, after applying the selections in table 5.5 down to the
maximum m`` requirement. The plotting scheme following the one
described in the caption of figure 5.3.

Finally, the ∆R`0`1 was required to be smaller than 2 in the 3SF and 1SFOS SRs. The
distribution of ∆R`0`1 is shown in figure 5.4. As explained earlier, this quantity tends
to be small for the signal topology. This selection was not applied in the 0SFOS SR
since the full ∆R`0`1 distribution was used in the statistical fit.

Additional plots in the SRs can be found in section 5.6, appendix A and appendix C.
These include distributions in the 0SFOS SR, as well as those in the

√
s = 7 TeV SRs.

5.4 Background Modeling

The backgrounds in this analysis that were normalized using CRs, via NFs, were the
WZ/Wγ∗, ZZ∗, Zγ, Z+jets and top-quark processes. Each of these backgrounds had a
corresponding CR defined separately for the

√
s = 7 and 8 TeV samples. The CRs were

enriched in their respective background and made orthogonal to the SRs by inverting
some selections with respect to the SR definitions. These selections are summarized in
table 5.7, and detailed throughout this section.
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Decay at
√

s = 7, 8 and 13 TeV

CR name Main backgrounds Changes w.r.t. reference SRs

WZ CR WZ/Wγ∗ inverted Z-mass veto

ZZ CR ZZ∗ no Z-mass veto

|m``` −mZ| < 15 GeV

inverted Emiss
T and pmiss

T selections

only eeµ, µµµ

Zγ CR Zγ no Z-mass veto

ZZ∗ |m``` −mZ| < 15 GeV

inverted Emiss
T and pmiss

T selections

only eee, µµe

Z+jets CR Z+jets inverted Z-mass veto

WZ/Wγ∗ inverted Emiss
T and pmiss

T selections

ZZ∗ |m``` −mZ| > 15 GeV

NFs were derived separately

for e-fake and µ-fake samples

(µ-fake dropped for
√

s = 7 TeV)

Top CR Top-quark processes at least one jet

(mainly tt̄ ) at least one b-tagged jet

no max. m`+`− and ∆R`0`1 selections

Table 5.7 Event selection criteria used to define the CRs, given with respect to
the selections of the reference 3SF and 1SFOS SRs. The CRs were
defined within the 3SF and 1SFOS topologies, and the derived NFs
were applied to all SRs. This choice was dictated by the larger number
of events available when requiring at least one SFOS lepton pair. The
second column in this table lists the backgrounds that have significant
contributions in each CR.

Three of the CRs were designed to be enriched in the WZ/Wγ∗, ZZ∗ and Zγ back-
grounds. The respective names of these CRs are the WZ CR, ZZ CR and Zγ CR. The
WZ CR was defined by inverting the Z-mass veto selection of the SRs in order to select,
rather then reject, events containing Z→ `` decays. For the ZZ CR and Zγ CR, the
Z-mass veto selection was dropped entirely while requiring the invariant mass of the
three leptons (m```) to be consistent with mZ. The ZZ∗ and Zγ backgrounds do not
contain neutrinos, and so the ZZ CR and Zγ CR inverted the Emiss

T and pmiss
T selections

of the SRs. The events with three electrons (eee) or two muons and one electron (µµe)
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were dropped from the ZZ CR since they had a large contamination from Zγ events.
The events with those lepton flavour combinations instead entered the Zγ CR.

In order to target Z+jets events, a Z+jets CR was defined by inverting the Z-mass
veto, Emiss

T and pmiss
T selections of the SRs. For this CR, the previously mentioned m```

selection was inverted in order to ensure orthogonality with the ZZ CR and Zγ CR.
Since misidentified muons and misidentified electrons have different properties, the
Z+jets CR was split into two components: the e-fake sample and the µ-fake sample.
The e-fake sample was enriched in misidentified electrons by considering only the
events containing three electrons or two muons and one electron. The remaining
events were enriched in misidentified muons, and entered the µ-fake sample. Both
the e-fake and µ-fake components of the Z+jets CR entered the statistical fit separately,
and the corresponding background contributions were assigned their own distinct NF.

The
√

s = 7 TeV µ-fake sample was dropped from the statistical fit, and so the nor-
malization of the corresponding background contribution in the 7 TeV SRs was taken
directly from MC simulation. This was done because the number of events in the 7
TeV µ-fake sample was too small to reliably extract the corresponding NF. Moreover,
the contribution of this background in the 7 TeV SRs is negligible.

A Top CR was defined in order to derive the normalization of the top-quark processes
that are dominated by tt̄. This region was defined by requiring at least one jet, with
at least one of them b-tagged. The population of events in this region was enhanced
by dropping the maximum m`+`− and ∆R`0`1 selections of the SRs. A single NF was
derived for and applied to the total top-quark contribution in each of the SRs. This
treatment was justified since the ratio between the contributions from tt̄ and tW or tt̄W
were found to be compatible amongst all of the CRs and SRs.

Note that due to the low cross section of the WWW process, it was difficult to define
a CR targeting this background that would be statistically meaningful. Therefore, the
normalization for the WWW background was taken directly from MC simulation.

5.4.1 Normalization factors

The background NFs were simultaneously extracted through the statistical fit described
in section 5.1.3. This was done separately for the

√
s = 7 and 8 TeV samples. The

measured NFs are presented in table 5.8.
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Decay at
√

s = 7, 8 and 13 TeV

Process NF for
√

s = 8 TeV NF for
√

s = 7 TeV

WZ/Wγ∗ 1.08 +0.08
−0.06 1.02 +0.12

−0.11

ZZ∗ 1.28 +0.22
−0.20 1.78 +0.51

−0.42

Zγ 0.62 +0.15
−0.14 0.45 +0.09

−0.09

Z+jets, µ-fake 0.80 +0.68
−0.53 —

Z+jets, e-fake 0.33 +0.12
−0.11 0.68 +0.16

−0.15

Top-quark 1.36 +0.34
−0.30 1.25 +0.66

−0.52

Table 5.8 The measured background NFs in the
√

s = 7 and 8 TeV samples. The
uncertainties on the NFs include both the statistical and systematic
components.

Not all of the CRs had a high purity. In particular, the Z+jets CR contained contributions
from WZ/Wγ∗ and ZZ∗ that were of a similar size to the targeted Z+jets process. Since
the NFs were extracted simultaneously in the statistical fit, such cross-contamination
between CRs introduced correlations between the NFs which were properly taken into
account in the fit. So, for example, the NFs for the Z+jets e-fake and µ-fake processes
were not only constrained by the Z+jets CR but also, in part, by both the ZZ CR and
WZ CR.

The measured NFs shown in table 5.8 are generally consistent between the
√

s = 7 and
8 TeV samples within the uncertainties. Some minor tension is present for the Z+jets
e-fake NF, possibly indicating that there was a difference in the electron misidentified
rate between the 7 and 8 TeV samples. This would not be unexpected since the 7
and 8 TeV samples had different pileup conditions, as well as differences in the offline
reconstruction and selections for electrons as mentioned in section 5.3.1.

5.4.2 Composition of control regions

The number of observed events, the total number of estimated events, and the back-
ground and signal composition in the CRs are shown in table 5.9a for the

√
s = 8 TeV

samples and in table 5.9b for the 7 TeV samples. The m`0`2 distributions in each of the
8 TeV CRs are shown in figures 5.5-5.7. Additional CR plots in both the 8 and 7 TeV
samples can be found in appendix C. In these tables and figures, the measured NFs
from table 5.8 are applied to the appropriate backgrounds. The background categoriz-
ation scheme differs from the one presented earlier in table 5.6. The backgrounds that
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are normalized via NFs are shown separately, with the other backgrounds grouped
together in a single category (Others).

Good agreement between the observed data and the total background estimation is
achieved in all CRs, and there is no significant signal leakage within them. Combined
with the good agreement in the SR distributions shown in figures 5.3 and 5.4, as well
as the plots in appendices A and C, this establishes confidence in the background
estimation methods.

(a)
√

s = 8 TeV samples

WZ CR ZZ CR Z+jets CR Top CR Zγ CR

Observed 578 60 251 55 156

Estimated 576 ± 63 60 ± 10 249 ± 46 55 ± 12 155 ± 31

Composition [%]

WZ/Wγ∗ 89 ± 2 5.5 ± 1.0 26 ± 4 20 ± 4 1.7 ± 0.31

ZZ∗ 6.7 ± 1.2 90 ± 2 38 ± 5 3.6 ± 1.2 47 ± 6

Zγ 0.54 ± 0.17 0.62 ± 0.50 5.5 ± 1.5 2.4 ± 0.94 43 ± 7

Z+jets 1.1 ± 0.51 2.1 ± 1.5 29 ± 7 5.5 ± 3.3 8.3 ± 3.4

Top-quark 0.66 ± 0.18 0.27 ± 0.13 0.081 ± 0.034 64 ± 6 0.13 ± 0.063

Others 0.80 ± 0.16 1.2 ± 0.20 0.87 ± 0.13 3.6 ± 0.64 0.33 ± 0.061

Signal 0.93 ± 0.16 0.26 ± 0.11 0.37 ± 0.092 0.52 ± 0.13 0.052 ± 0.011

(b)
√

s = 7 TeV samples

WZ CR ZZ CR Z+jets CR Top CR Zγ CR

Observed 101 18 68 9 123

Estimated 101 ± 16 18 ± 5 67 ± 15 8.3 ± 4.1 123 ± 26

Composition [%]

WZ/Wγ∗ 88 ± 3 3.1 ± 1.1 6.9 ± 1.4 14 ± 5 0.61 ± 0.15

ZZ∗ 7.4 ± 2.1 93 ± 2 26 ± 6 4.2 ± 2.5 32 ± 7

Zγ 1.8 ± 0.82 0.51 ± 0.42 48 ± 7 6.2 ± 4.2 59 ± 7

Z+jets 1.5 ± 0.82 3.0 ± 1.4 19 ± 5 0.40 ± 2.2 8.2 ± 2.1

Top-quark 0.71 ± 0.44 0.013 ± 0.20 0.073 ± 0.13 71 ± 10 0.032 ± 0.042

Others 0.56 ± 0.11 0.44 ± 0.11 0.12 ± 0.021 4.2 ± 1.4 0.053 ± 0.17

Signal 0.53 ± 0.080 0.11 ± 0.030 0.044 ± 0.0081 0.41 ± 0.17 0.015 ± 0.0027

Table 5.9 The number of observed events, the total number of estimated events,
and the background and signal composition (in %) in the CRs for the (a)
√

s = 8 TeV and (b) 7 TeV samples. The background NFs are applied. The
uncertainties include both the statistical and systematic components.
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Decay at
√

s = 7, 8 and 13 TeV
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Figure 5.5 Distributions of m`0`2 for the
√

s = 8 TeV samples in the (a) WZ CR and
(b) ZZ CR. The background NFs are applied. The total uncertainty on
the total background estimate is represented by the hatched area, and
includes both the statistical and systematic components. The signal
(red) is stacked on top of the total background estimation.
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Figure 5.6 Distributions of m`0`2 for the
√

s = 8 TeV sample in the (a) Z+jets CR
and (b) Top CR. The plotting scheme follows the one described in the
caption of figure 5.5.
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Decay at
√

s = 7, 8 and 13 TeV
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Figure 5.7 Distribution of m`0`2 for the
√

s = 8 TeV samples in the Zγ CR. The
plotting scheme follows the one described in the caption of figure 5.5.

5.5 Systematic Uncertainties

This analysis took into account the effects of both theoretical and experimental sources
of systematic uncertainty on the estimated signal and background event yields. Recall
that a general definition of both kinds of uncertainty was provided in section 5.1.3, as
well as a description of how the uncertainties were included into the statistical fit used
to extract the observed signal strength and background NFs.

A summary of the impact of the systematic uncertainties on the estimated event yields
in the SRs is provided in table 5.10. Each field in this table represents a certain category
of systematic uncertainty, and the details of how they were estimated will be provided
in this section. The sources of theoretical uncertainty will be described first in section
5.5.1, followed by the experimental uncertainties in section 5.5.2.

5.5.1 Theoretical uncertainties

The theoretical uncertainties on the WH production cross section and the Higgs decay
branching ratio were evaluated by following the recommendations of the LHC Higgs
cross section working group [20, 132, 133]. The cross section uncertainties included
those concerning the QCD scales, the PDF model used and the value of αS.
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In addition to the uncertainties associated to the signal sample normalization that were
just mentioned, uncertainties for the acceptance of the signal process in the analysis re-
gions were also considered. These are included in the “Acceptance” field in table 5.10a,
and were the main source of theoretical uncertainty on the signal process. The leading
components of this uncertainty were the missing higher-order QCD contributions in
Pythia and the PS uncertainty. The first component amounted to a 7% uncertainty,
and was evaluated by comparing the nominal Pythia prediction to a sample that
was generated using the MiNLO approach [144] interfaced with Pythia. The second
component was evaluated by comparing the previously mentioned MiNLO+Pythia
sample to another MiNLO sample interfaced with Herwig, and accounted for a further
7% uncertainty. The “NLO EW corrections” field refers to the uncertainties associated
to the LO to NLO EW corrections that were computed using Hawk [136].

The QCD scale uncertainties for the background processes were evaluated by inde-
pendently varying the scales up and down by a factor of two using MCFM [141].
For the dominant WZ/Wγ∗ background in the 3SF and 1SFOS SRs, these uncertainties
ranged from 3-6% and were evaluated in each bin of the BDT score distribution that
entered the statistical fit. In order to estimate the PDF uncertainties for the background
processes, the PDF4LHC recipe [145] was followed and involved taking the envelope
of the variations when using the MSTW [146], CT10 or NNPDF [147] PDF sets. The
“WWW NLO corrections” field in table 5.10b refers to the 33% uncertainty on the LO to
NLO corrections for the WWW background estimated using VBFNLO [142]. Since this
background makes its most significant contribution in the 0SFOS SR, this uncertainty
was evaluated for each bin of the ∆R`0,`1 distribution that entered the statistical fit and
ranged from 1-6%.

The uncertainties for the dominant WZ/Wγ∗ background associated to the modeling
of the UE, PS and the matching of the hard scatter process to the PS are included
in the “WZ/Wγ∗ modeling” field in table 5.10b. These uncertainties were evaluated
by comparing the predictions of the nominal Powheg+Pythia samples to those of
alternative samples using MC@NLO interfaced with Herwig [115].

5.5.2 Experimental uncertainties

Some of the dominant sources of experimental uncertainties in this analysis are those
associated to the offline JES calibration and jet energy resolution (JER). They are in-
cluded in the “Jet” fields in tables 5.10a and 5.10b, and were estimated from a com-
bination of simulation, test-beam data, and in-situ measurements [67, 148]. These un-
certainties contained contributions for the jet flavour composition, η-intercalibration,
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single particle response, calorimeter response to different jet flavours, and pile-up.
The per-jet uncertainties associated to the JES and JER ranged from 1-7% and 2-40%,
respectively, depending on the value of the jet pT and η.

The “b-tagging” fields in tables 5.10a and 5.10b include uncertainties on the b-jet iden-
tification efficiency of the MV1 algorithm, as well as those associated to the misidenti-
fication rates for light-quark or gluon initiated jets [80, 149]. The per-jet identification
efficiency uncertainties ranged from 1-8% depending on the pT and η of the b-tagged
jet, while the misidentification rate uncertainties ranged from 6-19%.

The uncertainties associated to the offline reconstruction efficiency, identification effi-
ciency, energy scales and isolation efficiency for muons and electrons are included in
the “Muon” and “Electron” fields, respectively. The trigger-level efficiency uncertain-
ties are included in the “Trigger” fields. These offline and trigger-level uncertainties
were estimated using J/ψ→ ``, Z→ `` and W→ `ν decays [63, 71]. Each individual
component that contributes to the Muon, Electron and Trigger fields in the tables had
a per-lepton uncertainty of order of 1% or smaller.

The systematic variations associated to the energy scales and resolution of jets and
leptons were propagated to the offline Emiss

T reconstruction algorithms, and the res-
ulting variations are included in the previously mentioned Jet, Muon and Electron
fields. Recall from section 3.3.1 that the evaluation of Emiss

T not only included the
offline reconstructed objects that entered the analysis, but also any remaining jets and
clusters of calorimeter cells in the events. The uncertainties associated to including
these remaining soft objects into Emiss

T [86, 89, 90] enter the “Emiss
T soft term” fields.

Although relatively rare, it is possible for the ATLAS offline reconstruction algorithms
to mis-assign the electric charge of a lepton. Such an occurrence is called a charge-
flip, and the dominant charge-flip contribution in this analysis accounts for about 30%
of the WZ/Wγ∗ background in the 0SFOS SR6. This background can enter this SR
when the electron from Z/γ∗→ e+e− decay emits a hard bremsstrahlung photon that
undergoes asymmetric conversion into an electron-position pair. If most of the energy
is imparted to the positron, then the wrong charge can be assigned to the initial electron
during offline reconstruction. To account for any potential mismodeling of the charge-
flip effect in MC simulation, a “charge mis-assignment” uncertainty was evaluated
by comparing the number of opposite-sign and same-sign electron pairs under the
Z-boson mass peak between data and simulation. The resulting 16% uncertainty was
assigned to the WZ/Wγ∗ background in the 0SFOS SR.

6Note that the remaining WZ/Wγ∗ events in the 0SFOS SR originate from Z/γ∗→ ττ→ eντµντ decays.
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The uncertainty associated to the pile-up reweighting procedure described in section
3.3.3 is included in the“Pile-up” fields in tables 5.10a and 5.10b. The “Luminosity”
fields include the 2.8% (1.8%) uncertainties on the size of the

√
s = 8 (7) TeV [150] data

samples. This uncertainty is not applied to the backgrounds normalized via NFs.

(a) Impact of systematic uncertainties on the signal [%]

3SF SR 1SFOS SR 0SFOS SR

Theoretical QCD scale 1.2 1.0 1.0

uncertainties PDF and αS 2.1 2.2 2.2

Higgs decay BR 4.2 4.2 4.2

Acceptance 9.9 9.9 9.9

NLO EW corrections 1.9 1.9 1.9

Experimental Jet 2.5 2.5 2.9

uncertainties Emiss
T soft term — — —

Electron 1.6 2.2 2.2

Muon 2.2 1.8 1.7

Trigger 0.4 0.3 0.3

b-tagging 0.9 0.8 0.8

Pile-up 2.0 1.4 0.8

Luminosity 2.8 2.8 2.8

(b) Impact of systematic uncertainties on the total background [%]

3SF SR 1SFOS SR 0SFOS SR

Theoretical QCD scale 1.0 0.9 —

uncertainties PDF and αS 0.3 0.3 1.6

WWW NLO corrections 1.1 1.9 0.5

WZ/Wγ∗ modeling 7.0 6.6 —

Experimental Jet 3.2 1.8 4.1

uncertainties Emiss
T soft term 1.8 1.9 0.5

Electron 1.0 0.4 1.1

Muon 0.4 0.7 0.2

Trigger 0.2 — —

b-tagging 0.6 0.8 2.6

Charge mis-assignment — — 1.4

Pile-up 1.4 0.3 1.2

Luminosity 0.1 0.2 0.7

Table 5.10 The impact of the systematic uncertainties (in %) on the estimated
SR event yields for (a) the signal and (b) the total background. Any
uncertainties that either do not apply or are negligible are indicated
by a dash. The values in this table are obtained via the statistical fit.
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5.6 Results

The number of observed, estimated background and predicted signal events in the
SRs, after applying all of the selections listed in table 5.5, are shown in tables 5.11a
and 5.11b for the

√
s = 8 and 7 TeV samples, respectively. The leading backgrounds

in the final 3SF and 1SFOS SRs are WZ/Wγ∗ and ZZ∗. They account for about 80%
of the total background yield in these SRs, 65% from WZ/Wγ∗ and 15% from ZZ∗,
with the remaining background fraction shared between the Zγ, Z+jets, WWW and
top-quark processes. The 0SFOS SR contains a total background yield that is about
eight times lower then the previously mentioned SRs, with the background split almost
equally between top-quark production, WZ/Wγ∗ and WWW. In addition to having
significantly lower background rates, the 0SFOS SR contains about 40% of the total
signal yield the enters the final SRs. This demonstrates how the 0SFOS SR drives the
sensitivity of the analysis.

A small excess in the number of observed events with respect to the estimated total
background event yield is present in the 1SFOS and 0SFOS SRs for the

√
s = 8 TeV

samples. However, this excess is consistent with both the background-only and
background-plus-signal event yields within the uncertainties.

As mentioned in section 5.1.2, the shapes of certain variables were used to provide the
final separation between signal and backgrounds in the SRs. In the 0SFOS SR the shape
of ∆R`0`1 was used, while in the 3SF and 1SFOS SRs it was the BDT score from the BDT
analysis. Recall that the value of ∆R`0`1 tends to be smaller for the signal process due to
the H→WW∗→ `ν`ν topology, whereas a high BDT score indicates a more signal-like
event. The BDT analysis is briefly described below, with a more complete description
available in appendix A.

The main purpose of the BDT analysis was to use a multivariate classifier, the BDT
score, to distinguish between the signal and the dominant WZ/Wγ∗ and ZZ∗ back-
grounds in the 3SF and 1SFOS SRs. The BDT was trained using the signal, WZ/Wγ∗

and ZZ∗ MC samples described in section 5.2.2, and its parameters were chosen to
ensure robustness against statistical fluctuations in the training samples. Nine dis-
criminating variables were used to train the BDT including: p`0

T , p`1
T , p`2

T , the magnitude
of their vectorial sum (|ΣpT

lep
|), m`0`1 , m`0`2 , Emiss

T , pmiss
T and ∆R`0`1 .

The distributions of ∆R`0`1 in the final 0SFOS SR and the BDT score in the final 3SF
and 1SFOS SRs are shown in figures 5.8-5.10. The binning shown in these plots is the
same as those used in the statistical fit. In each distribution, the observed data is in
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agreement with both the background-only and background-plus-signal expectations
within the uncertainties.

(a)
√

s = 8 TeV samples

3SF SR 1SFOS SR 0SFOS SR

Signal 0.73 ± 0.10 1.6 ± 0.24 1.4 ± 0.21

V 0.22 ± 0.16 1.9 ± 0.63 0.37 ± 0.15

VV 19 ± 3 28 ± 4 4.7 ± 0.60

VVV 0.81 ± 0.33 2.2 ± 0.72 2.9 ± 0.34

Top-quark 0.91 ± 0.26 2.4 ± 0.62 3.7 ± 0.94

Other Higgs 0.13 ± 0.019 0.24 ± 0.029 0.25 ± 0.035

Total background 22 ± 4 34 ± 6 12 ± 2

Observed 22 38 14

(b)
√

s = 7 TeV samples

3SF SR 1SFOS SR 0SFOS SR

Signal 0.13 ± 0.013 0.33 ± 0.034 0.29 ± 0.031

V 0.36 ± 0.30 0.59 ± 0.34 0.36 ± 0.22

VV 4.1 ± 0.63 5.7 ± 1.0 1.3 ± 0.22

VVV 0.082 ± 0.028 0.21 ± 0.071 0.34 ± 0.031

Top-quark 0.12 ± 0.14 0.43 ± 0.32 0.44 ± 0.29

Other Higgs 0.021 ± 0.0038 0.052 ± 0.0074 0.076 ± 0.011

Total background 4.6 ± 1.1 7.0 ± 1.9 2.5 ± 0.73

Observed 5 6 2

Table 5.11 The number of observed, estimated background and predicted signal
events in the final SRs for (a) the

√
s = 8 TeV samples and (b) the 7 TeV

samples. The background NFs are applied. The uncertainties include
both the statistical and systematic components.

5.6.1 Signal strength measurement

The
√

s = 7 and 8 TeV samples were analyzed separately and then combined in the
statistical fit in order to extract the observed signal strength for the signal process with
mH = 125 GeV. The small contributions for other non-signal Higgs boson processes,
listed in the Other Higgs category in table 5.4, were treated as background with their
relative strengths fixed to the SM values.
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Figure 5.8 Distributions of ∆R`0`1 in the 0SFOS SR for the (a)
√

s = 8 TeV samples
and (b)

√
s = 7 TeV samples. All of the selections listed in table 5.5

are applied. The data (points) are compared to the background-plus-
signal expectations (stacked filled histograms, with the signal in red).
The background NFs are applied. The hatched area on the histogram
represents the total uncertainty, including both the statistical and sys-
tematic components.
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Figure 5.9 Distributions of the BDT score in the 3SF SR for the (a)
√

s = 8 TeV
samples and (b)

√
s = 7 TeV samples. All of the selections listed in

table 5.5 are applied. The plotting scheme follows the one described
in the caption of figure 5.8.
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Figure 5.10 Distributions of the BDT score in the 1SFOS SR for the (a)
√

s = 8 TeV
samples and (b)

√
s = 7 TeV samples. All of the selections listed in

table 5.5 are applied. The plotting scheme follows the one described
in the caption of figure 5.8.
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Source ∆µobs/µobs [%]

WZ/Wγ∗ modeling +24 / -17

JER +14 / -9

b-tagging +11 / -8

JES in-situ method +9 / -7

WWW NLO corrections +8 / -7

JES η intercalibration +8 / -6

JES flavour composition +7 / -5

Signal acceptance +7 / -4

Background PDF and αs +7 / -4

Pile-up +5 / -3

Table 5.12 List of the ten leading sources of systematic uncertainty on the µobs
measurement. The impact of the uncertainties are given as a percent-
age of the observed value.

Following the statistical procedure described in section 5.1.3, the observed signal
strength for the signal process was measured to be:

µ7+8 TeV
obs =

σ7+8 TeV
obs

σSM
= 0.72 +1.2

−1.1 (stat.) +0.4
−0.3 (sys.) (5.4)

This is consistent with the SM prediction of unity within the uncertainties. The leading
sources of systematic uncertainty on the µobs measurement are shown in table 5.12,
with their descriptions provided in section 5.5. The local significance of the overall
excess observed in the SRs with respect to the background-only hypothesis is 0.66
standard deviations (σ), where 0.79σ was expected in the presence of the signal.

An event display for a candidate signal event entering the 0SFOS SR in the
√

s =

8 TeV data sample is shown in figure 5.11. This event is typical of one originating
from the signal process since it has three high-pT leptons with a total electric charge
of +1, large Emiss

T , and a small angular separation between two of the leptons (the
H→WW∗→ `ν`ν candidate leptons).

Several other searches for the Higgs boson in the H→WW∗ decay channel were per-
formed by the ATLAS Collaboration using the

√
s = 7 and 8 TeV data samples. These

included analyses targeting the ggF, VBF and ZH production modes. They were
all combined with the analysis presented in this chapter to perform additional sig-
nal strength measurements, as well as measurements of the Higgs boson coupling
strengths. The main results from this combination are provided in appendix B.
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5.7 Analysis using an Early
√

s = 13 TeV Dataset

In late 2015 the LHC began colliding protons at an increased energy of
√

s = 13 TeV.
In this section, a search for the WH production of the Higgs boson with sequential
WH→WWW∗→ `ν`ν`ν decay is presented using an early 5.8 fb−1 ATLAS data sample
at
√

s = 13 TeV. The analysis strategy followed closely the one that was previously
developed for the

√
s = 7 and 8 TeV analysis. Considering this, the contents of

this section will focus more on what changed with respect to what has already been
presented in this chapter.

The increase from
√

s = 8 to 13 TeV provided a substantial boost to the cross section
of the WH production mode. As shown in table 5.13 the production cross section
increased by a factor of approximately two. This opens up new possibilities for directly
observing the WH production mode with H→WW∗ decay, approaching the sensitivity
of the

√
s = 7 and 8 TeV analysis with only around 10-15 fb−1 of 13 TeV data.

√
s [TeV] σWH [pb] QCD scale [%] PDF + αs [%]

8 0.703 +0.6
−0.9 ±2.0

13 1.373 +0.5
−0.7 ±1.9

Table 5.13 The WH production cross sections for a Higgs boson of mass 125 GeV,
together with the corresponding theoretical uncertainties [39].

The most prominent backgrounds were the same as for
√

s = 7 and 8 TeV analysis
described in section 5.1.1. However, the relative contributions of these backgrounds
changed at 13 TeV. To help illustrate this, a summary of the cross section measurements
from ATLAS for some of the main SM processes are summarized in figure 5.12. Like
the signal process, the cross sections for the WZ/Wγ∗, WWW, ZZ∗, Zγ and Z+jets
backgrounds increased by a factor of approximately two. A more substantial boost
occurred for the top-quark background, coming mainly from tt̄, which increased by a
factor of almost four. This is due to the fact that the parton luminosity for gluon-gluon
initiated processes, such as tt̄, is higher at larger

√
s as shown in figure 5.13. In this way,

top-quark production became a more significant component of the total background
in the

√
s = 13 TeV analysis.

This section is divided into six subsections. The data and MC samples used in the
√

s =

13 TeV analysis are summarized in section 5.7.1, with details on the event reconstruction
provided in section 5.7.2. Section 5.7.3 describes the SR selection criteria, followed by
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Figure 5.12 Total production cross section measurements performed by ATLAS
for a few selected processes from

√
s = 7 to 13 TeV [151].
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Figure 5.13 Ratio of parton luminosities at
√

s = 8 TeV compared to 13 TeV [152]
at the LHC, calculated using the MSTW PDFs [146]. The ratios are
shown separately for gluon-gluon, quark-gluon and the sum of all
quark-antiquark initiated production of a generic particle of mass
MX.
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a description of the background estimation method in section 5.7.4. The systematic
uncertainties are described in section 5.7.5 and, finally, the results of the

√
s = 13 TeV

analysis are presented in section 5.7.6.

5.7.1 Data and MC samples

The
√

s = 13 TeV ATLAS collision data used in this analysis was recorded during 2015-
2016 using the single lepton triggers summarized in table 5.14. Additional information
for these triggers was provided in section 3.3.2. Overall quality criteria was applied
to the data, and the total data sample corresponds to an integrated luminosity of 5.8
fb−1. As described in section 3.1.3, the average pile-up in this data sample was 21 and
14 for the 2016 and 2015 components, respectively.

Trigger type 2016 data sample 2015 data sample

Single e 24Ti or 60M or 120L 24M or 60M or 120L

Single µ 24i or 50 20i or 50

Table 5.14 Summary of the HLT requirements of the single lepton triggers used
to record the

√
s = 13 TeV data sample. The numbers indicate the

minimum lepton pT requirements (in GeV), and the letter “i” indicates
an isolation requirement. The letters “L”, “M” and “T” indicates a
Loose, Medium or Tight electron identification criteria, respectively.
The “or” is logical.

The generators and the precision of the cross section calculations used for the MC
samples are summarized in table 5.15. Details regarding the simulation of the signal
and main background processes are provided below. A more complete description of
the MC samples can be found in ref. [4].

The signal process was generated with Powheg [153–155] interfaced with Pythia [102]
using the MiNLO approach [144] and CTEQ6L1 PDF set [118]. The Higgs boson
mass was set to 125 GeV in the generation. Powheg + Pythia [101] and the CTEQ6L1
PDF set was also used for the tt̄ and tW samples. The WZ/Wγ∗, ZZ∗, Zγ and WWW
processes were simulated using Sherpa [129] at all stages of the simulation chain, and
used the CT10 PDF set [119]. The production of Z+jets and tt̄W was modeled using
MadGraph [156] interfaced with Pythia and the CTEQ6L1 PDF set.
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Generator Calculation order of cross section

Signal WH (H→WW∗) Powheg + Pythia8 NNLO QCD + NLO EW

Major WZ/Wγ∗ Sherpa NLO

Backgrounds WWW Sherpa NLO

qq̄/qg→ ZZ∗ Sherpa NLO

Zγ Sherpa LO

Z+jets (with HF) MadGraph + Pythia8 LO

tt̄ Powheg + Pythia6 NNLO+NNLL

tW Powheg + Pythia6 NLO

tt̄W MadGraph + Pythia8 LO

Minor gg→ ZZ∗, WW Sherpa NLO

Backgrounds qq̄/qg→WW Sherpa NLO

WWZ, ZZW, ZZZ Sherpa NLO

Wγ Sherpa LO

W+jets Powheg + Pythia8 NLO

tZ, tt̄Z MadGraph LO

tb, tqb Powheg + Pythia6 NLO

Other Higgs WH (H→ ττ) Powheg + Pythia8 NNLO QCD + NLO EW

ZH (H→WW∗, H→ ττ) Powheg + Pythia8 NNLO QCD + NLO EW

ggF (H→WW∗) Powheg + Pythia8 NNLO QCD + NLO EW

VBF (H→WW∗) Powheg + Pythia8 NNLO QCD + NLO EW

Table 5.15 Summary of the MC generators and cross section accuracy used to
model the signal and background processes in the

√
s = 13 TeV ana-

lysis. The version of Pythia used is stated in the table (either v6 or
v8), but will not be specified in the text. All Higgs boson samples
were generated with mH = 125 GeV. The signal and major background
samples are described in the text. A more complete description can be
found in ref. [4], including details on the minor background samples
and the other Higgs process samples.

The cross section for the signal sample was calculated at NNLO in QCD accuracy [135,
157] and NLO EW accuracy [134], with the branching fraction for the H→WW∗ decay
calculated using Hdecay [137]. The tt̄ cross section was calculated using the Top++2.0
program to NNLO in QCD, including soft-gluon resummation to NNLL [140,158–164].
The WZ/Wγ∗, ZZ∗, tW and WWW processes were normalized at NLO [165]. LO
calculations were used for the Zγ, Z+jets, and tt̄W samples [166].

As in the
√

s = 7 and 8 TeV analysis, the
√

s = 13 TeV MC samples were passed through
the full ATLAS processing chain described in section 3.3.3. Corrections were applied
to the MC samples following the recommendations of the ATLAS performance groups,
and they were reweighted to ensure that the simulated pile-up distribution matched
the one observed in the data samples..
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5.7.2 Event reconstruction

The offline event reconstruction algorithms and object selection criteria used for the
√

s = 13 TeV samples were detailed in section 3.3.1, and won’t be repeated here. This
included descriptions of the offline reconstruction and selections for the PV, muons,
electrons, jets, b-tagged jets and Emiss

T . Information regarding the overlap removal
procedure was also provided, as well as the changes at

√
s = 13 TeV with respect to 7

and 8 TeV.

5.7.3 Signal region selections

The SR selections generally followed those of the
√

s = 7 and 8 TeV analysis described
in section 5.3.2, with the thresholds of some existing selections modified and some
new selections added7. The SR definitions are summarized in table 5.16. This section
will focus on what changed in the

√
s = 13 TeV SR selections, as highlighted by the

blue entries in the previously mentioned table.

The 3SF and 1SFOS SRs of the
√

s = 7 and 8 TeV analysis were combined into a single
SR. This combination improved the stability of the statistical fit given the smaller
√

s = 13 TeV data sample, while not significantly impacting the sensitivity of the
measurements. This SR contained all the events with at least one SFOS lepton pair,
and so it retained the bulk of the backgrounds involving Z→ `` decays. With this in
mind, this region will be referred to, hereafter, as the Z-dominated SR. Also, following
this new naming scheme, what was previously called the 0SFOS SR is re-named the
Z-depleted SR.

The selections that were motivated by background reduction had some minor modific-
ations and new additions. The threshold for the Emiss

T selection in the Z-dominated SR
was increased to 50 GeV, and provided better rejection against the larger Z+jets, ZZ∗

and Zγ backgrounds at the higher centre-of-mass energy. No selection was applied to
the track-based pmiss

T since, given the harder Emiss
T selection, its impact on the expected

significance was found to be negligible. A charge-flip veto selection was added to the
Z-depleted SR, where any event in this region containing a same-sign electron pair
was rejected if at least one of the electrons had |η| > 0.8 and their dilepton invariant
mass was within 10 GeV of mZ. This selection helped reduce the minor charge-flip
contribution from WZ/Wγ∗ in the Z-depleted SR, as described in section 5.5.2.

7 Note that the Emiss
T , dilepton invariant mass and ∆R`0`1 selections were optimized in order to maximize

the expected significance for the signal process with mH = 125 GeV.
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Z-dominated Z-depleted

Pre-selections Primary vertex Each event contains a PV

Trigger ≥ 1 lepton matches a trigger

Num. of isolated leptons 3 3

Lepton pT [GeV] > 15 > 15

Total lepton charge ±1 ±1

Lepton flavour combination Num. of SFOS pairs 1 or 2 0

Background reduction Num. of jets ≤ 1 ≤ 1

Num. of b-tagged jets 0 0

Emiss
T [GeV] > 50 —

|m`+`− −mZ| [GeV] > 25 —

Charge-flip veto (New) — applied

Min. m`+`− [GeV] > 12 > 6

Max. m`+`− [GeV] < 200 < 200

H→WW∗→ `ν`ν topology ∆R`0`1 < 2.0 < 2.0

Table 5.16 Event selections that defined the Z-dominated and Z-depleted SRs of
the
√

s = 13 TeV analysis. Selections that changed with respect to the
√

s = 7 and 8 TeV analysis are highlighted in blue.

Figures 5.14a and 5.14b show the m`0`2 distribution in the Z-dominated and the Z-
depleted SRs, respectively. As the name suggests, the Z-dominated SR was dominated
by the diboson processes involving Z/γ∗→ `` decays (WZ/Wγ∗, ZZ∗ and Zγ) as well
as Z+jets events where a jet was misidentified as a lepton. The Z-depleted SR was
instead dominated by top-quark processes, coming mainly from tt̄, with marginal
contamination from WZ/Wγ∗ and Z+jets events. Additional plots in the

√
s = 13 TeV

SRs can be found in appendix D.

Finally, ∆R`0`1 was required to be below 2 also in the Z-depleted SR. Recall that in
the
√

s = 7 and 8 TeV analysis this selection was applied only in the Z-dominated SR
(then the 3SF and 1SFOS SRs). This selection was included in the Z-depleted SR since
the shape of the ∆R`0`1 distribution was no longer used in the statistical fit. Rather,
each SR contributed to the likelihood function as a single bin. Additional information
regarding the changes to the statistical fit will be provided in section 5.7.6.

5.7.4 Background modeling

The background estimation method used in the
√

s = 13 TeV analysis followed the
same principal as the

√
s = 7 and 8 TeV method from section 5.4, where CRs were

defined to drive the measurements of the NFs for the main backgrounds. In the 13 TeV
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Figure 5.14 Distributions of m`0`2 for the
√

s = 13 TeV samples in the (a) Z-
dominated SR and (b) Z-depleted SR, after applying the selections
in table 5.16 down to the number of b-tagged jets requirement in
(a) and the lepton flavour combination in (b). The data (points) are
compared to the background expectation (stacked filled histograms).
The total uncertainty on the total background estimate is represented
by the hatched area, and includes both the statistical and systematic
components. The background NFs are applied. The signal (red line)
is overlaid, and scaled by a factor 300 in (a) and 30 in (b).
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analysis, CRs were defined to target the WZ/Wγ∗, Zγ, Z+jets and top-quark production
backgrounds. The event selections that defined these CRs are summarized in table
5.17, with the changes compared to the corresponding

√
s = 7 and 8 TeV CRs highlight

in blue and detailed in this section.

CR name Main backgrounds Changes w.r.t. reference SR

WZ CR WZ/Wγ∗ inverted Z-mass veto

Zγ CR Zγ no Z-mass veto

|m``` −mZ| < 15 GeV

inverted Emiss
T selection

only eee, µµe

Z+jets CR Z+jets inverted Z-mass veto

WZ/Wγ∗ inverted Emiss
T selection

|m``` −mZ| > 15 GeV

≥ 2 isolated leptons

NFs were derived separately

for e-fake and µ-fake samples

Top CR Top-quark processes at least one jet

Z-dominated (mainly tt̄ ) one b-tagged jet

no max. m`+`− and ∆R`0`1 selections

≥ 2 isolated leptons

Top CR Top-quark processes at least one jet

Z-depleted (mainly tt̄ ) one b-tagged jet

(New) no max. m`+`− and ∆R`0`1 selections

≥ 2 isolated leptons

Table 5.17 Event selection criteria used to define the CRs of the
√

s = 13 TeV
analysis, given with respect to the selections of the corresponding
reference SR. The reference SR was the Z-dominated SR for all CRs
except the Z-depleted Top CR, where it was instead the Z-depleted SR.
The derived NFs were applied in both SRs, with the exception of the
Z-enriched and Z-depleted Top NFs which were applied only in the
Z-dominated SR and Z-depleted SR, respectively. The second column
in this table lists the backgrounds that have significant contributions
in each CR. Selections that differ compared to the CRs of the

√
s = 7

and 8 TeV analysis are highlighted in blue.
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The selection strategy used to define the WZ and Zγ CRs were unchained with respect
to the corresponding CRs from the

√
s = 7 and 8 TeV analysis. The events that entered

the CRs targeting backgrounds with a jet misidentified (faking) a lepton, namely Z+jets
and top-quark production, were required to pass a less stringent isolation criteria
compared to the SRs. This criteria required at least two, rather then exactly three,
leptons in each event to pass the offline isolation selections described in section 3.3.1.
This was done in order to increase the statistics in these CRs given the smaller

√
s =

13 TeV data sample. In addition, it improved the purity in these CRs for the targeted
backgrounds while not significantly changing the fake lepton composition compared
to the SRs.

Considering that the top-quark production background made up a more significant
fraction of the total background at

√
s = 13 TeV, its estimation method underwent some

modifications in order to make it more robust. In addition to the Top CR defined within
the Z-dominated topology, a new Top CR was added that followed the selections of the
Z-depleted SR. This was done in order to account for any differences in the top-quark
contributions entering each SR, which might be introduced due to the different lepton
flavour combination or Emiss

T thresholds. In addition, both Top CRs were required
to contain exactly one b-tagged jet, which was found to select a sample of top-quark
events with a fake composition more similar to the SRs.

Note that the contribution from ZZ∗ in the analysis was taken directly from MC simu-
lation, since the smaller

√
s = 13 TeV data sample made it difficult to define a CR for

this background with sufficient statistics so as not to cause instabilities in the statistical
fit. A ZZ validation region (VR) was instead defined in order to check whether the
normalization of this background was reasonably reproduced by MC simulation, al-
though no NF was calculated. The event selections used for the ZZ VR followed those
of the ZZ CR from the

√
s = 7 and 8 TeV analysis, and are shown in table 5.18.

VR name Main backgrounds Changes w.r.t. reference SR

ZZ VR ZZ∗ no Z-mass veto

|m``` −mZ| < 15 GeV

inverted Emiss
T selection

only eeµ, µµµ

Table 5.18 Event selection criteria used to define the ZZ VR, given with respect
to the selections of its reference SR. In this case, the reference SR was
the Z-enriched SR.
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Table 5.19 shows the measured background NFs for the
√

s = 13 TeV analysis. These
NFs were simultaneously extracted from the statistical fit, and properly took into
account correlations between the NFs due to cross-contamination of the targeted back-
grounds between the CRs.

Process NF

WZ/Wγ∗ 1.24 ± 0.11

Zγ 0.83 ± 0.22

Z+jets, µ-fake 0.70 ± 0.15

Z+jets, e-fake 0.69 ± 0.16

Top-quark, Z-dominated 0.97 ± 0.07

Top-quark, Z-depleted 0.89 ± 0.07

Table 5.19 The measured background NFs from the
√

s = 13 TeV samples. The
uncertainties on the NFs include both the statistical and systematic
components.

The number of observed, estimated background and predicted signal events in the
CRs and ZZ VR for the

√
s = 13 TeV samples are shown in table 5.20. In this table, the

measured NFs shown above are applied to the appropriate backgrounds. Good agree-
ment between the observed data and the total background estimation was achieved
in all CRs, and there was no significant signal leakage within them. Moreover, the
agreement between data and simulation in the ZZ VR was also good, indicating that
the normalization of the ZZ∗ background was well reproduced by MC simulation.
Combined with the good agreement observed in the SR distributions from figure 5.14,
as well as the plots in appendix D, this establishes confidence in the background
estimation methods used in the

√
s = 13 TeV analysis.

5.7.5 Systematic uncertainties

The theoretical and experimental systematic uncertainties for the
√

s = 13 TeV analysis
entered the statistical fit in the same way as described in section 5.1.3. A summary
of the impact of both kinds of uncertainty on the estimated event yields in the SRs is
provided in table 5.21. Details on the different sources of theoretical and experimental
uncertainty will provided, in turn, in this section.
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Theoretical uncertainties

As was the case for the
√

s = 7 and 8 TeV analysis, the theoretical uncertainties on the
WH production cross section and the Higgs decay branching ratio were evaluated by
following the recommendations of the LHC Higgs cross section working group [39].
Signal acceptance uncertainties associated to both QCD scale and PDF set variations
were also considered. The QCD scale acceptance uncertainties were evaluated by
independently varying the scales up and down by a factor of 2 or 0.5 in the Powheg
calculations. The acceptance uncertainties related to the choice of PDF set were evalu-
ated by taking the envelope of the acceptance variations from different configurations
in the CT10 set and when using the alternative MSTW [146] and NNPDF [147] sets.

QCD scale and PDF uncertainties were also evaluated for the main background pro-
cesses by following a similar procedure to the one described in section 5.5.1. Uncer-
tainties on the WWW cross section and MC modeling were estimated by comparing
the predictions between Sherpa and VBFNLO [167–169]. MC modeling uncertain-
ties were also calculated for the dominant WZ/Wγ∗ and top-quark production back-
grounds. The WZ/Wγ∗ modeling uncertainty was estimated by comparing the pre-
dictions from Sherpa to Powheg+Pythia. The resulting 4% and 8% uncertainties were
assigned to the WZ/Wγ∗ contribution in the Z-dominated and Z-depleted SRs, re-
spectively. The main components of the top-quark modeling uncertainty were linked
to the choice of generator for the hard scatter process and the PS/UE model for the
tt̄ background. These uncertainties were estimated by comparing Powheg+Herwig
with MG5 aMC+Herwig [156] and Powheg+Pythia with Powehg+Herwig, respect-
ively. The generator uncertainty on the tt̄ background was the dominant contribution
and ranged from 18-21% depending on the analysis region.

Experimental uncertainties

The methods used to evaluate the experimental uncertainties associated to jets, leptons,
the trigger, b-tagging and the Emiss

T soft term followed those described in section 5.5.2.
Although similar methods were used, the uncertainty estimations were updated using
√

s = 13 TeV ATLAS data and MC samples [64, 69, 72, 79].

A “CR isolation” uncertainty was evaluated for the Z+jets background where a jet
was misidentified as an electron (e-fake). This uncertainty accounted for differences
in the jet flavour composition of the fake electron between the SRs and the Z+jets
e-fake CR, originating from the less stringent lepton isolation criteria used in the CR.
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An 18% uncertainty was estimated by taking the envelope of the fluctuations of the
corresponding NF when the lepton isolation criteria was varied. The uncertainty
associated to the pile-up reweighting procedure was included, and the preliminary
uncertainty on the combined 2015+2016 integrated luminosity was 2.0%. This was
evaluated following a similar methodology to the one described in ref. [150].

(a) Impact of systematic uncertainties on the signal [%]

Z-dominated SR Z-depleted SR

Theoretical QCD scale 0.7 0.7

uncertainties PDF and αS 1.9 1.9

Higgs decay BR 1.5 1.5

Acceptance 6.4 6.4

Experimental Jet 4.2 4.5

uncertainties Emiss
T soft term 0.3 —

Electron 1.8 2.0

Muon 0.8 0.7

Trigger 0.4 0.3

b-tagging 0.7 0.6

Pile-up 0.8 0.9

Luminosity 2.0 2.0

(b) Impact of systematic uncertainties on the total background [%]

Z-dominated SR Z-depleted SR

Theoretical QCD scale 3.6 2.0

uncertainties PDF and αS 1.3 0.4

WWW norm. and modeling 0.7 1.5

WZ/Wγ∗ modeling 2.9 1.4

Top modeling 5.7 13

Experimental Jet 18 14

uncertainties Emiss
T soft term 3.8 —

Electron 2.2 3.0

Muon 0.8 0.6

Trigger 0.5 0.3

b-tagging 2.4 3.2

CR isolation 0.2 1.7

Pile-up 0.9 7.8

Luminosity 0.2 0.3

Table 5.21 The impact of the systematic uncertainties (in %) on the estimated
SR event yields for (a) the signal and (b) the total background. Any
uncertainties that either do not apply or are negligible are indicated
by a dash. The values in this table are obtained via the statistical fit.
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Figure 5.15 The event yields in each of the regions that entered the statistical fit

for the
√

s = 13 TeV analysis. The signal and main backgrounds are
normalized to the results of the fit via µobs and the NFs, respectively.
The SRs are displayed with a different y-axis to make the signal
contribution, stacked on top of the total background, more visible.
The uncertainties on the total background yield include both the
statistical and systematic components. The bins labelled CRa, CRb,
CRc, CRd and CRe correspond to the WZ CR, Zγ CR, Z+jets CR,
Z-dominated Top CR, and Z-depleted Top CR, respectively.

5.7.6 Results

The statistical fit procedure that was used for the
√

s = 13 TeV analysis followed closely
the one described in section 5.1.3, with some changes to how the likelihood function
was constructed. Recall that the 0SFOS SR of the

√
s = 7 and 8 TeV analysis had an

entry in the likelihood function for each bin of the final ∆R`0`1 distribution in that
region, and that each individual bin of the BDT score in the 3SF and 1SFOS SRs also
entered the fit. This strategy was not found to be viable given the significantly smaller
√

s = 13 TeV data sample. Instead, a simplified approach was adopted where only the
total event yields in the Z-dominated and Z-depleted SRs entered the fit as single bins.

The post-fit event yields in each of the regions that entered the fit are shown in figure
5.15. The CR event yields are shown in the first six bins of this figure, and good
agreement between the observed data and the total background estimation is achieved
in each of them.
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The number of observed, estimated background and predicted signal events in the Z-
dominated and Z-depleted SRs, after applying all of the selections listed in table 5.16,
are shown in the final two bins of figure 5.15 and in table 5.228. In the Z-dominated
SR, WZ/Wγ∗ and ZZ∗ represent the leading background contributions accounting for
about 70% of the total background yield; with top-quark production, Z+jets, Zγ and
WWW together making up the remaining background fraction. Most of the sensitivity
came from the Z-depleted SR with a total background yield that was over four times
smaller then the previously mentioned SR, while retaining about 40% of the total signal
yield. Top-quark production makes up about half of the total background in this SR,
with the remainder split between WZ/Wγ∗, Z+jets and WWW.

Z-dominated SR Z-depleted SR

Signal 0.83 ± 0.31 0.63 ± 0.25

VV 13.0 ± 1.6 1.3 ± 0.4

VVV 0.5 ± 0.1 0.4 ± 0.1

Z+jets 2.0 ± 1.6 1.1 ± 1.1

Top-quark 3.4 ± 0.9 2.8 ± 0.8

Other Higgs 0.1 ± 0.0 0.1 ± 0.0

Total background 19.1 ± 2.4 5.6 ± 1.5

Observed 19 9

Table 5.22 The number of observed, estimated background and predicted signal
events in the SRs of the

√
s = 13 TeV analysis. The background NFs are

applied. The uncertainties include both the statistical and systematic
components.

A small excess in the number of observed events with respect to the estimated total
background event yield is present in the Z-depleted SR. However, this excess is consist-
ent with both the background-only and background-plus-signal expectations within
the uncertainties.

The observed signal strength at
√

s = 13 TeV for the WH production of the Higgs boson
of mass 125 GeV with H→WW∗ decay is:

µ13 TeV
obs = 3.2 +3.7

−3.2 (stat) +2.3
−2.7 (sys), (5.5)

This is consistent with the SM expectation of unity within the uncertainties, as well as
the corresponding measurement at

√
s = 7 and 8 TeV from section 5.6.1. The leading

8Note that the signal yields in figure 5.15 are scaled by µobs, while in table 5.22 they are scaled by µ = 1.
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Source ∆µobs/µobs [%]

Pile-up +22 / -26

JER +22 / -23

Top-quark generator +17 / -20

b-tagging +10 / -11

Top-quark PS/UE +7 / -8

JES flavour composition +8 / -5

JES η intercalibration +7 / -6

WZ/Wγ∗ modeling +7 / -6

Top-quark QCD scales +6 / -7

WZ/Wγ∗ QCD scales ±5

Table 5.23 List of the ten leading sources of systematic uncertainty on the µobs
measurement at

√
s = 13 TeV. The impact of the uncertainties are given

as a percentage of the observed value.

sources of systematic uncertainty on the µobs measurement are shown in table 5.23,
with their descriptions provided in section 5.7.5. The local significance of the overall
excess observed in the SRs with respect to the background-only hypothesis is 0.77σ,
where 0.24σ was expected.

5.8 Conclusions

In this chapter, a search for the sequential decay process WH→WWW∗→ `ν`ν`ν was
presented using LHC proton-proton collision data collected by the ATLAS detector.
The search was conducted using data samples at

√
s = 7, 8 and 13 TeV corresponding

to integrated luminosities of 4.5, 20.3 and 5.8 fb−1, respectively.

In order to search for this signal process, an analysis strategy was first developed
using the

√
s = 7 and 8 TeV data samples and it was used to measure the relative signal

strength with respect to the SM expectation. For a Higgs boson of mass 125 GeV, which
is compatible with the measured value, the observed signal strength was determined
to be:

µ7+8 TeV
obs = 0.72 +1.2

−1.1 (stat.) +0.4
−0.3 (sys.)

An overall small excess was observed with respect to the background-only hypothesis
corresponding to a local significance of 0.66σ, where 0.79σwas expected in the presence
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of the signal. The analysis method was then extended to perform the first measurement
of the signal strength at

√
s = 13 TeV:

µ13 TeV
obs = 3.2 +3.7

−3.2 (stat) +2.3
−2.7 (sys)

Again, a small overall excess was observed corresponding to a local significance of
0.77σ, where 0.24σ was expected. All of the measurements at

√
s = 7, 8 and 13 TeV are

consistent with the SM expectations within the uncertainties.

These measurements potentially show some early hints of the WH production of
the SM Higgs boson with H→WW∗ decay. However, the current measurements are
statistically limited and more data is clearly required before making more definitive
conclusions regarding the existence of this process.
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6
Conclusion

The SM of particle physics, although incomplete, has predicted a wide variety of
phenomena and through many experiments has become one of the most well-tested
theories in physics. Particles can attain mass in the SM by breaking its electroweak
symmetry via the Higgs Mechanism, and the associated Higgs boson is the final particle
predicted by the SM to exist. Considering this, the discovery of the SM Higgs boson is
considered one of the most important goals in modern particle physics.

This goal was partially achieved in July 2012, when the ATLAS and CMS experiments
at the LHC announced the discovery of a Higgs-like particle with a mass of around
125 GeV. The next step for both experiments is to scrutinize the properties of this new
particle in order to confirm whether it is the SM Higgs boson. Using LHC proton-
proton collision data at

√
s = 7 and 8 TeV, the ATLAS Collaboration measured the

signal strengths, coupling strengths, spin and parity of the new particle and showed
them all to be consistent with the SM expectations within the uncertainties. The ggF
production mode and decays into ZZ∗, γγ and WW∗ were all confirmed at over 5σ
significance. Strong evidence at over 4σ was observed for the VBF production mode
and ττ decay channel. Although substantial progress has been made, there is still
much work to be done before a definitive statement can be made regarding whether
this new particle is the SM Higgs boson or something more exotic.

Page 151



Chapter 6. Conclusion

One important future objective of the ATLAS experiment is to claim discovery in the
H→ ττ channel alone, more tightly constrain the tau lepton Yukawa coupling and
perform the first measurements in this channel of the spin and parity. In order to
collect the collision data for these measurements, it is essential for the ATLAS tau
trigger system to by capable of efficiently identifying interesting events containing tau
leptons under high luminosity and pile-up conditions.

This thesis presented two studies relating to the ATLAS tau trigger system. The first
was the measurement of its performance during

√
s = 8 TeV data taking using a tag-

and-probe method targeting Z→ ττ decays. This method was used to measure the
efficiencies, pile-up dependence and energy resolutions at each level of the tau trigger.
All of these measurements were shown to be compatible with the performance goals
set during the design of the trigger. The second study explored the potential of using
the FTK upgrade to improve tau trigger performance at

√
s = 14 TeV under harsher

pile-up conditions. A purely FTK track-based algorithm was proposed, and shown to
improve per-tau efficiency compared to traditional algorithms by 10-40% with respect
to truth and 5-15% with respect to offline. When implemented into a di-tau trigger, the
FTK-based algorithm outperforms traditional algorithms both in terms of the signal
efficiency for H→ ττ events and the rejection of QCD multijet background events.
Considering this, it is clear that FTK tracking will become a critical component of the
future ATLAS tau trigger system.

Another high priority goal of the ATLAS experiment is to confirm the SM predictions
for Higgs boson production at the LHC. As mentioned earlier, the dominant ggF
production mode has already been confirmed by ATLAS and significant evidence
has been observed for the VBF mode. In order to complete the picture of SM Higgs
boson production, it is also necessary to first find evidence for and eventually claim
discoveries of the rare WH, ZH and tt̄H production modes.

The main result presented in this thesis contributed to this objective and involved
a direct search for the WH production of the SM Higgs boson in collision events
containing three leptons (electrons or muons). This search was performed in the
H→WW∗ decay channel, and the specific signal that it targeted was the sequential
decay process WH→WWW∗→ `ν`ν`ν. H→WW∗ decays provide a sensitive probe of
WH production due to their large branching ratio, and the three leptons and large
missing energy of the signal process provides a clean signature in the ATLAS detector.
In addition, this process is interesting since the Higgs boson couples only to W bosons
at both the production and decay vertices at tree-level. Therefore, this process also
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provides sensitivity to the coupling strength between the Higgs and W bosons, and
any potential deviations to it introduced by physics beyond the SM.

The search was conducted using ATLAS data at
√

s = 7, 8 and 13 TeV corresponding
to integrated luminosities of 4.5, 20.3 and 5.8 fb−1, respectively. The analysis strategy
was first developed using the

√
s = 7 and 8 TeV data samples, and used to measure

the relative signal strength with respect to the SM expectation for the WH production
mode with H→WW∗ decay. For a Higgs boson of mass 125 GeV, which is compat-
ible with the measured value, the observed signal strength was determined to be
0.72 +1.2

−1.1 (stat.) +0.4
−0.3 (sys.). The analysis method was then extended to perform the first

measurement of the signal strength at
√

s = 13 TeV. This quantity was measured to be
3.2 +3.7

−3.2 (stat) +2.3
−2.7 (sys). Both measurements are consistent with the SM expectation of

unity within the current degree of precision.

In both the
√

s = 7+8 TeV analysis and the 13 TeV analysis, a small overall excess was
observed in the signal regions with respect to the background-only hypothesis. The
observed significance of the excess in the

√
s = 7 and 8 TeV data corresponds to a local

significance of 0.66σ, while for the 13 TeV data it is 0.77σ. These results potentially
show some early hints of the WH production mode, although more data is clearly
required before claiming there is any statistically significant evidence for the existence
of this process.

The analysis strategy presented in this thesis sets the stage for more precise measure-
ments using future ATLAS proton-proton collision events at

√
s = 13 and 14 TeV. By

the end of the second run of data taking in late 2018, the LHC is expected to deliver
about 100 fb−1 of data. With a data sample of this size, prospect studies for the previ-
ously mentioned three lepton analysis [170] showed that over 3σ evidence for the WH
production mode should be within reach. Looking further ahead, the LHC is expected
to deliver about 300 fb−1 of data during its third run starting around 2021, and up to 2
a−1 during the HL-LHC run that should start in 2025. With these substantially larger
data samples it should be possible, in the three lepton analysis alone, to confirm the
WH production mode at over 5σ significance and to perform precise measurements of
the H-W coupling strength.
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[101] T. Sjöstrand, S. Mrenna, and P. Z. Skands, “PYTHIA 6.4 Physics and Manual,”
JHEP 05 (2006) 026, arXiv:hep-ph/0603175 [hep-ph]. 62, 69, 109, 135
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Appendix A: BDT Analysis

In chapter 5, a search for the WH production of the Higgs boson was presented using
proton-proton collision data at

√
s = 7 and 8 TeV. In that analysis, the shapes of certain

variables were used to provide the final separation between the signal and background
processes in the signal regions (SRs). The variable that serves this purpose in the 3SF
and 1SFOS SRs is the multivariate classifier from a Boosted Decision Trees (BDT)
method [84]. This variable is called the “BDT score”, and the specific BDT method that
was developed is referred to as the BDT analysis. An overview of the BDT analysis is
provided in this appendix.

BDT method

The BDT method begins with the training of a single decision tree. The training
procedure involving a sample of signal events, a sample of background events and
a set of discriminating variables. The events in the training samples are successively
split using the variables, where each split defines a node. At each node the variable
that gives the best separation between signal and background events is found, as well
as the optimal value of the cut on this variable. The training of the decision tree is
complete after a certain number of splits, and the tree is defined by the collection of
cuts from each of its nodes. Continuing with the tree analogy, the final node in a
sequence of cuts is called a leaf.

Once trained, the decision tree can be used to classify input events as either signal or
background. A given input event will pass a particular sequence of cuts in the tree and
end up at a particular leaf. A certain number of signal and background events from
the training samples will also accumulate at that leaf. Depending on whether there is
a majority of signal or background training events, the input event will be classified
as signal or background, respectively.
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A second decision tree is then trained, where an increased weight or boost is given to
any signal and background events in the training samples that were misidentified by
the first tree. In this way, the second tree will focus on the events misidentified by
the first tree. A third tree is then trained that focuses on the events misidentified by
the second tree and so on, until there is a collection of O(1000) trees that make up the
so-called forest. A weighted average is taken of the classification from all trees in the
forest to form a discriminant called the BDT score.

This boosting procedure stabilizes the response of the decision trees to fluctuations in
the training samples, and is able to considerably enhance the performance with respect
to a single tree. The performance of the BDT method depends on the type of boosting
used. The BDT analysis presented in this appendix uses a gradient scheme (BDTGs),
as described in section 7.2 of ref. [84]. This boosting scheme is a common one that is
used in many ATLAS BDT analyses.

BDT setup

Although the BDT analysis uses many of the default BDT parameters described in
ref. [84], several parameters were optimized in order to maximize performance. These
parameters include:

• The number of trees in the forest (NTrees).

• The minimum number of training events in a leaf (nEventsMin).

• Whether each tree is trained using only a random subsample of the total number
of training events (UseBaggedGrad) and, if so, the fraction of the total that is used
(GradBaggingFraction).

• The learning rate of the BDT (Shrinkage).

• The maximum number of layers in one tree (MaxDepth).

The above mentioned BDT parameters were tuned in order to ensure that the BDT
analysis is robust against statistical fluctuations in the training samples. That is to say,
there was no significant overtraining of the BDT. The tuned values of these parameters
are shown in table A.1
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BDT parameter Value used

NTrees 1000

nEventsMin 1430

UseBaggedGrad True

GradBaggingFraction 0.5

Shrinkage 0.1

MaxDepth 3

Table A.1 Parameters used in the BDT analysis.

BDT training

The BDT was trained using the signal, WZ/Wγ∗ and ZZ∗ MC samples described in
section 5.2.2. The WZ/Wγ∗ and ZZ∗ processes were chosen since they are the dominant
backgrounds in the 3SF and 1SFOS SRs. This corresponds to a signal training sample
of 45000 events and a total background training sample of 180000 events. The training
events are split into two sub-samples: one containing those with an even event-number
(even sample), and the other containing those with an odd event-number (odd sample).
The BDT is trained separately using the even and odd samples.

Prior to training, the events in in both the event and odd samples are required to
pass selection criteria that follow those of the combined 3SF and 1SFOS SRs. These
include the selections listed in table 5.5 down to the number of b-tagged jets require-
ment, followed by a looser Emiss

T threshold of 15 GeV. This looser threshold improves
the statistics of the training samples, while still selecting a subset of events that are
representative of those entering the final SRs.

An optimization study was performed to identify the set of discriminating variables,
used in the training, that give the best separation between signal and background. The
optimal set of variables were found to be: p`0

T , p`1
T , p`2

T , the magnitude of their vectorial
sum (|ΣpT

lep
|), m`0`1 , m`0`2 , Emiss

T , pmiss
T and ∆R`0`1 . Figures A.1 and A.2 show the

distributions of these nine variables after the training selections. The linear correlation
amongst these variables are shown in figure A.3, while table A.2 lists each variables
separation and importance1.

1 The separation < S2 > of a variable y is defined by the integral: < S2 >= 1
2

∫ (ŷS(y)−ŷB(y))2

(ŷS(y)+ŷB(y)) dy, where ŷS

and ŷB are the signal and background PDFs of y, respectively [84]. The importance of a variable is
derived by counting how many times it is used at a decision tree node, weighting each occurrence by
the separation gain-squared it has achieved and by the number of events in the node [84].
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(a) (b)

(c) (d)

(e)

Figure A.1 Training variable distributions after the training selections: (a) p`0
T , (b)

p`1
T , (c) p`2

T , (d) |ΣpT
lep
| and (d) m`0`1 . The data (points) are compared

to the background expectation (stacked filled histograms). The total
uncertainty on the total background estimate is represented by the
hatched area, and includes both the statistical and systematic com-
ponents. The background NFs are applied. The signal (red line) is
overlaid, and scaled by a factor of 500.
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(a) (b)

(c) (d)

Figure A.2 Training variable distributions after the training selections: (a) m`0`2 ,
(b) Emiss

T , (c) pmiss
T and (d) ∆R`0`1 . The plotting scheme follows the one

described in the caption of figure A.1.
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Figure A.3 The linear correlation amongst the training variables for (a) the signal
and (b) the WZ/Wγ∗ and ZZ∗ backgrounds.
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Variable Separation [%] Importance [%]

m`0`1 42.9 19.1

∆R`0`1 29.9 14.1

m`0`2 16.4 17.5

Emiss
T 6.81 9.3

p`0
T 4.7 7.6

pmiss
T 4.3 6.0

|ΣpT
lep
| 3.5 10.0

p`2
T 1.9 8.1

p`1
T 0.4 8.4

Table A.2 Separation and importance for the training variables.
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Figure A.4 Result of the Kolmogorov-Smirnov test to check the compatibility of
the training and testing samples for the signal and the background.

In order to check that there is no significant overtraining of the BDT, a Kolmogorov-
Smirnov (KS) test [171] is performed. Events in the even sample are classified using
the BDT score from the odd sample training, and vice-versa. After this, the training
and test samples are compared and the KS probability is evaluated. The KS test
results are shown in figure A.4. The high values of the KS probability (0.74 for signal,
0.89 for background) are an indication of the robustness of the BDT against statistical
fluctuations in the training samples.
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Figure A.5 Distributions of the BDT score in the combined 3SF and 1SFOS SRs,
after applying the selections listed in table 5.5 up until (a) the number
of b-tagged jets requirement and (b) the Emiss

T and pmiss
T requirements.

The plotting scheme follows the one described in the caption of figure
A.1, but with a more fine separation of the background categories,
and with the signal (red) stacked on top of the total background.
The KS test probability is indicated on the top left of each plot. The
lower panel shows the ratio between the observed data and the total
background expectation.

BDT classification

Each event in the data samples and all of MC samples described in section 5.2.2 can be
classified using the BDT and assigned a BDT score. The classification scheme follows
a similar principal to that of the KS test mentioned earlier. Input data and MC events
with an even event-number are classified using the BDT score from the odd training
sample, and vice-versa.

Distributions of the BDT score in the 3SF and 1SFOS SRs are shown in figure A.5. The
distributions in the final SRs, with the binning used in the statistical fit, were shown
in figures 5.9 and 5.10.

The BDT score distribution in each of the control regions is shown in figure A.6. Good
agreement between the observed data and the background estimation is observed in
all CRs.
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(a) (b)

(c) (d)

(e)

Figure A.6 Distributions of the BDT score in the (a) WZ CR, (b) ZZ CR, (c) Z+jets
CR, (d) Top CR and (e) Zγ CR. The total uncertainty on the total
background estimate is represented by the hatched area, and includes
both the statistical and systematic components. The background NFs
are applied. The signal (red) is stacked on top of the total background
estimation.
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Combination

In chapter 5, a search for the Higgs boson decaying to WW∗ was presented that used
proton-proton collision data at

√
s = 7 and 8 TeV. This analysis specifically targeted

the WH production mode with subsequent WH→WWW∗→ `ν`ν`ν decay, where ` is
an electron or muon. Several other H→WW∗ analyses were also performed by the
ATLAS Collaboration using the

√
s = 7 and 8 TeV data samples, with each analysis

targeting a different production mode and subsequent decay process. All of these
analyses were combined in order to maximize the precision of the signal strength and
coupling measurements. The main results from this H→WW∗ combination will be
presented in this appendix.

H→WW∗ analyses

In total, six analyses entered the ATLAS H→WW∗ combination at
√

s = 7 and 8 TeV.
These include:

1. A search for the ggF production mode with H → WW∗ → `ν`ν decay. This
analysis targets events containing two opposite-sign leptons and at most one jet.

2. A search for the VBF production mode with H → WW∗ → eνµν decay. This ana-
lysis targets events containing two different-flavour and opposite-sign leptons,
and at least two jets.

3. A search for the WH production mode with WH→WWW∗ → `ν`ν`ν decay. This
analysis targets events containing three leptons.
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4. A search for the WH production mode with WH → WWW∗ → qq̄eνµν decay.
Here, the W boson from the production process decays hadronically (W → qq̄).
This analysis targets events containing two different-flavour and opposite-sign
leptons, and at least two jets.

5. A search for the WH production mode with WH→WWW∗ → `νqq̄`νdecay. Here,
there is a hadronic decacy of one of the W bosons originating from the Higgs boson
decay. This analysis targets events containing two same-sign leptons and at least
two jets. Only the

√
s = 8 TeV data sample is used in this analysis.

6. A search for the ZH production mode with ZH → ZWW∗ → ```ν`ν decay. This
analysis targets events containing four leptons.

The ggF and VBF analyses were briefly described in section 2.4, with full details
available in ref. [35]. The analysis targeting the WH production mode in events
with three leptons was presented in chapter 5. The other analyses targeting the WH
production mode and also the one targeting the ZH mode are described in ref. [3].

Combined signal strength measurements

The six previously mentioned H→WW∗ analyses were combined in a statistical fit
that follows a similar method as the one described in section 5.1.3. The likelihood
function of the combined fit includes Poisson probability terms for every signal and
control region in each analysis. For the experimental and theoretical uncertainties, the
nuisance parameters are correlated amongst analyses if they originate from the same
source. The nuisance parameters associated to background normalization factors are
uncorrelated between analyses, since they cover different regions of phase-space. More
information on the combined statistical fit procedure is available in refs. [3, 35].

A signal strength parameter is introduced into the fit for each of the Higgs boson pro-
duction modes (µggF, µVBF, µWH and µZH), and they are correlated amongst analyses.
Therefore, when extracting the observed signal strength for a particular production
mode, the contributions from the other modes are treated as background with their
yields determined by the global fit. All measurements are performed for a Higgs boson
mass of 125 GeV, which is compatible with the measured value.
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Using the combined statistical fit, the observed signal strengths for the WH and ZH
production modes are measured to be:

µWH
obs = 2.1 +1.5

−1.3 (stat.) +1.2
−0.8 (sys.), µZH

obs = 5.1 +3.8
−3.0 (stat.) +1.9

−0.9 (sys.) (B.1)

The observed (expected) deviation from the background-only hypothesis corresponds
to a local significance of 1.4 (0.77) σ for the WH mode and 2.0 (0.3) σ for the ZH mode.

The observed signal strength for the combined VH production modes (VH = WH+ZH)
can also be measured:

µVH
obs = 3.0 +1.3

−1.1 (stat.) +1.0
−0.7 (sys.) (B.2)

This corresponds to an observed local significance of 2.5 σ, where 0.93 σ is expected in
the presence of the signal.

For the ggF and VBF production modes, the observed signal strengths are measured
to be:

µ
ggF
obs = 0.98 +0.19

−0.19 (stat.) +0.22
−0.18 (sys.), µVBF

obs = 1.28 +0.45
−0.40 (stat.) +0.32

−0.25 (sys.), (B.3)

The combination provides evidence at 3.2 σ for the VBF production mode (2.6 σ expec-
ted), and strong evidence at 4.4 σ for the ggF mode (4.2 σ expected).

Finally, the observed signal strength for the combined ggF, VBF and VH production
modes is measured to be:

µ
ggF+VBF+VH
obs = 1.16 +0.16

−0.15 (stat.) +0.18
−0.15 (sys.) (B.4)

The existence of the H→WW∗ decay channel is confirmed at 6.5 σ, where 5.9 σ is
expected. All of the measurements presented in this section are compatible with the
SM expectations for a Higgs boson of mass 125 GeV.

Measurement of the couplings to vector bosons and fermions

The H→WW∗ combination at
√

s = 7 and 8 TeV was also used to measure the coupling
strength of the Higgs boson to vector bosons and fermions. These measurements were
performed within the leading-order coupling framework described in section 2.4, and
using the same benchmark model. This model assumes a universal coupling strength
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Figure B.1 The likelihood contours for the universal scale factors κV and κF,
both with (purple) and without (orange) the contributions from the
VH production mode analyses [3]. Both the expected (dashed) and
observed (solid) contours are shown, corresponding to the 68% and
95% confidence levels. The yellow star and circles indicate the best fit
values to the data, and the white cross represents the SM expectation.

scale factor to vector bosons (κV) and fermions (κF), and that no undetected or invisible
Higgs boson decays exist.

The results of the combined fit for the benchmark model is shown in figure B.1. With
the full H→WW∗ combination including also the VH analyses, the best fit values for
the magnitude of κV and κF are:

|κF| = 0.85 +0.26
−0.20 , |κV | = 1.06 +0.10

−0.10 , (B.5)

which are compatible with the SM expectations of unity within the uncertainties.

The fit to the data has two local minima, with a slight preference for the negative κF

solution at 0.5 σ. Sensitivity to the sign of κF comes from the analysis targeting the ZH
production mode, and originates from the negative interference between the box and
triangle diagrams in the gg→ ZH process [3].
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s = 7 and 8 TeV Analysis

This appendix contains additional plots from the
√

s = 7 and 8 TeV analysis presented
in chapter 5 that searched for the WH production of the Higgs boson with H→WW∗

decay. This will include:

• Distributions in the control regions for the
√

s = 8 TeV samples (figures C.1-C.5).

• Distributions in the signal regions for the
√

s = 8 TeV samples (figures C.6-C.8).

• Distributions in the control regions for the
√

s = 7 TeV samples (figures C.9-C.13).

• Distributions in the signal regions for the
√

s = 7 TeV samples (figures C.14-C.16).

• A summary of the performance of the statistical fit for the combined
√

s = 7 and
8 TeV samples (figure C.17).
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Appendix C: Additional plots from the
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s = 7 and 8 TeV analysis
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Figure C.1 Distributions in the WZ CR of the
√

s = 8 TeV analysis for (a) m`0`1 ,
(b) m`0`2 , (c) m`1`2 and (d) m```. The data (points) are compared to the
background expectation (stacked filled histograms). The total uncer-
tainty on the total background estimate is represented by the hatched
area, and includes both the statistical and systematic components.
The background NFs are applied. The signal (black line) is overlaid,
and scaled by a factor of 20. The KS test probability [171] is indicated
on the top left of each plot. The lower panel shows the ratio between
the observed data and the total background expectation.
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Figure C.2 Distributions in the ZZ CR of the
√

s = 8 TeV analysis for (a) m`0`1 ,
(b) m`0`2 , (c) m`1`2 and (d) m```. The plotting scheme follows the one
described in the caption of figure C.1.
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Figure C.3 Distributions in the Z+jets CR of the
√

s = 8 TeV analysis for (a) m`0`1 ,
(b) m`0`2 , (c) m`1`2 and (d) m```. The plotting scheme follows the one
described in the caption of figure C.1.
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Figure C.4 Distributions in the Top CR of the
√

s = 8 TeV analysis for (a) m`0`1 ,
(b) m`0`2 , (c) m`1`2 and (d) m```. The plotting scheme follows the one
described in the caption of figure C.1.
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Figure C.5 Distributions in the Zγ CR of the
√

s = 8 TeV analysis for (a) m`0`1 ,
(b) m`0`2 , (c) m`1`2 and (d) m```. The plotting scheme follows the one
described in the caption of figure C.1.
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Appendix C: Additional plots from the
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Figure C.6 Distributions in the combined 3SF and 1SFOS SRs of the
√

s = 8 TeV
analysis for (a) Emiss

T , (b) pmiss
T , (c) m`0`1 and (d) m`0`2 . Distributions (a)

and (b) are after applying the selections in table 5.5 down to the num-
ber of b-tagged jets requirement, while (c) and (d) are after the Emiss

T
and pmiss

T selections. The plotting scheme follows the one described in
the caption of figure C.1, but with the signal (red) stacked on top of
the total background.
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Figure C.7 Distributions of (a) m``` and (b) ∆R`0`1 in the combined 3SF and 1SFOS
SRs of the

√
s = 8 TeV analysis, as well as (c) Emiss

T and (d) pmiss
T in the

0SFOS SR. Distributions (a) and (b) are after applying the selections
in table 5.5 down to the Emiss

T and pmiss
T requirements, while (c) and

(d) are after the number of b-tagged jets requirement. The plotting
scheme follows the one described in the caption of figure C.6.
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Figure C.8 Distributions in the 0SFOS SR of the
√

s = 8 TeV analysis for (a) m`0`1 ,
(b) m`0`2 , (c) m``` and (d) ∆R`0`1 . All distributions are after applying the
selections in table 5.5 down to the number of b-tagged jets requirement.
The plotting scheme follows the one described in the caption of figure
C.6.
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Figure C.9 Distributions in the WZ CR of the
√

s = 7 TeV analysis for (a) m`0`1 ,
(b) m`0`2 , (c) m`1`2 and (d) m```. The plotting scheme follows the one
described in the caption of figure C.1.
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Figure C.10 Distributions in the ZZ CR of the
√

s = 7 TeV analysis for (a) m`0`1 ,
(b) m`0`2 , (c) m`1`2 and (d) m```. The plotting scheme follows the one
described in the caption of figure C.1.
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Figure C.11 Distributions in the Z+jets CR of the
√

s = 7 TeV analysis for (a) m`0`1 ,
(b) m`0`2 , (c) m`1`2 and (d) m```. The plotting scheme follows the one
described in the caption of figure C.1.
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Figure C.12 Distributions in the Top CR of the
√

s = 7 TeV analysis for (a) m`0`1 ,
(b) m`0`2 , (c) m`1`2 and (d) m```. The plotting scheme follows the one
described in the caption of figure C.1.
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Figure C.13 Distributions in the Zγ CR of the
√

s = 7 TeV analysis for (a) m`0`1 ,
(b) m`0`2 , (c) m`1`2 and (d) m```. The plotting scheme follows the one
described in the caption of figure C.1.
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Figure C.14 Distributions in the combined 3SF and 1SFOS SRs of the
√

s = 7 TeV
analysis for (a) m`0`1 , (b) m`0`2 , (c) Emiss

T and (d) pmiss
T . Distributions

(a) and (b) are after applying the selections in table 5.5 down to the
Emiss

T and pmiss
T requirements, while (c) and (d) are after the Z-mass

veto requirement. The plotting scheme follows the one described in
the caption of figure C.6.
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Figure C.15 Distributions of (a) m``` and (b) ∆R`0`1 in the combined 3SF and
1SFOS SRs of the

√
s = 7 TeV analysis, as well as (c) m`0`1 and (d)

m`0`2 in the 0SFOS SR. Distributions (a) and (b) are after applying
the selections in table 5.5 down to Z-mass veto requirement, while
(c) and (d) are after the number of b-tagged jets requirement. The
plotting scheme follows the one described in the caption of figure
C.6.
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Figure C.16 Distributions in the 0SFOS SR of the
√

s = 7 TeV analysis for (a)
Emiss

T , (b) pmiss
T , (c) m``` and (d) ∆R`0`1 . All distributions are after

applying the selections in table 5.5 down to the number of b-tagged
jets requirement. The plotting scheme follows the one described in
the caption of figure C.6.
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Appendix C: Additional plots from the
√

s = 7 and 8 TeV analysis
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Figure C.17 Summary of the performance of the statistical fit for the combined
√

s = 7 and 8 TeV analysis. The black points indicate the fitted
values of the nuisance parameters associated to the systematic un-
certainties (θ̂) compared to the nominal values (θ0), relative to the 1σ
uncertainty on those values (∆θ). The nominal uncertainties on the
nuisance parameters are shown by the red lines. The blue and yel-
low bands show the post-fit and pre-fit impact, respectively, on the
fitted value of the signal strength (µ̂). The systematic uncertainties
are listed in decreasing order of their impact on µ̂.
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Appendix D: Additional Plots from the
√

s = 13 TeV Analysis

This appendix contains additional plots from the
√

s = 13 TeV analysis presented in
chapter 5 that searched for the WH production of the Higgs boson with H→WW∗

decay. This will include:

• Distributions in the control regions (figures D.1-D.6).

• Distributions in the ZZ validation region (figure D.7).

• Distributions in the signal regions (figures D.8-D.10).

• A summary of the performance of the statistical fit (figure D.11).
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Appendix D. Additional plots from the
√

s = 13 TeV analysis
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Figure D.1 Distributions in the WZ CR of the
√

s = 13 TeV analysis for (a) m`0`1 ,
(b) m`0`2 , (c) m`1`2 and (d) m```. The data (points) are compared to the
background expectation (stacked filled histograms). The total uncer-
tainty on the total background estimate is represented by the hatched
area, and includes both the statistical and systematic components.
The background NFs are applied. The signal (red line) is overlaid,
and scaled by a factor of 5. The KS test probability [171] is indicated
on the top left of each plot. The lower panel shows the ratio between
the observed data and the total background expectation.
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s = 13 TeV analysis

Ev
en

ts
 / 

10
 G

eV

0

20

40

60

80

100

120

140
 data  stat)⊕ Bkg (sys 

*γ WZ / W  WW
*ZZ γZ 

-fakee + Z -fakeµ + Z 
 VVV γW 
 W+jets  top

)ττ ggF/VBF/VH(  ZH
5× WH 

ATLAS Internal

Plot: "Zenri_ZgCR/CR3_Mll01_wide"

KS Prob = 100.0%
3l→

*WWW→WH

 [GeV]
1l0l

m
0 10 20 30 40 50 60 70 80 90 100

da
ta

 / 
Bk

g 

0
0.5

1
1.5

2
2.5

3

(a)

Ev
en

ts
 / 

10
 G

eV

0

20

40

60

80

100

120

140

160

180  data  stat)⊕ Bkg (sys 
*γ WZ / W  WW

*ZZ γZ 
-fakee + Z -fakeµ + Z 

 VVV γW 
 W+jets  top

)ττ ggF/VBF/VH(  ZH
5× WH 

ATLAS Internal

Plot: "Zenri_ZgCR/CR3_Mll02_wide"

KS Prob = 100.0%
3l→

*WWW→WH

 [GeV]
2l0l

m
0 10 20 30 40 50 60 70 80 90 100

da
ta

 / 
Bk

g 

0
0.5

1
1.5

2
2.5

3

(b)

Ev
en

ts
 / 

10
 G

eV

0

20

40

60

80

100

120

140

160
 data  stat)⊕ Bkg (sys 

*γ WZ / W  WW
*ZZ γZ 

-fakee + Z -fakeµ + Z 
 VVV γW 
 W+jets  top

)ττ ggF/VBF/VH(  ZH
5× WH 

ATLAS Internal

Plot: "Zenri_ZgCR/CR3_Mll12_wide"

KS Prob = 98.7%
3l→

*WWW→WH

 [GeV]
2l1l

m
0 10 20 30 40 50 60 70 80 90 100

da
ta

 / 
Bk

g 

0
0.5

1
1.5

2
2.5

3

(c)

Ev
en

ts
 / 

5 
G

eV

0

20

40

60

80

100

120

140

160
 data  stat)⊕ Bkg (sys 

*γ WZ / W  WW
*ZZ γZ 

-fakee + Z -fakeµ + Z 
 VVV γW 
 W+jets  top

)ττ ggF/VBF/VH(  ZH
5× WH 

ATLAS Internal

Plot: "Zenri_ZgCR/CR3_Mlll"

KS Prob = 100.0%
3l→

*WWW→WH

 [GeV]
2, l1, l0l

m
60 70 80 90 100 110 120

da
ta

 / 
Bk

g 

0
0.5

1
1.5

2
2.5

3

(d)

Figure D.2 Distributions in the Zγ CR of the
√

s = 13 TeV analysis for (a) m`0`1 ,
(b) m`0`2 , (c) m`1`2 and (d) m```. The plotting scheme follows the one
described in the caption of figure D.1.
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Figure D.3 Distributions in the Z+jets CR (e-fake) of the
√

s = 13 TeV analysis for
(a) m`0`1 , (b) m`0`2 , (c) m`1`2 and (d) m```. The plotting scheme follows
the one described in the caption of figure D.1.
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Figure D.4 Distributions in the Z+jets CR (µ-fake) of the
√

s = 13 TeV analysis for
(a) m`0`1 , (b) m`0`2 , (c) m`1`2 and (d) m```. The plotting scheme follows
the one described in the caption of figure D.1.
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Figure D.5 Distributions in the Top CR (Z-dominated) of the
√

s = 13 TeV analysis
for (a) m`0`1 , (b) m`0`2 , (c) m`1`2 and (d) m```. The plotting scheme follows
the one described in the caption of figure D.1.
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Figure D.6 Distributions in the Top CR (Z-depleted) of the
√

s = 13 TeV analysis
for (a) m`0`1 , (b) m`0`2 , (c) m`1`2 and (d) m```. The plotting scheme
follows the one described in the caption of figure D.1.
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Figure D.7 Distributions in the ZZ VR of the
√

s = 13 TeV analysis for (a) m`0`1 ,
(b) m`0`2 , (c) m`1`2 and (d) m```. The plotting scheme follows the one
described in the caption of figure D.1.
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Figure D.8 Distributions in the Z-dominated SR of the
√

s = 13 TeV analysis for
(a) Emiss

T , (b) m`0`1 , (c) m`0`2 and (d) m`1`2 . All distributions are after
applying the selections in table 5.16 down to the number of b-tagged
jets requirement. The plotting scheme follows the one described in
the caption of figure D.1.
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Figure D.9 Distributions of (a) m``` and (b) ∆R`0`1 in the Z-dominated SR of the
√

s = 13 TeV analysis, as well as (c) Emiss
T and (d) m`0`1 in the Z-depleted

SR. Distributions (a) and (b) are after applying the selections in table
5.16 down to the number of b-tagged jets requirement, while (c) and
(d) are after the requirement on the lepton flavour combination. The
plotting scheme follows the one described in the caption of figure D.1.
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Figure D.10 Distributions in the Z-depleted SR of the
√

s = 13 TeV analysis for
(a) m`0`2 , (b) m`1`2 , (c) m``` and (d) ∆R`0`1 . All distributions are after
applying the selections in table 5.16 down to the requirement on the
lepton flavour combination. The plotting scheme follows the one
described in the caption of figure D.1.
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Figure D.11 Summary of the performance of the statistical fit for the
√

s = 13 TeV
analysis. The black points indicate the fitted values of the nuisance
parameters (θ̂) compared to the nominal values (θ0), relative to the
1σ uncertainty on those values (∆θ). The blue and yellow bands
show the post-fit and pre-fit impact, respectively, on the fitted value
of the signal strength (µ̂). The nuisance parameters are listed in
decreasing order of their impact on µ̂.
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