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Abstract

Observation of the Higgs Boson Decaying to WW ∗ → `ν`ν

Nikolina Ilic
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Graduate Department of Physics

University of Toronto

2015

The search for the Higgs boson produced through gluon fusion and vector boson fusion and decaying to

WW bosons is performed. The WW bosons subsequently decay to combinations of electrons, muons and

neutrinos. The final states are accompanied by up to two jets. The search is performed using 25 fb−1

of data collected by the ATLAS detector in
√
s = 7 TeV and

√
s = 8 TeV proton-proton collisions at

the LHC. Comparing the collected data to Standard Model expectations, in which the Higgs boson is

assumed to not exist, yields a 6.1 σ excess at around mH = 130 GeV and over a wide mass range. The

significance is the same for mH = 125.36 GeV, which is the Higgs mass determined by the H → γγ and

H → ZZ searches. The vector boson fusion production process is observed with a significance of 3.2 σ at

mH = 125.36 GeV. The ratio of the expected to the observed values of the total production cross section

times branching ratio is 1.08+0.22
−0.20 at a Higgs boson mass of mH = 125.36 GeV. When separated by Higgs

production modes, this value is 1.01+0.27
−0.25 for gluon fusion, and 1.27+0.53

−0.45 for vector boson fusion. The

total cross sections for the gluon fusion and vector boson fusion processes are measured. The fiducial

cross section for the gluon fusion process is measured in final states containing zero and one associated

jets.
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Chapter 1

Introduction

Curiosity is one of the most defining traits of humanity. Curiosity fosters the only thing strong enough

to survive all threats to human progress: knowledge. Throughout history, the advancement of knowledge

has persisted despite obstacles such as war, poverty, and collapse of civilizations. This time transcendent

property of collective knowledge makes it the best measure of progress.

The current understanding of the universe is based on thousands of years of accumulated knowledge.

The development of modern theories owes its existence to discoveries dating back to the invention of

written record keeping (6th millennium BC) [1] and the foundation of modern mathematics (6th century

BC) [2]. The current approach to the development of scientific theories is based on identifying elementary

constituents of visible matter, an idea that dates back to 7th century BC [3]. Elementary constituents,

along with the concept of forces, is the foundation of the current theory used to describe the universe.

This theory, called the Standard Model (SM), describes how elementary particles and fundamental forces

interact with each other. The SM was developed in the second half of the 20th century, and is the most

accurate description of fundamental interactions thus far. The SM rests on a mathematical foundation

called Quantum Field Theory (QFT). In QFT, the interactions between particles and forces are modelled

by fluctuating quantum fields. These fields are described by a single equation, called the Lagrangian.

There are four fundamental forces: the electromagnetic, weak, strong and gravitational forces. The

SM accounts for three of them, and the SM Lagrangian models how the electromagnetic, weak and

strong forces are mediated by spin-1 particles called gauge bosons. Photons (denoted by γ) mediate the

electromagnetic force. W and Z bosons mediate the weak force, and gluons (g) mediate strong interac-

tions. Fundamental fermions are spin- 1
2 particles that interact with these mediators. Fermions can be

sub-categorized into two types of particles: leptons and quarks. Leptons interact exclusively with the

electromagnetic and weak force mediators, while quarks interact with the strong, electromagnetic and

weak force mediators. All fermions exist in three generations, where each successive generation carries

different quantum numbers and has different masses. The three generations of charged leptons are the

electron (e), the muon (µ), and the tau (τ). The charged leptons have three associated neutral leptons,

called neutrinos. In the SM, the neutrinos are massless particles denoted by νe, νµ and ντ . The three

generations of quarks contain up-type and down-type fermions. The up-type quarks are the up (u),

charm (c) and top (t), and the associated down-type quarks are down (d), strange (s) and bottom (b).

The gauge boson and fermion masses, alongside their charges, are summarized in Figure 1.

During the formulation of the Standard Model, scientists realized that this theory failed to incorpo-

1



Chapter 1. Introduction 2

Figure 1.1: The gauge boson and fermions in the Standard Model with their masses, charges, and spins
shown. The shaded areas represent the gauge boson and fermion interactions. The Higgs boson is shown
on the upper right of the figure [4].

rate the fact that elementary particles had mass. It was not possible to add terms to the Lagrangian

that would account for mass without breaking the gauge invariance of the Lagrangian. This problem

was resolved in 1964 when a mechanism allowing particles to acquire mass was proposed [5, 6, 7], and

adapted to the SM three years later [8]. Referred to as the Englert-Brout-Higgs mechanism, it predicted

the existence of a spin zero particle, called the Higgs boson. The Higgs boson was the last particle

predicted whose discovery was required in order to validate the SM.

The Higgs boson can be produced through gluon fusion (gg → H), vector boson fusion (qq̄ →
WW/ZZ → H), in association with W/Z bosons (qq̄ → WH/ZH), and in association with a top and

anti-top quark pair (gg → Htt̄). The main channels through which the Higgs boson can decay include

H → γγ, H → ZZ∗, H →WW ∗, H → bb̄, and H → ττ . The star denotes the fact that the Higgs boson

decays to virtual W and Z particles that can be of any mass. This ensures that the Higgs particle can

decay to two heavy gauge bosons without the requirement that it weigh at least twice the boson’s mass.

Searches for the Higgs boson have been performed by various experiments at the Large Electron-

Positron (LEP) Collider, the Tevatron and the Large Hadron Collider (LHC). Searches at LEP and the

Tevatron excluded the existence of a Higgs boson, at a 95% confidence level, for masses below 114.5 GeV

and between 147 GeV and 179 GeV [9].

Using proton-proton collisions at the LHC, the ATLAS and CMS experiments reported the discovery

of a Higgs-like particle on July 4, 2012. The particle was observed at a mass around 126 GeV, with

ATLAS reporting a local significance of 5.0 σ [10], and CMS observing 4.9 σ [11]. The addition of the

H →WW ∗ analysis to the ATLAS results at the end of July resulted in the overall discovery significance

growing to 5.9 σ. For the discoveries, the ATLAS experiment used 4.8 (5.8) fb−1 of data, while the CMS

experiment used 5.1 (5.3) fb−1 of data in 2011 (2012) collisions. Since the discovery was announced,

approximately 15 fb−1 more of data has been collected.

Despite its success, the SM contains many shortcomings. The SM does not take into account the

fourth fundamental force: gravity. The theory does not address the abundance of matter with respect to

anti-matter in today’s universe. This conflicts with the prediction that matter and anti-matter should

have been created in equal amounts at the beginning of the universe. The Higgs mechanism does not
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Figure 1.2: The relative cross sections of the Higgs production process: ggF, denoted by pp→ H, VBF,
denoted by pp → qqH, and production in association with W/Z/tt̄ (left). The cross section multiplied
by the branching ratio for all Higgs production modes and decays (right) [13].

account for the experimental observation that neutrinos have mass. Additionally, the SM cannot explain

the fact that the universe consists of 24% Dark Matter and 71% Dark Energy, as demonstrated by cosmo-

logical observations of cosmic background radiation, gravitational lensing, and red shifts of galaxies [12].

The Hierarchy problem is one of the main outstanding issues within the SM. This problem is concerned

with the question of why the weak force is much stronger than gravity. An additional shortcoming of

the SM is that despite being theoretically possible, experimentally it is observed that quantum chromo-

dynamics does not break CP symmetry. Another inconvenience is that the electromagnetic, weak and

strong coupling constants do not unify when extrapolated to higher energies.

Many theories including, Supersymmetry (SUSY), composite-Higgs models, vector-like quarks, axion

models, baryogenesis models, grand unified theories and string theories, offer solutions to the problems

within the SM. Thus far, no evidence of these theories has been uncovered. Analysing the full 25 fb−1

dataset can further validate the Standard Model and can reveal deviations from it. Deviations from the

Standard Model would be an indication of exotic theories that can account for the SM’s shortcomings.

The Higgs boson and its properties are the last remaining unexplored sectors of the Standard Model.

Exploring the Higgs sector is a vital component in validating the SM and detecting deviations from it.

This thesis describes the search for the Higgs boson which decays to WW ∗ bosons, which subse-

quently decay to leptons and neutrinos, using the full 25 fb−1 dataset. For this analysis, The Higgs

boson is produced via gluon fusion (ggF) and vector boson fusion (VBF). The ggF and VBF production

processes have the largest cross section when compared to Higgs production in association with a W/Z

boson, or a tt̄ pair. This can be seen in Figure 1.2, which shows the relative Higgs production cross

sections simulated for 8 TeV data. The Higgs decays to WW ∗ bosons, with an expected branching ratio

of 22% [13]. The WW ∗ bosons decay to two leptons and two neutrinos in 11% of all WW ∗ decays. Since

the Higgs has zero charge, its leptonic decay products must be oppositely charged in order to satisfy

the conservation of charge. The right of Figure 1.2 shows that the relative production cross section (σ)

multiplied by the branching ratio (BR) of the Higgs decaying to WW ∗ bosons that decay leptonically is

relatively high compared to some other decay modes. The presence of neutrinos in the final decay states

means the Higgs boson mass cannot be fully reconstructed, leading to a poor mass resolution.
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Figure 1.3: The representation of the different channels in which the H → WW ∗ search is performed.
The ggF production process is searched for in the eµ (DF) and ee/µµ (SF) 0- and 1-jet channels and
the eµ (DF) ≥ 2-jet channel. The VBF production process is searched for in the eµ (DF) and ee/µµ
(SF) ≥ 2-jet channels.

Despite the high cross section times branching ratio, extracting the H → WW ∗ process is challeng-

ing since there exist many background processes that resemble the signal process. These backgrounds

include WW , top (tt̄,Wt), Drell-Yan (Z/γ∗+jets), W+jets, multi-jet (QCD), and non-WW di-boson

(WZ,ZZ,Wγ,Wγ∗) production. The non-WW di-boson backgrounds are denoted by V V , and the

W+jets and multi-jet backgrounds are referred to as Misid, since they contain misidentified leptons.

The analysis is performed by searching for final states containing different-flavour (DF) leptons, eµ,

and same-flavour leptons (SF), ee and µµ. The different-flavour channel is split into an eµ and µe chan-

nel, depending on whether the e or µ has the higher transverse momentum. In addition to the leptons

and neutrinos produced, the final states are also accompanied by 0, 1 or ≥2 jets, which originate from

quark/gluon radiation in ggF production, and initial quarks in VBF production. The search in the ggF

production mode is performed in the same-flavour and different-flavour channels with 0 or 1 jets, and

in the different-flavour channel with ≥2 jets. The ggF same-flavour channel with ≥ 2 jets is not used

since it contains lower statistics. The same-flavour channel has less statistics since it is more difficult

to separate this signal from its backgrounds. The VBF search is performed in the same-flavour and

different-flavour channels in association with ≥ 2 jets. A visual summary of the different search channels

is shown in Figure 1.3.

In this thesis, the historical development and theoretical basis of the SM are presented in Chap-

ter 2. The LHC and ATLAS experiments are described in Chapter 3. Chapter 4 describes the simula-

tion of physics processes which are largely motivated by theory-based calculations. The reconstruction

of physics processes from the collected data is explained in Chapter 5. A detailed summary of the

H →WW ∗ → `ν`ν analysis is presented in Chapter 6. The statistical analysis techniques used to quan-

tify the compatibility of the collected data with simulations is presented in Chapter 7. The results of the

statistical analysis are shown in Chapter 8. Finally, the conclusions and future outlook are presented in

Chapter 9.



Chapter 2

Theory of the Standard Model

This chapter summarizes the evolution of the Standard Model. The theory of electromagnetism is

described in Section 2.1, followed by the discovery of the weak force in Section 2.2. These two forces

are unified into the electroweak force in Section 2.3. Within the unified electroweak theory, the Higgs

mechanism, as described in Section 2.4, is developed in order to explain the massive nature of particles.

The strong interaction is detailed in Section 2.5, and the concept of renormalization is discussed in

Section 2.6. Finally Section 2.7 consolidates the previous sections and presents the full Standard Model.

2.1 Electromagnetic Interactions: Quantum Electrodynamics

In 1864 James Clerk Maxwell modified Ampere’s law and combined it with Gauss’s law and Faraday’s law

to form four equations that explain the relationship between electricity and magnetism [14]. Maxwell’s

four equations are shown below:

∇ ·E =
ρ

ε0

∇ ·B = 0

∇×E = −∂B

∂t

∇×B = µ0J + µ0ε0
∂E

∂t
.

(2.1)

In equation 2.1, E is the electric field, B is the magnetic field, J is the total current density, ρ is the

total charge density, µ0 is the permeability of free space, ε0 is the permittivity of free space, and the

speed of light in free space, c, is 1√
µ0ε0

.

Maxwell’s equations are incompatible with Newtonian mechanics. The equations imply that the

speed of light in a vacuum is a universal constant and thus the same in every inertial reference frame.

The fact that the speed of light is independent of the movement of its source contradicts the Newtonian

notion that vector velocities can be added. To rectify this, Einstein proposed the special theory of

relativity in 1905 [15].

Unfortunately, special relativity and Maxwell’s view of light as an electromagnetic wave were not

consistent with the quantum mechanical picture suggested by Max Planck in 1900. His description,

5
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along with subsequent work by Albert Einstein, Werner Heisenberg, Wolfgang Pauli, Pascual Jordan,

Erwin Schrödinger, and Paul Dirac, led to the development of Quantum Mechanics, which describes

light as consisting of discrete quanta, called photons.

In 1927 Dirac reconciled special relativity with Quantum Mechanics by describing the path of a

relativistic moving electron [16]. Dirac’s equation of motion can be used to describe all spin 1
2 massive

particles with vector interactions and is given by

(iγµ∂µ −m)ψ(x) = 0. (2.2)

In equation 2.2, ψ(x) are fields describing fermions, γµ are the gamma matrices [17] and x = xµ. The

corresponding Dirac Lagrangian is given by

L = ψ̄(x)(iγµ∂µ −m)ψ(x). (2.3)

When constructing the equation of motion, Dirac required it to be relativistically, or Lorentz, invari-

ant. This means that if a rotation or boost is performed on a field, taking it to a new reference frame,

the equations of motion remains the same. A consequence of Dirac’s theory is the prediction of negative

energy states, which can be interpreted as particles with the same mass as SM particles, but opposite

charge. Such particles, called antiparticles, were confirmed to exist with the discovery of the positron in

1931 by Carl Anderson [18], and the antiproton and antineutron in 1955 and 1956, respectively, at the

Berkeley Bevatron [19, 20].

Field transformations, such as rotations and boosts, can be expressed using in group theory. The

fields can be transformed to other coordinate systems using a complex phase, iα. These transformations

form groups of symmetries, in this case referred to as the U(1) group. The physical system then corre-

sponds to a class of mathematical configurations, expressed in different reference frames, and related to

one another by this symmetry transformation. This ensures that physical observables are calculable and

finite, regardless of what reference frame is used to describe them. The Dirac equation is invariant under

global U(1) transformation, in which the complex phase, α, does not depend on space-time coordinate

x. The fields transform from ψ(x) to ψ′(x) under this transformation as

ψ(x)→ ψ′(x) = e−ieQαψ(x)

∂µψ(x)→ e−ieQα∂ψ(x).
(2.4)

In equation 2.4, e is the fundamental unit of electric charge and Q represents the charge operator

(Qψ(x) = −ψ(x) for electrons).

In order for a theory to be renormalizable (see Section 2.6), it is necessary for the equation of motion

and the Lagrangian to be invariant under local transformations, in which the phase is dependent on

space-time coordinates, α(x). Making the Dirac fields and their partial derivatives invariant under local

U(1) transformations yields

ψ(x)→ ψ′(x) = e−ieQα(x)ψ(x)

∂µψ(x)→ eiα(x)∂µψ(x)− ieQ(∂µα(x))e−ieQα(x)ψ(x).
(2.5)
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Since the partial derivative is not invariant under this transformation, a new invariant derivative,

referred to as the covariant derivative, must also be defined. The covariant derivative is defined as

Dµ ≡ ∂µ + ieQAµ(x). (2.6)

In order to make the derivative term invariant under local U(1) transformation, a new type of field,

Aµ(x), is necessarily introduced. The new field and covariant derivative transform under the local U(1)

symmetry as

Aµ(x)→ Aµ(x)− 1

e
∂µα(x)

Dµψ(x)→ e−ieQα(x)Dµψ(x).

(2.7)

Using these definitions it is possible to obtain a Lagrangian of the theory. The individual terms of the

Lagrangian must obey symmetries that are observed in nature. Parity, denoted by P, is a symmetry that

reverses the handedness of space, meaning (t, x) → (t,−x), where t represents time, and x represents

three dimensional space. Parity is a transformation that tests a property called chirality. A chiral

object, such as a human hand, is distinguishable from its mirror image, while an achiral object, such as

a sphere, is not. Time reversal, denoted by T, is a symmetry that interchanges forward and backward

time, sending (t, x)→ (−t, x). Charge conjugation is a symmetry, denoted by C, under which particles

and anti-particles are interchanged. The theory of electromagnetic interactions is symmetric with respect

to P, C and T. The Lagrangian describing electrodynamics (QED) satisfies this criterion and is invariant

under the U(1) group of transformations:

LQED = ψ̄(x)(iγµDµ −m)ψ(x)− 1

4
FµνF

µν . (2.8)

In equation 2.3, ψ̄(x) = ψ†(x)γ0 is the adjoint of the ψ(x) field. The term, Fµν = ∂µAν − ∂νAµ, is the

electromagnetic field tensor. When the Lagrangian is expanded, the first term, ψ̄iγµDµψ, corresponds

to the kinetic energy of the system. The second term, mψ̄ψ, corresponds to the mass term, where m is

the mass of the particle represented by the ψ field. The last term, FµνF
µν , represents the propagation

of the Aµ fields. A mass term for the Aµ field of the form mAµA
µ is not gauge invariant and is excluded

from the Lagrangian. The Aµ field is a spin-1 massless gauge boson, which represents the photon.

By applying the Euler-Lagrange equation [21] to the Lagrangian in 2.8, it is possible to obtain

Maxwell’s equations. To achieve this, it is necessary to define the electric and magnetic fields in terms

of the fundamental fields: E = ∂A
∂t −∇φ, B = ∇×A. These equations contain in them the conservation

of electromagnetic current, which also implies conservation of charge. This is an illustration of Emmy

Noether’s theorem which states that if a system is invariant under a differentiable symmetry, there exist

corresponding quantities whose values are conserved in time [22].

QED is an elegant theory that provides a framework for calculating cross sections of processes involv-

ing charged fundamental particles. However, in the early versions of QED, these cross sections diverged

when they were calculated beyond leading order in perturbation theory. In particular, during the 1940’s

it was shown that discrepancies existed between QED and experimentally measured shifts of the levels

of hydrogen, known as the Lamb Shift [23]. It is possible to explain the Lamb Shift by redefining the

mass and charge of QED to absorb the divergences. This procedure, known as renormalization, allowed
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for finite cross section calculations beyond leading-order perturbations. The concept of renormalization

gave QED a strong foundation and is discussed in Section 2.6, in the context of electroweak and strong

interactions.

2.2 Weak Interactions

Quantum electrodynamics explains how charged particles interact with the electromagnetic field. It is

unable to explain processes such as β decay in which a proton or neutron can change into one another with

the emission of an electron or positron. In 1930, Wolfgang Pauli proposed the existence of the neutrino

in order to preserve energy, momentum and angular momentum (spin) conservation in β decays [24].

Two years later James Chadwick discovered the neutron by analyzing scattering data [25]. Armed with

the proton, neutron, and neutrino, Enrico Fermi, in 1934, proposed that β decay can be explained by a

four-fermion interaction, referred to as the weak interaction [26]. He suggested that the weak interaction

was a contact force with no range. This theory provided accurate results at low energies but failed at

higher energies and was not renormalizable.

Additional properties of weak interactions were discovered that required more complex theories to

explain them. Helicity is the projection of the direction of the spin of a particle along its momentum.

Helicity is defined as positive (right-handed) if the momentum and spin are in the same direction, and

negative (left-handed) if they are in opposite directions. It was observed that Parity was not a symmetry

of the weak interactions [27]; neutrinos have left-handed helicity, while anti-neutrinos are always right-

handed [28]. Electrons have negative chirality (left-handed), while positrons have positive chirality

(right-handed).

These observations suggested that the weak interaction does not behave the same way for a particle

and its mirror particle. Thus Fermi’s theory was modified to include the fact that weak interactions

treat left- and right-handed particles differently. The fields in Fermi’s theory were replaced with right-

and left-handed fields, which were defined by transformations under chiral projection operators PL and

PR:

ψR = PRψ =
1

2
(1 + γ5)

ψL = PLψ =
1

2
(1− γ5). (2.9)

Equation 2.9 implies that charged weak interactions have a vector minus axial vector (V-A) nature, in

which vectors are objects whose Lorentz structure of interactions is given by γµ, while axial vectors have

a γ5γµ structure. The modified Fermi theory was useful in describing the observed leptonic weak decays.

It defined left-handed leptonic doublets, Ψ` =

(
`

ν`

)
, and right-handed singlets, ψR = `R.

It is necessary to explain the role that weak interactions play in hadronic decays. The current theory

of weak interactions is explained with the help of the quark model, whose development is described in

Section 2.5. Weak interactions allow for mixing between quark generations. Up-type quarks are able

to change into down-type quarks of different generations. In addition, it was observed that the weak

interaction breaks the combined charge-parity (CP) symmetry [29]. These facts are accounted for by the

proposal that weak interactions mediate mixtures of three generations of quark states, defined by the
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Cabibbo-Kobayashi-Maskawa (CKM) matrix [30]. The CKM matrix accommodated the small amount

of CP violation by including a complex phase factor. The CKM matrix in its current form is given by
d′

s′

b′

 =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb




d

s

b

 . (2.10)

The physical quarks in hadrons, denoted by d′, s′, b′, are mixtures of the d, s, b quarks characterized by

their mixing angles, θij for quarks i, j [31]. The Vij terms for i, j quarks are combinations of the quark

mixing angles. These values are determined from various experiments.

Despite the many modifications made to weak theory to include all the observed properties, a com-

plete theory of weak interactions was not developed until electroweak unification, as described in Sec-

tion 2.3.

2.3 Electroweak Unification

In 1954, Chen Ning Yang and Robert Mills extended the gauge theory for abelian groups (QED) to

nonabelian groups. The Yang-Mills theory includes fields that are invariant under SU(2) gauge trans-

formations [32]. This theory is used to explain the weak force component in the unified electroweak

theory developed by Sheldon Glashow, Abdus Salam and Steven Weinberg (and others) in 1962 and

1967 [33, 8].

Since the SU(2) model alone cannot take into account electromagnetism, the unified theory was

proposed to be invariant under SU(2) × U(1) transformations, as shown below:

ψ(x)→ e
i
2α(x)Y+ i

2βa(x)τaψ(x). (2.11)

In equation 2.11, the e
i
2β

a(x)τa term represents SU(2) transformations. The τa are Pauli matrices,

τ1, τ2, τ3. The generators of the SU(2) group are given by T a = 1
2τ

a.

These generators satisfy the commutation relations [Ta, Tb] = iεabcTc, where εabc are the structure

constants of the group. The invariance under the SU(2) group leads to conservation of a quantity called

weak isospin. The e
i
2α(x)Y term represents the U(1) transformation. The Y terms are the generators of

the U(1) group, and satisfy [Ya, Yb] = 0. Invariance of terms under the U(1) group leads to conservation

of hypercharge, Y .

In order to construct a Lagrangian invariant under this symmetry the partial derivative must be

replaced by the covariant derivative:

Dµ ≡ (∂µ −
i

2
g1Y Bµ −

i

2
g2τaW

a
µ ). (2.12)

To obtain this covariant derivative, it was necessary to introduce a spin-1 field triplet, W a
µ =

(W 1
µ ,W

2
µ ,W

3
µ), as the SU(2) gauge field, and a spin one field singlet, Bµ, as a U(1) gauge field. The

dependence of the fields on x is dropped in the notation, but is implied. The fields transform under the
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Leptons ΨL =

(
νe
e

)
L

(
νµ
µ

)
L

(
ντ
τ

)
L

ψR = eR µR τR

Quarks
ΨL =

(
u
d′

)
L

(
c
s′

)
L

(
t
b′

)
L

ψR =
uR cR tR
dR sR bR

Table 2.1: The lepton and fermion doublets and singlets in electroweak theory. The primed quark states
are mixtures of quark fields given by the CKM matrix.

SU(2)× U(1) operations as

Bµ → B′µ = Bµ −
1

g1
∂µα(x)

W a
µ →W ′aµ = W a

µ −
1

g2
∂µβ

a + εabcβ
bW c

µ.

(2.13)

The unified electroweak theory must take into account the left-handed nature of charged weak in-

teractions. Thus lepton fields are defined as doublets containing left-handed electrons, muons, taus and

neutrinos, ΨL, and right-handed singlets, ψR, containing right-handed electrons, mouns and taus. The

quarks are also placed into left-handed doublets, and right-handed singlets. This is summarized in Ta-

ble 2.1.

The left-handed doublets transform under the SU(2) group, denoted as SU(2)L, while the right-

handed singlets transform under the U(1) group, denoted as U(1)Y . The Langrangian of the unified

electroweak theory is then given by

LEW = Ψ̄Liγ
µDµΨL + ψ̄Riγ

µDµψR −
1

4
Wµν
a W a

µν −
1

4
BµνBµν . (2.14)

In equation 2.14, the a indices represent the three components of the τa matrices and the W a
µ field. The

covariant derivative transforming ψR does not have a i
2g2τaW

a
µ term. The field tensors are given by

W a
µν = ∂µW

a
ν − ∂νW a

µ + g2εabcW
b
µW

c
ν

Bµν = ∂µBν − ∂νBµ.
(2.15)

In equation 2.13, the Bµ terms do not have a cross product term since the generators of the U(1)Y group

(Y ) commute.

The electroweak Langrangian describes massless fermions and massless gauge boson fields (W 1
µ , W 2

µ ,

W 3
µ and Bµ). However, fermions have mass. A mass term of the form mΨ̄Ψ cannot simply be added

since it would not be invariant under a SU(2)L× U(1)Y transformation. Thus another mechanism is

needed to describe how fermions obtain their mass.
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Figure 2.1: The potential, V (Φ), in the Higgs Lagrangian, for λ > 0, and µ2 < 0. The potential is drawn
along its real and imaginary axes [36].

2.4 The Englert-Brout-Higgs Mechanism

2.4.1 Higgs and Gauge Boson Masses

A mechanism by which particles obtain mass was first proposed by Philip Warren in 1963 [34]. The

relativistic version was developed in 1964 by three groups independently: Peter Higgs; Robert Brout

and Francois Englert; and Gerald Guralnik, Carl Hagen, and Tom Kibble [5, 6, 35]. When trying to add

a term to the Langrangian that will lead to mass terms, two conditions must be met:

1. The potential, V , of the Lagrangian must be at most fourth order in the fields in order to ensure

a renormalizable theory.

2. The potential, V , of the Lagrangian, must be bounded from below so that the theory has a stable

ground state.

Following these criteria, a term can be added to the electroweak Langrangian that is of the form

LHiggs = (DµΦ)†(DµΦ)−
(
µ2Φ†Φ + λ(Φ†Φ)2

)
. (2.16)

In equation 2.16, λ > 0 is required in order to ensure the stability of the vacuum. The last two terms in

equation 2.16 represent the potential term, V (Φ), in its most general renormalizable form. The Higgs

field, Φ, consists of complex fields arranged in an isodoublet:

=
1√
2

(
(φ1 + iφ2)

(φ3 + iφ4)

)
. (2.17)

The minimum value of the potential corresponds to the vacuum state and is obtained by solving

V ′(Φ) = 0. For µ2 > 0, the minima occur at φi = 0. For µ2 < 0 the potential resembles a Mexican hat

shown in Figure 2.1. The minima occur along a circle of the Mexican hat radius at values of

Φ†Φ = φ2
1 + φ2

2 + φ2
3 + φ2

4 = −µ
2

λ
. (2.18)

It is possible to choose a certain minimum, defined by φ1 = φ2 = φ4 = 0, φ3 = υ = −µ2

λ , where υ is

referred to as the vacuum expectation value. Choosing a minimum is called spontaneously breaking the
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symmetry. There is no loss of generality in choosing this minimum, since the original form of the fields

can be obtained by a SU(2) × U(1) rotation. Although the original generators T and Y are broken,

the operator Q = T 3 − Y/2 remains unbroken. This means that the remaining symmetry of the theory

is U(1)em. This allows the photon to remain massless, while the Wµ, Bµ fields mix and acquire mass.

After choosing a minimum, the Higgs field can be expressed as

Φ =
1√
2

(
0

υ

)
. (2.19)

Quantized fluctuations of a field about its lowest energy state, υ, correspond to particle excitations.

Thus expanding the field around a vacuum by a perturbation H(x), the field becomes

Φ =
1√
2

(
0

υ +H(x)

)
. (2.20)

The field can be parametrized by another SU(2) transformation:

Φ = ei~τ ·
~ξ/2υ 1√

2

(
0

υ +H(x)

)
. (2.21)

In equation 2.21 ~ξ = (ξ1, ξ2, ξ3), where the ξi terms are called Goldstone bosons. Under this transfor-

mation, the new Lagrangian contains Goldstone bosons that do not have mass. There are no physical

particles that corresponds to these Goldstone bosons. For this reason, fields and their derivatives are

transformed to another basis which has a physical interpretation. A gauge called the unitary gauge is

used in which the Goldstone bosons disappear and the remaining fields can be interpreted in a physical

sense. The unitary gauge is a SU(2) transformation given by U(~ξ = e−i~τ ·
~ξ/2υ). Under this transformation

the fields transform as

Φ′ = U(ξ)Φ =
1√
2

(
0

υ +H

)
=

1√
2

(υ +H)χ

Ψ′L = U(ξ)ΨL

~W ′
µ = U(ξ) ~W ′

µU(ξ)−1 − i

g2
(∂µU(ξ)U†(ξ)).

(2.22)

In equation 2.22, χ =

(
0

1

)
and ~W ′

µ = ~Wµ · ~τ2 . The Bµ and ψR fields remain unchanged under this

transformation (ψ′R = ψR, B
′
µ = Bµ). Under the unitary gauge transformation the potential term, V (Φ)

of LHiggs becomes

V (Φ′) = −µ
2υ2

4
+

1

2
(2µ2)H2 + λυH3 +

λ

4
H4. (2.23)

Equation 2.23 suggests the existence of a massive gauge field of spin 0, referred to as the Higgs

boson. The mass of this field can be read off from the H2 terms, as MH =
√

2µ2. The H3 and H4

terms demonstrate that the Higgs boson couples to itself via 3-point and 4-point vertices.
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Under the unitary transformations the (DµΦ)†DµΦ component of LHiggs becomes

(DµΦ)†′D′µΦ′ = ∂µH∂
µH − 1

8
(υ +H)2g2

2 |W ′1µ − iW ′2µ |2 −
1

8
(υ +H)2(g2W

′3
µ − g1B

′
µ)2. (2.24)

From equation 2.24, the terms that can be interpreted as the mass of the gauge boson fields are given

by
υ2

8
(g2

2W
1′
µ W

1µ′ + g2
2W

2′
µ W

2µ′ + (g2W
3′
µ − g1B

′
µ)2). (2.25)

Equation 2.25 highlights the fact that the W 1′
µ and W 2′

µ terms do not mix with any other fields and

only appear in the combination W 1′
µ W

1µ′+W 2′
µ W

2µ′. Their masses can therefore be directly read off as
g2υ
2 .

It is convenient to write the fields as two degrees of freedom belonging to a particle and its antiparticle:

W± =
W ′1µ ∓ iW ′2µ√

2
. (2.26)

With this definition of charged bosons the sum of the first two terms in equation 2.25 can be rewritten

as 1
4g

2υ2W+
µ W

−
µ . This allows the constants to be interpreted as the mass of the charged bosons:

MW± = 1
2gυ.

The third term in equation 2.25, (g2W
3′
µ − g1B

′
µ)2, consists of neutral fields and can be written as

υ2

8
( W ′3µ B′µ )

(
g2

2 −g2g1

−g2g1 g2
1

)(
W ′3µ

B′µ

)
. (2.27)

The above term can be diagonalized by the orthogonal transformation:

(
Zµ

Aµ

)
=

(
cos θW − sin θW

sin θW cos θW

)(
W ′3µ

B′µ

)
, (2.28)

where θW is called the Weinberg angle, or weak mixing angle. This angle is not theoretically predicted

and is obtained from experiment. With this orthogonal transformation the third term of LHiggs becomes

υ2

8
( Zµ Aµ )

(
g2

2 + g2
1 0

0 0

)(
Zµ

Aµ

)
=
υ2

8
(g2

2 + g2
1)ZµZ

µ + 0 ·AµAµ. (2.29)

The diagonalization led to the introduction of two other fields: Zµ and Aµ. Equation 2.29 shows that

the Aµ field is massless, and can thus be interpreted as the photon field. The Zµ field represents a massive

gauge boson, whose mass can be read from equation 2.29 as MZ = 1
2υ
√
g2

2 + g2
1 . The diagonalization

leads to defining the Weinberg angle as tan θW = g1
g2

, or equivalently sin θW = g1√
g22+g21

or cos θW =

g2√
g22+g21

. The W± and Z boson masses are proportional to 1/ sin θW and 1/ cos θW , respectively, and

their values can be predicted from the experimentally obtained value of θW . The masses were predicted

and the bosons were experimentally confirmed in 1983 [37, 38].

Thus after the unitary gauge transformation and with definitions of the W± and Zµ fields, the final

Higgs Lagrangian is
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LHiggs =
1

2
(∂µH)2 − 1

2
M2
H − λυH3 − λ

4
H4

+
g2

8
(H2 + 2Hυ)

[ 1

cos2 θWZµZµ
+ 2W+

µ W
−µ]

+M2
WW

+
µ W

−µ +
1

2
M2
ZZµZ

µ.

(2.30)

2.4.2 Fermion Masses

The previous section shows how the Higgs mechanism leads to the prediction of the Higgs, W± and Z

gauge boson fields and how their masses are obtained. In order to ensure that fermions obtain a mass, it

is necessary to add an additional term that couples fermions to scalars. This term is called the Yukawa

term and is given by

LY ukawa = −(Γ`i,jΨ̄
`
LΦψ`R + ΓDi,jΨ̄

Q
LΦψDR + ΓUi,jΨ̄

Q
LΦ†ψUR) + h.c. (2.31)

In equation 2.31, the field doublets and singlets are split into their lepton and quark components.

The lepton doublet and singlet are represented by Ψ`
L and ψ`R, the left-handed up- and down-type quark

doublets are represented by ΨQ
L , and the right-handed up- and down-type quark singlets are represented

by ψUR and ψDR respectively. The Γi,j terms are Yukawa coupling matrices for leptons and up and down

quarks. These matrices contain terms of the Yukawa couplings yi,j for each fermion flavour i, j. The

Yukawa couplings are not predicted by theory and must be obtained by experiment. In equation 2.31

the sum of lepton and quark flavours is implied. After symmetry breaking in the unitary gauge the

Yukawa term takes the form

L′Y ukawa = −Γ`i,jΨ
′`
L

1√
2

(
0

υ +H

)
ψ′`R − ΓDi,jΨ

′Q
L

1√
2

(
0

υ +H

)
ψ′UR − ΓDi,jΨ̄

′Q
L

1√
2

(
υ +H

0

)
ψ′DR

= − υ√
2

Γ`ijΨ̄
′`
Lψ
′`
R −

1√
2

Γ`ijΨ̄
′`
Lψ
′`
RH −

υ√
2

ΓDijΨ̄
′Q
L ψ

′D
R −

1√
2

ΓDijΨ̄
′Q
L ψ

′D
R H

− υ√
2

ΓUijΨ̄
′Q
L ψ

′U
R −

1√
2

ΓUijΨ̄
′Q
L ψ

′U
R H + h.c.

(2.32)

The fermion mass terms can be read off as m =
yijυ√

2
. The primed fields represent the fermion fields

in the unitary gauge. The terms containing H represent the fermion couplings to the Higgs boson.

2.5 Strong Interactions: Quantum Chromodynamics

Strong interactions were hypothesized in order to explain why the nucleus does not fly apart due to the

repulsion of positive protons. The invention of bubble chambers and spark chambers in the 1950’s lead

to many discoveries of new heavy hadrons [39]. The hadrons were produced fast and decayed slowly,

which provided evidence that their production and decay mechanisms were governed by different forces.

To explain why these particles decayed more slowly than they were produced, it was suggested that some

particles carried strangeness [40]. Strangeness was conserved in strong interactions that mediated the

particle production, but not in weak interactions that mediated their decay. Strangeness did not apply
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Figure 2.2: Hadrons arranged in the hexagonal and triangular shapes based on their mass, charge and
strangeness [42].

to leptons and photons since they do not experience the strong force.

In 1962, Murray Gell-Mann arranged all the newly discovered hadrons in geometrical patterns ac-

cording to their mass, charge and strangeness [41]. These patterns, referred to as the eightfold way,

are shown in Figure 2.2. The eight lightest hadrons fit into a hexagonal array with two particles at the

centre. The ten heavier hadrons were fit into a triangular shape. Antiparticles fit into the same patterns.

To explain the patterns hadrons fit into, it was proposed that hadrons are made of three different

quarks: the up (u), down (d), and strange(s) quarks. The quarks have charge and strangeness numbers

associated to them that explain the patterns the hadrons fit into. Despite the fact that deep inelastic

experiments confirmed this theory [43], individual quarks were not observed.

To account for this fact, in 1964 it was suggested that there exist three colour charges (red, green,

blue) and that all naturally occurring particles are colourless [44]. This meant that quarks combined in

quark-anti-quark pairs (colour+anti-colour), called mesons or triplets of each colour (red+greed+blue),

called baryons. The fact that quarks are confined in hadrons is an experimentally observed phenomenon,

referred to as confinement, that has not been theoretically proven.

In subsequent decades, the charm, c, bottom, b and top, t quarks were discovered. The original

hadron multiplets were extended into 3 dimensional supermultiplets.

The SU(3) symmetry best describes all of the observed properties of strong interactions. In its cur-

rent form, it accounts for all the quarks, and predicts the existence of the strong force carrier, the gluon.

The quark fields, ψq,c, are given by

ψq,r =


1

0

0

 , ψq,b =


0

1

0

 , ψq,g =


0

0

1

 , (2.33)

where the q indices represent quark flavour, and the c = r, b, g indices represent the red, blue and green

quark colours. The colour fields transform under the SU(3) colour group, denoted as SU(3)C , as shown

below:

ψq,c(x)→ ψ′q,c(x) = e
i
2γi(x)λiψq,c(x). (2.34)

The SU(3)C group is generated by eight Gell-Mann matrices, λi,8, which are generalizations of the

isospin matrices. The matrices satisfy the commutation relations

[
λi

2 ,
λj

2

]
= ifijk

λk

2 , where fijk are the

structure constants of the group.

In order to preserve gauge invariance of the Lagrangian terms under the SU(3)C group, the covariant
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derivative is defined as

Dµ ≡ ∂µ −
i

2
g3λ

iGiµ, (2.35)

where g3 is the strong coupling constant. The definition of the covariant derivative required the in-

troduction of a Giµ term, corresponding to eight gluon fields. Each of these i gluon fields transforms

as

Giµ → Gi′µ = Giµ −
1

g3
∂µγ

i(x)− fijkγjGkµ. (2.36)

The SU(3)C Lagrangian is then given by

LQCD = ψ̄q,c(iγ
µDµ −mq)ψq,c −

1

4
GiµνG

iµν , (2.37)

where mq are the quark masses. The field strength tensor is given by

Giµν = ∂µG
i
ν − ∂νGjµ + g3fijkG

j
µG

k
ν . (2.38)

Like photons in QED that carry the EM force, gluons are massless spin-1 bosons that carry the

strong force. However, unlike photons, which do not carry electric charge, gluons also carry colour

charge. As a result gluons also interact with themselves, while photons do not. The gluon-gluon self

interaction is responsible for the different behaviour of QCD and QED, and in particular the QCD feature

of confinement. The self-coupling is also responsible for the asymptotic freedom of QCD, described in

Section 2.6.

2.6 Renormalization

Physical observables, such as charge or mass, must be computed beyond leading order perturbations in

order to obtain an accurate representation of all paths through which a physics process can occur. Cal-

culations beyond leading order involve Feynman diagrams that contain closed loops of virtual particles.

Since the particles in the loop are virtual, they can have any momenta, and thus the loop contribution

must be integrated over all possible momenta from zero to infinity. This integration leads to divergent

contributions to the cross section calculations. In order to resolve this, the terms that appear in the

Lagrangian that represent particle characteristics such as mass and charge can be re-interpreted. These

terms do not correspond to physical quantities that are measured in the laboratory. Instead, they rep-

resent bare values, which do not include the virtual loop corrections that are present in the physical

quantities. The Lagrangian can be re-written by redefining physical quantities that absorb the infinities.

Renormalization is the process of absorbing loop corrections by redefining measurable quantities and

introducing a renormalization energy scale µR, up to which the observables are calculated. Observable

quantities are then quantifiable, but dependent on the cutoff scale, µR. Renormalization is a way to hide

the dependence of an observable on a large energy scale by looking at the observable on a longer-distance

scale.

The fact that physical quantities are finite implies that the bare quantities are also divergent and

cancel the divergent corrections. A theory is renormalizable when the number of terms in the Lagrangian

(which are associated to bare quantities) that is needed to cancel the loop divergences is finite. These

terms must also be dependant on the cutoff scale.
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When calculating observable quantities, the renormalization scale is usually chosen to be close to

the energy that is exchanged in an interaction. This is done in order to minimize the contribution from

loop diagrams, since increasing the renormalization scale corresponds to including more loop diagrams.

The phenomenon of physical constants changing with the renormalization scale is referred to as running.

The amount by which physical quantities change with the renormalization scale can be represented by

beta-functions, β. Calculating the β functions of the coupling constants in QED and QCD can reveal

underlying differences between the two theories, as demonstrated below.

If a theory is renormalizable, physical observables, R, should not depend on the cutoff scale, implying

that the equation (
µ2
R

∂

∂µ2
R

+ β(g)
∂

∂g

)
R = 0 (2.39)

should be satisfied. Equation 2.39 is called a Renormalization Group Equation (RGE), in which g is

the charge of the theory (electric charge in QED, colour in QCD).

The β function contains the dependence of the coupling parameter, g, on the energy scale µ. It can

be written as β(α) = −β0α
2 − β1α

3 − ..., where α ∝ g. The α parameter can be expressed as

α(Q2) =
α(µ2

R)

1 + α(µ2
R)β0 ln Q2

µ2
R

, (2.40)

where Q2 is the four-momentum-squared, transferred in an interaction between particles. The β is

obtained by considering Feynman diagrams containing one loop corrections to the propagator and using

the RGE. After evaluating the β function for QED, it is possible to obtain the α for QED:

αEM (µ2
R) =

αEM (µ2
R)

1− αEM (µ2
R)

3π ln Q2

µ2
R

. (2.41)

Equation 2.41 shows that the electromagnetic coupling strength increases for larger Q2, or as two charges

get closer together. However this increase is very slow for currently accessible energies, and thus QED

observables such as electron charge and mass appear stable.

Evaluating the β function for QCD gives the α for QCD:

αs(Q
2) =

αs(µ
2
R)

1 +
αs(µ2

R)

12π (33− 2nf ) ln Q2

µ2
R

. (2.42)

In the above equation nf is the number of quark flavours, which is six in the Standard Model. This

equation shows that the behaviour of αs is very different from that of αEW . The αs term decreases with

increasing momenta transfer (or decreasing distance). In fact αs goes to 0 as Q2 →∞. This behaviour

is referred to as asymptotic freedom and is the result of the contribution of gluon self interaction loops

in the calculation of the β function.

Unlike αEW , αs varies substantially over the accessible energy scale. Since αs grows quickly, the

perturbative expansion of the β function in terms of powers of α quickly breaks down.

The energy scale at which this occurs, Λ, is experimentally found to be approximately 200 MeV.

Below 200 MeV (at long distances) the perturbative regime breaks down, and numerical methods such

as lattice QCD are used [45]. The Λ scale can be defined as
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Λ = µ2
R exp

( −12π

(33− 2nf )αs(µ2
R)

)
. (2.43)

2.7 The Standard Model

The Standard Model is a theory that unifies the electroweak and strong interactions. The fields in this

theory are invariant under the local SU(3)C × SU(2)L × U(1)Y transformations. The fields transform

as

ψ → ψ′ = e
i
2α(x)Y+ i

2βa(x)τa+ i
2γi(x)λiψ (2.44)

The covariant derivative is given by

Dµ ≡ ∂µ +
i

2
g1Y Bµ +

i

2
g2τaW

a
µ +

i

2
g3λiG

i
µ. (2.45)

The Standard Model Lagrangian then consists of three terms:

LSM = Lfg + LHiggs + LY ukawa (2.46)

The Lfg term describes the free propagation of fermion and gauge fields, the couplings of fermions and

gauge fields to each other, and the self coupling of gauge fields. The LHiggs and LY ukawa couplings

before symmetry breaking are given by equations 2.16 and 2.31, respectively.

After spontaneous symmetry breaking the SU(2)L× U(1)Y symmetry is broken to a U(1)em sym-

metry. After symmetry breaking in the unitary gauge the LHiggs and LY ukawa terms are given by

equations 2.30 and 2.32, respectively.



Chapter 3

The LHC and the ATLAS Detector

This chapter describes how the Large Hadron Collider and ATLAS detector function. Section 3.1

describes the LHC and explains a particle’s trajectory through it. Section 3.2 focuses on describing all of

the components of the ATLAS detector, and concludes by explaining how they relate to the H →WW ∗

analysis.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the world’s largest particle accelerator, constructed at the European

Organization for Nuclear Research (CERN). It is a hadron-hadron collider, 26.7 km in circumference,

situated on the French-Swiss border near Geneva. It is located underground at depths ranging from

50 m, near the Lac Léman side, to 175 m underneath the Jura mountain. The LHC guides two beams

of either protons or heavy ions (Pb82+) in opposite directions. The particles interact at experiments

located at four points around the LHC. The two experiments built for general searches for a wide range

of physics processes are ATLAS (A Toroidal LHC Apparatus) and CMS (Compact Muon Solenoid).

The LHCb (LHC beauty) experiment is designed to investigate CP violation in interactions involving

b-hadrons. The ALICE (A Large Ion Collider Experiment) experiment is designed to study quark-gluon

plasma, which existed shortly after the Big Bang and is created in heavy ion collisions. Three other

smaller experiments, TOTEM (Total Cross Section, Elastic Scattering and Diffraction Dissociation at

the LHC), MoEDAL (Monopole and Exotics Detector at the LHC) and LHCf (LHC forward), have more

specific roles. The locations of the main experiments around the ring are shown in Figure 3.1.

Over 10 000 scientists from more than 100 countries were involved in the design and construction

of the LHC and its experiments. The machine was built in a tunnel previously occupied by the Large

Electron-Positron (LEP) collider. The construction of the LHC lasted from 1998 until 2008. Nine days

after the collider’s startup on September 10, 2008, a faulty electrical connection caused magnet quenches

and the rupture of a liquid helium enclosure. The collider was shut down for 14 months to repair the

damaged superconducting magnets, clean the liquid helium and restore the vacuum. The experiment

was restarted on November 20, 2009, and three days later successfully collided two beams of protons

at an energy of 450 GeV per beam. The LHC collided protons at an energy of 3.5 TeV per beam in

2010, and 2011, and 4 TeV in 2012. The heavy-ion collisions were carried out at a nucleon-nucleon

centre-of-mass energy of 2.76 TeV. The LHC is currently being upgraded for proton-proton collisions at

19
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Figure 3.1: The LHC injector complex [46].
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Figure 3.2: The LHC radio frequency cavities used for particle acceleration [47].

6.5 TeV per beam when it restarts in 2015.

3.1.1 Particle Injection Chain

The LHC injector complex is shown in Figure 3.1. The protons are accelerated incrementally by a

combination of linear and circular colliders and transferred from one to the next via transfer lines (TT).

The protons accelerated by the LHC are obtained by stripping electrons from hydrogen atoms contained

in a bottle. After the protons are stripped, they are accelerated by Radio Frequency Quadrupoles to

an energy of 750 KeV per beam. A linear accelerator, called LINAC2, then accelerates the protons to

an energy of 50 MeV. The protons are then guided into a circular accelerator called the PS Booster

(PSB), which increases the beam energy to 1.4 GeV in 530 ms. The PSB also separates the proton

beam into discrete packets, called bunches. The protons are accelerated to 25 GeV in 1025 ms by the

Proton Synchrotron (PS). If the protons are a part of the first batch arriving from the PSB, they are

stored for 1.2 s before being accelerated. The PS also further decreases the size of the bunches using

radiofrequency pulses. It provides 81 bunches with a 25 ns spacing between them. The PS also provides

protons for other experiments, such as ALPHA (Antihydrogen Laser Physics Apparatus), which studies

the properties of antihydrogen, or nTOF (neutron time-of-flight facility), which studies neutron-nucleus

interactions. After the PS, the protons enter the SPS where they are accelerated to 450 GeV in 4.3 s.

The protons arriving at the SPS can be stored for up to 10.8 s, depending on which bunch they arrive

in, before being accelerated. The SPS injects the proton bunches into the LHC clockwise and counter-

clockwise in two separate beam-pipes enclosed in the same cooling vessel. Particles with slightly lower

momentum are accelerated by the RF cavities. In this way the particles oscillate around the ideal

particle’s trajectory, forming tight bunches.

The bunches travel around the LHC in two vacuum pipes situated beside each other. The pipes are
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Figure 3.3: Dipole magnet in the LHC beam pipe (left) and quadrupole magnet (right) [47].

surrounded by magnets, which are enclosed in a superfluid-helium-cooled cryostat. The magnet system

contains 1232 dipole and 392 quadrupole magnets used to bend and correct the beam’s path. The

14.3 m-long, 35 ton, dipole magnets provide the main magnetic bending force used to keep the beams

in circular motion. These dipoles are made of superconducting Nb-Ti (niobium-titanium) cables cooled

down to 1.9 K, and carrying a maximum current of 11 700 A. The magnet system is also equipped with

sextapole, octupole and decapole magnets used to correct imperfections in the magnetic field at the

ends of the dipoles. Alternating 5-7 m-long quadrupole magnets are used to focus the beam’s width and

height. Quadrupole magnets are also used in series of threes to create the inner triplet, which is used to

direct the beams into each other at the interaction points. The dipole and quadrupole magnets and the

beam pipe are shown in Figure 3.3.

Particles oscillate harmonically as they travel around the LHC. The size and quality of the beam

are characterized by the emittance, ε, which is the width of the beam. A smaller emittance means the

particles are constrained to a smaller space and have higher momenta. The amplitude function, denoted

by β, is also used to characterize the beam quality and is dependent on the configuration of the magnets.

It is defined as: β = πσ2/ε, where σ is the cross sectional size of the bunch. Smaller β values correspond

to a more narrow and squeezed beam. The amplitude function at the interaction point is denoted as

β∗ [48].

Using the emittance and amplitude function it is possible to define the number of collisions produced

per cm2 each second. This quantity, referred to as the luminosity, is defined as

L =
frevn1n2N1N2γF

4πεβ∗
. (3.1)

In equation 3.1, ni is the number of bunches in beam i, N , is the number of protons in each bunch, frev

is the revolution frequency, γ is the Lorentz factor, and F is the geometric luminosity reduction factor

which characterizes the loss in luminosity due the crossing angle at the interaction point. Equation 3.1

describes the instantaneous luminosity. The total luminosity can be obtained by integrating over the

running time of the LHC L =
∫
Ldt. The integrated luminosity is given in units of inverse barns (b),

where 1b = 1× 10−28 m2.

Since a typical bunch contains 1.6×1011 protons, more than two protons can interact at each crossing.

The number of interactions per bunch crossing, µ, is defined as

µ =
Lσinel
nfrev

. (3.2)
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Figure 3.4: The integrated luminosity as a function of time delivered by the LHC (green), collected by
ATLAS (yellow), and used for physics analyses (blue) in proton-proton collisions (left)[49]. The mean
number of interactions per LHC bunch crossing in 2011 (blue) and 2012 (green) (right)[49].

In equation 3.2, σinel is the inelastic pp cross section (71.5 (73) mb for a proton beam energy of 3.5

(4) TeV).

3.1.2 LHC Performance

The amount of integrated luminosity delivered by the LHC, recorded by ATLAS, and considered suitable

for physics analyses is shown on the left in Figure 3.4. The energy of the collision, measured in the centre-

of-mass frame, is called the centre of mass energy,
√
s. In proton-proton collisions, ATLAS recorded 45

pb−1 at a centre of mass energy of 7 TeV in 2010, 5.25 fb−1 at
√
s = 7 TeV in 2011, and 21.7 fb−1 at

√
s = 8 TeV in 2012. The high particle multiplicities at unprecedented energies created a challenging

environment for ATLAS. The right plot of Figure 3.4 shows the distribution of the mean number of

interactions per LHC bunch crossing in 2011 and 2012.

3.2 The ATLAS Detector

The ATLAS detector, shown in Figure 3.5, is one of two multi-purpose detectors at CERN. The inner-

most part of the detector is used for gathering information about the momentum and the sign of the

charge of charged particles. The Inner Detector (ID) consists of a silicon Pixel detector, a silicon-strip

Semi-Conductor Tracker (SCT), and a straw-tube Transition Radiation Tracker (TRT). A thin solenoid

magnet surrounds the Inner Detector, providing it with the magnetic field used to curve charged particles

left or right in the transverse plane, depending on their charge.

The Inner Detector is surrounded by electromagnetic and hadronic calorimeters. The electromagnetic

calorimeter, consisting of lead and liquid argon (LAr), measures the energy of electrons and photons.

It consists of a barrel component in the centre of the detector and two electromagnetic end-caps beside

the barrel. In addition, copper-LAr hadronic end-caps are placed behind the electromagnetic end-caps

to capture hadronic energy in this region. The electromagnetic calorimeter is surrounded by the steel

and scintillating hadronic Tile calorimeter (TileCal), which measures the energy of hadrons. The Tile

calorimeter consists of a central barrel, and two extended barrels in the forward regions. The regions

closest to the beam pipe are covered by forward calorimeters (FCal), which consist of three modules
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Figure 3.5: The ATLAS detector [50].

that measure scattering at very small angles. The first module is made of copper-LAr and used for

electromagnetic measurements. The other two modules consist of tungsten and LAr and are used for

hadronic measurements.

The calorimeters are surrounded by superconducting toroidal magnets made of eight air-core su-

perconducting barrel loops and two end-caps. The toroid magnets have non-uniform magnetic fields,

which bend charged particles that are measured by the Muon Spectrometer. The Muon Spectrometer

(MS) system consists of two high-precision tracking chambers: the Monitored Drift Tubes (MDT) and

Cathode Strip Chambers (CSC), as well as two tracking chambers used for triggering and providing

the coordinates in the non-bending plane: Resistive Plate Chambers (RPC) and Thin Gap Chambers

(TGC).

3.2.1 Coordinate System

The coordinate system in ATLAS is defined such that the z-axis is aligned with the direction of the

beam. The positive z direction is defined counter-clockwise when viewing the LHC tunnel from above.

The x−y plane is the plane which is transverse to the beam. The positive y-axis is defined to point from

the interaction point upwards, while the positive x-axis is defined to point from the interaction point

to the centre of the LHC ring. The r, θ, φ coordinate system can also be used, in which r =
√
x2 + y2,

cosθ = z√
x2+z2

, and cosφ = x√
x2+y2

. Since particles leave the interaction point and travel outwards,

it is convenient to express their path relative to the beam axis. The pseudorapidity, η, describing the

particle’s path relative to the beam axis, is defined as η = − ln
[

tan
(
θ
2

)]
. The pseudorapidity can
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Figure 3.6: The coordinate system used by the ATLAS detector. The ATLAS detector is represented
by the blue cylinder. The blue arrows and letters p indicate the direction of the colliding particles. The
η direction is located at an angle θ in the y − z plane.

be written in terms of the particle three-momentum, p, as η = 1
2 ln

( |p|+pL
|p|−pL

)
, where pL is the particle

momentum along the beam axis. When the particle is travelling close to the speed of light, or when

its mass is nearly zero, the pseudorapidity converges to the rapidity: y = 1
2 ln

(
E+pL
E−pL

)
, where E is

the energy of the particle. The separation between two particles in η and φ can by characterized by

∆R =
√

∆η2 + ∆φ2. The ATLAS coordinate system is graphically represented in Figure 3.6. The

forward regions of the detector that are close to the beam line have high η values.

3.2.2 Magnets

The ATLAS magnet system, shown in Figure 3.7 consists of a central solenoid (CS), generating a mag-

netic field that bends particles in the Inner Detector, and three toroid magnets providing the magnetic

field needed to bend muons in the Muon Spectrometers. The thin CS is located in front of the electro-

magnetic calorimeter and shares the same vacuum vessel in order to minimize material. It generates a

2 T magnetic field parallel to the beam line in the Inner Detector.

The toroid magnet system consist of a barrel toroid (BT) and two end-cap toroids (ECT) located at

each end of the solenoid. In the |η| < 1 range, the barrel toroid provides the magnetic field to bend the

muons, while in the 1.4 < |η| < 2 range the magnetic field is provided by the end-cap magnets. In the

1.0 ≤ |η| ≤ 1.4 transition region, the muon trajectories are bent by a magnetic field generated by both

magnets. The BT and ECT each consist of eight coils around the beam axis. The ECT is rotated at

an angle of 22.5% with respect to the BT in order to optimize the magnetic field in the regions where

the two overlap. The superconducting BT coils are placed inside an aluminium alloy casing for stability.

The BT coils sit inside their own individual cryostats which are linked together for mechanical stability.

The ECT coils are made of the same material, but housed in a single cryostat on each side. The cooling
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Figure 3.7: The ATLAS Magnet system [51].

is provided by helium of 4.5 K flowing through tubes that are welded onto the magnet casings.

3.2.3 Inner Detector

The Inner Detector, shown in Figure 3.8, measures the position and momenta of particles at and near

the interaction point. The high precision measurements needed due to the large particle fluxes require

the need for a fine-granularity detector, especially near the beam line. The Inner Detector extends to

the |η| = 2.5 region, and consists of a barrel component and two end-caps.

The innermost ID layer, the Pixel detector, is made of instrumented pixels and exhibits the highest

granularity. The Pixel detector provides the interaction location, measures the impact parameter of

particle trajectories and identifies short-lived particles such as b-hadrons and τ leptons. The impact

parameter, d0(z0), is the transverse (longitudinal) position relative to the beam axis at the point of

closest approach.

The pixels are segmented in r, φ, and η. There are over 80 million pixels of size 50 × 400 µm in

the rφ− z directions. The pixels are mounted onto 1744 modules, each containing 16 electronic readout

chips. The number of pixels used is limited due to the high cost of the pixels and large amount of cabling

required for the many readout channels. There are three concentric pixel layers mounted parallel to the

beam line in the barrel section, and five disks perpendicular to the beam line in the end-cap sections.

The resolution of the Pixel detector is 12 µm in the rφ direction and 66 µm in the z direction for the

barrel, and 77 µm in rφ direction for the end-caps. The η coverage and resolution of the Pixel barrel

and end-caps are shown in Table 3.1.

The middle section of the ID is the SCT, which provides additional information on the interaction

point and the particle’s trajectory. The silicon detectors are 6.36 × 6.40 cm2 rectangles containing

780 readout strips of 80 µm pitch. A single module consists of four p-on-n silicon detectors. On each

module two detectors are mounted onto each other back-to-back, at a 40 mrad angle in order to obtain

a measurement in z. The modules are 12.8 cm long strips, which are mounted onto eight concentric

barrel layers, providing four space-point measurements. On the end-caps, modules are tapered at the

edges and mounted in up to three rings. The design resolution of the SCT is 16 µm in the rφ direction

and 580 µm in the z direction for the barrel and rφ direction for the end-caps. The η coverage and
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Figure 3.8: The Inner Detector, showing the radial position (R in this figure) of the different layers of
the Pixel, SCT and TRT detectors [52].
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System Position |η| coverage Resolution (µm)
Pixel 1 removable barrel layer < 2.5 rφ = 12, z = 66

2 barrel layer < 1.7 rφ = 12, z = 66
10 end-cap disks 1.7− 2.5 rφ = 12, z = 77

SCT 4 Barrel layers < 1.4 rφ = 16, z = 580
18 end-cap wheels 1.4− 2.5 rφ = 16, z = 580

TRT Axial barrel straws < 0.7 170/straw
Radial end-cap straws 0.7− 2.5 170/straw

Table 3.1: The η coverage and resolution of the Pixel, SCT and TRT detectors.

resolution of the SCT are shown in Table 3.1.

The outermost segment of the ID is the TRT, which provides additional trajectory coordinates and

particle identification. The 4 mm tubes are parallel (perpendicular) to the beam pipe in the barrel

(end-cap), and filled with a gas mixture of 70% Xe 27%, CO2 and 2% O2. A particle traversing the

tubes ionizes the gas, and the freed electrons are collected onto a 31 µm thick wire inside the tube

(anode). The outer coating of the tube is a 25 µm polyimide film and 0.2 µm aluminium tube coating,

which acts as the cathode. The TRT consists of 50 000 barrel, and 420 radial end-cap straws mounted

on 18 wheels, and comprises 420 000 electronic channels. The design resolution of the TRT is 170 µm

per straw. The η coverage and resolution of the TRT are summarized in Table 3.1.

Accurate particle identification is achieved by exploiting the fact that ultra-relativistic particles emit

transition radiation when moving between media of different dielectric constants. The total emitted

radiation is proportional to the Lorentz factor, γ. Thus when a particle crosses the border between the

xenon gas filled straws and radiator in the TRT, the amount of emitted radiation is used to distinguish

between electrons and charged hadrons. The xenon gas efficiently absorbs transition radiation since its

energy levels are well matched to the wavelength of transition radiation X-rays. The xenon gas ionizes

and the freed electrons are collected as additional hits. The front-end electronics of the TRT discriminate

between adjustable high- and low-energy threshold hits. The low threshold is set at approximately 300 eV

and is intended to identify minimum ionizing particles, while the high-threshold level is set to 6-7 KeV

and is intended to identify particles with high ionization or large energy deposition due to absorption of

transition radiation by the xenon gas [53].

3.2.4 Liquid Argon Calorimeter

The LAr calorimeter, shown in Figure 3.9, is a sampling calorimeter consisting of four subsystems: the

electromagnetic barrel (EMB) covering a pseudorapidity range of |η| < 1.475, the electromagnetic end-

cap (EMEC), covering a range of 1.375 < |η| < 3.2, the hadronic end-cap (HEC), covering the region

of 1.5 < |η| < 3.2 and forward calorimeters (FCal) covering the region 3.1 < |η| < 4.9. The EMB is

enclosed in the barrel cryostat, while the end-cap cryostats contain the EMEC, HEC and FCal. The

LAr calorimeter is also divided into longitudinal layers, with layers closer to the beam line containing

higher granularity segments. The signals from the LAr calorimeter are read out in longitudinal, η and

φ partitions of varying sizes, referred to as cells. The granularity of each LAr layer, or size of cell, is

shown in Table 3.2.

The EMB and EMEC were constructed using an accordion geometry, with copper and kapton elec-

trodes and lead as the absorber material. The electrodes are flexible and therefore held in place between

the absorber plates by honeycomb spacers. This design allows for good hermeticity, azimuthal unifor-
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Subsystem Barrel End-cap
EMB/EMEC

Layer 1 0.003× 0.1 0.025× 0.1 for 1.375 < |η| < 1.5
0.003× 0.1 for 1.5 < |η| < 1.8
0.004× 0.1 for 1.8 < |η| < 2.0
0.006× 0.1 for 2.0 < |η| < 2.5
0.1× 0.1 for 2.5 < |η| < 3.2

Layer 2 0.025× 0.025 0.025× 0.025 for 1.375 < |η| < 2.5
0.1× 0.1 for 2.5 < |η| < 2.5

Layer 3 0.05× 0.025 0.05× 0.025 for 1.5 < |η| < 2.5
Presampler 0.021× 0.1 0.021× 0.1
HEC 0.1× 0.1 for 1.5 < |η| < 2.5

0.2× 0.2 for 2.5 < |η| < 3.2
FCal ∼ 0.2× 0.2

Table 3.2: The granularity of the LAr calorimeter in ∆η ×∆φ sized cells [54] ufzaq.

mity and fast response. The calorimeter is segmented into three longitudinal layers for |η| < 2.5 and

two coarser-granularity layers for |η| > 2.5. The layer closest to the beam line is segmented into fine-

granularity strips in η and is referred to as the strip layer. A finer granularity presampler, covering the

range |η| < 1.8, provides an estimate of the energy loss in front of the calorimeter.

The HEC is segmented into four layers constructed in a parallel-plate geometry. It has copper ab-

sorbers and copper and kapton electrodes. The FCal consists of three modules constructed of electrode

rods parallel to the beam pipe, sitting in a metal matrix absorber (Figure 3.9). The LAr gap between

the rods and matrix is smaller than in the rest of the LAr detector in order to endure the high particle

fluxes in the forward regions. The first module of the FCal, consisting of a copper matrix, is used for

electromagnetic measurements. The two latter modules, consisting of tungsten matrices, are used for

hadronic measurements.

3.2.4.1 Requirements of the Liquid Argon Calorimeter

The design for the LAr calorimeter was largely motivated by requirements on searches for the Higgs

boson which can decay to photons, electrons, jets and energy missing in the transverse plane. The

reconstruction of these objects is detailed in Chapter 5. These particles must be accurately identified,

necessitating fine lateral and longitudinal segmentation in the calorimeter. The energy resolution of the

calorimeter is given by

σE
E

=
a√
E
⊕ b

E
⊕ c. (3.3)

In equation 3.3, a is the coefficient of the sampling term, representing the statistical shower development,

b is the noise term, and c is the constant term. To meet the mass resolution required for the Higgs searches

the sampling term is required to be 10% for electrons and photons in the electromagnetic calorimeter,

50% for jets in the hadronic calorimeter and 100% for jets in the forward calorimeters. The constant term,

which dominates the calorimeter resolution at high energy, is required to be 0.7% for the electromagnetic

calorimeter, 3% for the hadronic calorimeter, and 10% for the forward calorimeters. Measurements

performed in test beam studies show that these resolution requirements have been met [56, 57].

The LAr calorimeter must also have a fast shaping time and minimal dead time in order to cope
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Figure 3.9: The liquid argon subsystems: the hadronic end-cap, the electromagnetic end-caps and barrels
with their accordion geometry design, and the forward calorimeter with its rod-matrix geometry [55].

with the 40 MHz bunch crossing rate at the LHC. Minimal coherent noise (<5% of the incoherent noise)

and a linearity of 0.1% is required. Finally, the calorimeter must be capable of sustaining high radiation

doses. In order to satisfy the linearity, stability and radiation hardness requirements, liquid argon was

chosen as the active material.

3.2.4.2 The Liquid Argon Readout Chain and Energy Reconstruction

The high voltage system generates an electric field across the liquid argon gap between the absorbers

and readout electrodes. The left part of Figure 3.10 shows the layout of the electrodes and absorbers in

the barrel. When a charged particle crosses the liquid argon gap, it ionizes the argon along its trajectory.

The freed electrons are guided by an electric field applied to the electrodes. The resulting ionization

signal has a triangular shape and a drift time of ∼450-600 ns in the barrel. Since this drift time spans

18-24 LHC bunch crossings, the signal must be shaped and shortened in order to mitigate the effects

of overlapping interactions. The 1524 front end boards (FEBs), located concentrically around the LAr

calorimeter, shape the signal such that the summed area of the positive and negative lobes of the pulse

shape is zero. This is done in order to minimize the effect of pileup from overlaying events. The LAr

pulse shape is shown at the right of Figure 3.10 before and after shaping. The shaping is performed in

three different gains in order to meet the large dynamic energy range expected for physics signals. The

readout chain is schematically represented on the right of Figure 3.11.

After the signal is shaped, it is transmitted through two paths: an analog path, which leads to the

Level 1 (LVL1) calorimeter trigger system, and a digitized path. In the analog path a sum is performed

over approximately 60 readout cells creating energy collections called trigger towers. The summed analog
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Figure 3.10: Section of the EMB showing the position of the electrodes and absorbers (left). The LAr
calorimeter pulse shape before and after shaping (right) [54].

pulses are then analyzed by the hardware-based LVL1 electronics, which take 2 µs to decide whether to

retain or discard a particular event.

In the digitized path, shaped analog signals are stored in a switched capacitor array (SCA) and

digitized in five samples once the decision from the LVL1 trigger arrives, indicating that an event should

be retained. The five samples are then sent via optical transmitters to back-end electronics located in

a room beside the detector. The back-end electronics consist of digital signal processing (DSP) chips,

which compute the amplitude and quality factor of the pulse shapes and energy of cells. The quality

factor quantifies how well the pulse shape obtained matches the expected pulse shape from a physics

signal. The energy is obtained from the amplitude of the pulse shape, A, which is given by:

A =

5∑
j=1

aj(sj − p). (3.4)

Using the amplitude, the timing offset, τ , is computed as

Aτ =

5∑
j=1

bj(sj − p). (3.5)

In equations 3.4 and 3.5, sj represents the signal pulses obtained. The aj , bj and p factors are obtained

from electronics calibrations carried out by injecting well-known exponential pulses at the beginning of

the readout chain near where the physics pulse is produced in the EMB/EMEC and HEC, and later in

the readout path for the FCal. The injection is performed by calibration boards located in the same

crates as the FEBs. The aj and bj factors are Optimal Filter Coefficients (OFCs) derived from the pulse

shape and the noise autocorrelation [58]. They are obtained from Delay calibration runs in which the

amplitude of the pulses is kept fixed but the timing of injection is varied. The OFC calculation also

includes electronics noise, as well as noise that originates from lower energy interactions between quarks

and gluons within colliding proton bunches [59]. The pedestal, p, is an electronics baseline describing

the mean value of the signal per cell in the absence of an energy deposit. It is calculated from Pedestal

calibration runs, in which there is no signal injected into the detector and the amount of electronics noise

is measured. The value of the pedestal, p is the average sample value over approximately 3000 events
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Figure 3.11: The LAr readout chain showing the amplifiers and bi-polar shapers that shape the triangular
ionization pulse on the FEBs [59].

that are recorded with 32 samples. The noise is measured as the root-mean-square of the value of the

pedestal. The amplitude, A, is then used in the calculation of cell energies using the equation

Ecell = FµA→MeV ·DDAC→µA ·
Mcalibration

Mphysics
·R ·A. (3.6)

The FµA→MeV factor is obtained from test beam data and describes the amplitude of the current pulse,

obtained per MeV of deposited energy in the detector. The DDAC→µA factor represents the amount

of current obtained from a calibration board for a given digital-to-analog (DAC) setting. The ratio
Mcalibration

Mphysics
is a factor applied to compensate for the difference in shapes between calibration and physics

pulses. This difference would otherwise introduce biases into the energy reconstruction. The factor is

calculated by comparing the maximum amplitudes of the calibration and physics pulses. The R factor

quantifies the gain of each cell and is obtained from Ramp calibration runs in which the timing of the

pulses is kept constant and the amplitude is varied.

3.2.4.3 Performance of the Liquid Argon Calorimeter

The LAr calorimeter performed very well during LHC operation. It exhibited stable running conditions

and had few operational problems [60].

Liquid Argon Monitoring During operation the liquid argon temperature and purity were constantly

monitored in order to ensure accurate energy measurements. A change in temperature on the order of

1 K induces a 2% change in the energy measurement due to the changes in the drift time and the

liquid argon density. For this reason, there are 508 PT100 probes in the LAr calorimeter that monitor

the temperature which remains at approximately 88.5 K. The temperature uniformity between different

probes is on the order of 50-60 mK, well below the design requirement of ≤ 100 mK.

Electronegative impurities, such as O2, that can capture drifting electrons within the liquid argon,

can also degrade the signal. For this reason, 30 purity monitors, immersed in the liquid argon, are read

out every 10 to 15 minutes. The measured impurities are approximately 140-200 ppb, well below the

design specification of ≤ 1000 ppb.

Operational Performance During its operation the LAr calorimeter performed exceptionally well,

with only a small percentage of data rejected due to malfunctioning channels. A small number of non-

operational readout channels were permanently excluded from the energy reconstruction. Some channels

were also temporarily excluded since they were temporarily affected by large electronics noise. When
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EM Calorimeter HEC FCAL Total
Total Channels 173312 5632 3524 182468
Permanent 76 (0.04%) 22 (0.39%) 8 (0.23%) 106 (0.06%)
Temporary 8 (0.005 %) 5 (0.09%) 0 13 (0.007%)

Table 3.3: The total number of channels permanently and temporarily excluded from the energy recon-
struction [60].

Figure 3.12: The percentage of luminosity lost due to high-voltage trips as a function of the data period
(left) [61]. The data period is a period of several weeks into which the LHC running is divided. An
example of an event affected by a noise burst during empty LHC bunches in the EMEC (right) [61].

channels were excluded from the reconstruction, their energy was estimated from the neighbouring cells.

Table 3.3 shows the percentage of permanently and temporarily excluded channels.

In addition to non-operational channels, there were minor hardware problems, which typically per-

sisted for several weeks. In 2010, 30 FEBs lost connection to the data acquisition system due to broken

optical transmitters. The broken and suspicious transmitters were replaced in 2010 and 2011 and have

functioned properly since then. In 2011, 6 FEBs and a calibration board in the EMB lost their con-

nection due to a burnt fuse on one of the electronics boards. After the replacement of the burnt fuse

such problems did not reappear. Finally in November of 2012, a leak in part of the front-end cooling

developed. The result was the shutdown of 4 FEBs, affecting 4.5% of the HEC channels and 1.2% of the

EMEC channels. The leak was attributed to a loose connector, which was fixed a few weeks later. The

loss in detector coverage due to each problem was simulated in the Monte Carlo.

Data Quality During the LHC’s three years of operation the percentage of LAr data considered to

be of good quality for physics analyses increased, despite the increase in instantaneous luminosity that

led to more challenging operating conditions. In 2012 proton-proton collisions, more than 99% of the

recorded data were suitable for physics, compared with 97% in 2011 and 90% in 2010. The improved

efficiency is attributed to the improved treatment of high-voltage (HV) trips and noise bursts, which

were responsible for data losses of 0.46% and 0.28% (in 2012), respectively. High voltage trips and noise

bursts are described below.

• High voltage trips: The power supplies providing high voltage to the detector electrodes trip when

too much current is drawn. Most modules ramp the voltage back up automatically. During the

ramping stage the data are recoverable after HV energy scale corrections are applied [62]. The
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only data lost are those taken between the near-instantaneous voltage drops and the start of the

ramp. In order to minimize the losses, sensitive channels that trip regularly usually have their

voltages lowered by a few hundred volts from their nominal operating point (1 kV - 2 kV). In order

to decrease the rate of HV trips in sensitive detector areas, more robust HV power supplies were

installed at the beginning of 2012. These modules are able to tolerate short current spikes without

tripping. The left of Figure 3.12 shows the percentage of luminosity lost due to HV trips as a

function of the integrated luminosity in 2012. The drastic decrease in data lost after the first data

point is a result of the new module installation. The smaller increase near 12 fb−1 is attributed

to the hardware failure of a module that caused six HV trips in one LHC data taking period.

Following the replacement of the problematic module, the rate of HV trips returned to its baseline

value. Higher rates of HV trips are correlated with large increases in instantaneous luminosity.

Based on this observed behaviour, when running resumes in 2015, the rate of HV trips is expected

to stabilize after the initial increase in luminosity at the beginning of the data taking period.

• Noise bursts: Noise bursts occur when a large fraction of cells in a partition of the calorimeter

are simultaneously affected by noise. They are observed only during collisions and usually last

less than 5 µs. An example of such an event is shown on the right of Figure 3.12 in the EMEC.

Noise bursts are suspected to be induced by the unshielded HV cables inside the cryostat. They are

identified by using the quality factor, which distinguishes between pulse shapes from physics events

and distorted ones due to noise. The quality factor is defined as Q =
∑5
i=1(si − p−A(gi − τg′i))2,

where gi is the normalized ionization pulse shape and g′i is its derivative with respect to time.

Events in which more than five FEBs contain more than 30 channels with a high Q (> 4000) are

identified as originating from noise bursts. An improved definition of the quality factor, which takes

into account its observed energy dependence, is discussed in [63], but is not used in this analysis.

Events that lie within a conservative 200 ms time window around the burst are vetoed. The

frequency of noise bursts increases with the instantaneous luminosity, but their duration in time

remains constant. Although more bursts are expected after the shutdown in 2015, the conservative

time window used for the event veto can be shortened to reduce data loss.

3.2.5 Tile Calorimeter

The Tile calorimeter consists of layers of steel and plastic scintillating tiles. Incoming hadrons initiate

hadronic showers in the steel. The showers cause the scintillating tiles to emit photons, which are

collected by wavelength shifting fibres and directed to photomultiplier tubes (PMTs). A digitized signal

measurement is obtained from the PMTs. The current pulse is obtained quickly due to the low dark

current of the PMT, and is shaped into a quasi-Gaussian pulse [64].

The Tile calorimeter consists of a barrel covering the |η| < 1 region, and two extended barrels covering

the 0.8 < |η| < 1.7 regions. The barrel and extended barrel are azimuthally divided into 64 modules, one

of which is shown in Figure 3.13. The Tile calorimeter is also longitudinally divided into three layers.

The granularity of the layers is shown in Table 3.4. The tiles are 3 mm thick and are placed vertically

and staggered in depth. The hadronic calorimeter is 11 interaction lengths (λ) in depth at η = 0, in

order to contain all particles, except muons and neutrinos, before they enter the Muon Spectrometer.

Between the barrel and end-cap components there exists a 68 cm gap used to house cables, cooling

pipes, and electronics for several detectors. In order to estimate the energy lost in this gap, a vertical
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Detector Barrel Extended Barrel
TileCal

Layers 1 & 2 0.1× 0.1 0.1× 0.1
Layer 3 0.2× 0.1 0.2× 0.1

Table 3.4: The granularity of the Tile calorimeter in ∆η ×∆φ segments.

Figure 3.13: A module of the Tile calorimeter, showing the staggered plastic scintillating tiles and lead
absorber. Also shown is the wavelength shifting fibre which collects the light released in the scintillators
and guides it to the photomultiplier tubes [50].
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Figure 3.14: The Muon Spectrometer showing the position of the Monitored Drift Tubes, Cathode Strip
Chambers, Resistive Plate Chambers and Thin Gap Chambers [66].

intermediate-tile calorimeter (ITC) composed of two radial slices is installed.

The Tile calorimeter is required to measure jets with an energy resolution of

σ

E
=

50%√
E(GeV)

⊕ 3%. (3.7)

Measurements performed in test beam studies show that these resolution requirements have been met [65].

3.2.6 Muon Spectrometer

The Muon Spectrometer consists of two kinds of precision tracking chambers and two kinds of triggering

chambers. The precision chambers are used to provide precise muon trajectory coordinates, while the

triggering chambers are used to trigger on muons, provide bunch-crossing identification, and provide a

measurement of the muon trajectory in a direction perpendicular to the one measured by the precision

chambers. The precision chambers used are the MDTs and CSCs, while the triggering chambers consist

of the RPCs and TGCs. The layout of the different chambers is shown in Figure 3.14. The |η| < 1

range consists of rectangular-shaped barrel chambers. These chambers are located on three concentric

cylinders parallel to the beam axis. The end-cap muon system consists of trapezoidal-shaped chambers,

arranged on four disks in the 1 < |η| < 2.7 range. At η = 0, there is a coverage gap needed to provide

space for the cables and cooling services of the other detectors. The z coordinate of the muon momenta is

measured by the barrel chambers, while the r coordinate is measured by chambers in the transition and

end-cap regions. The η coverage and resolution of the Muon Spectrometer is summarized in Table 3.5.

The measurement of the muon’s trajectory in most of the η range is made using the MDT chambers.

The MDTs are monitored for their position, internal deformations and external conditions such as

temperature and magnetic field [67]. The monitoring is performed by a laser-scanning system [67]. The

MDTs are 30-mm diameter tubes containing a non-flammable gas mixture of 93% Ar and 7% CO2 at a
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System Function |η| coverage Resolution (mm)
MDT tracking < 2.7 z = 0.035
CSC tracking 2.0− 2.7 r = 0.04, φ = 5
RPC trigger < 1.05 z = 10, φ = 10
TGC trigger 1.05− 2.4 r = 2− 6, φ = 3− 7

Table 3.5: The η coverage and resolution of MDT, CSC, RPC and TGC.

pressure of 3 bar. A 50 µm W-Re wire in the centre of the tubes is held at 3080 V with respect to the

grounded, 400-µm-thick, tube walls. The voltage difference generates an electric field such that when

muons cross the MDTs and ionize the gas, the resulting freed electrons drift onto the central wire, or

anode. The drift time of the freed electrons (<700 ns) is used to infer the muon’s position in the drift

tube. The resolution of the MDTs is 80 µm per wire. The MDT chambers are mounted onto three

layers in the barrel and three wheels on the end-caps, covering the range |η| < 2.7.

In areas of the detector with higher particle fluxes, such as at large pseudorapidity (2 < |η| < 2.7),

the precision CSCs measure the muon’s position instead of the MDTs. The CSCs consist of positively

charged anode wires crossing negatively charged cathode strips at perpendicular angles. The strips and

wires are immersed in a gas mixture of 30% Ar, 50% CO2 and 20% CF4. A muon transversing the

CSC’s ionizes the gas, and the resulting avalanche of electrons is collected onto the anode wire, creating

a signal pulse. Positive ions move towards the negatively charged strips, inducing another signal pulse at

an angle perpendicular to the wire. Thus for each passing particle a measurement in z and R coordinates

can be made. The anode wire pitch is 2.54 mm, while the cathode readout pitch is 5.08 mm, leading to

a resolution of 40 µm in the bending plane and 5 mm in the transverse plane. This design allows for

a short electron collection time of 30 ns, and good timing resolution of 7 ns. These features make the

CSCs more suitable for dealing with higher particle fluxes.

While the MDTs and CSCs provide precise muon position measurements, additional muon chambers

are used for triggering on muons. These are RPCs in the barrel region, and TGCs in the end-cap region.

These chambers also measure the muon position in the direction orthogonal to the one made by the

precision tracking chambers. These chambers have a resolution of 5-10 mm.

The RPCs are placed above or below the MDT chambers, as shown in Figure 3.14, and provide

muon triggering in the barrel section at |η| < 1.05. They consist of parallel plates separated by 2 mm

insulating polycarbonate spacers and are maintained at a voltage of 9.8 kV. The space between the

plates is filled with a non-flammable gas mixture of 94.7% C2H2F4, 5% Iso-C4H10 and 0.3% SF6. The

Tetrafluorethane (C2H2F4) gas has a high primary ionization production but a low free path for electron

capture [68]. When a muon transverses the plates, ionizing the gas, the freed electrons are collected onto

the positively charged anode plate. The muon position is inferred from the collection time.

The TGCs provide muon triggering in the end-caps at 1.04 < |η| < 2.7. They operate on the same

principle as the CSCs, but have an anode wire pitch larger than the anode-cathode distance, allowing

for a low drift time. The low drift time makes them suitable for handling higher particle fluxes. The

TGCs are filled with a 55% CO2, 45% n-pentane gas and are maintained at a voltage of 2.9 kV.

3.2.7 Trigger System

The LHC design luminosity of 1034cm−2s−1 and bunch crossing of 25 ns leads to a 40 MHz collision

rate. Since it is not possible to record and analyze all the collisions, the ATLAS trigger system is used
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to reject uninteresting background events. The trigger system consists of three levels. At each level

uninteresting events are rejected in order to efficiently reduce the amount of data in the final storage.

The trigger system consists of a hardware-based Level 1 (L1) and software-based Higher Level trigger

(HLT). The HLT is further divided into the Level 2 (L2) and Event Filter (EF) triggers. These three

levels of triggers were designed to reduce the 40 MHz collision rate down to 200 Hz.

The L1 trigger is designed to receive data at a LHC bunch-crossing rate of 40 MHz and reduce

it to 75 kHz by making decisions, in less than 2.5 µs, on whether to discard events. In order to

identify interesting events it uses information from muons, electromagnetic clusters and hadronic clusters.

Information on muon momentum, η, and φ is passed to the L1 trigger from the RPC and TGC trigger

chambers. The electromagnetic and hadronic clusters and missing transverse energy are obtained from

coarse sums of transverse energy in calorimeter towers. The size of these towers range from ∆η ×
∆φ = 0.1 × 0.1 in the central regions to ∆η ×∆φ = 0.4 × 0.4 elsewhere. The energy deposited in the

electromagnetic and hadronic calorimeters is summed separately and in parallel. The L1 algorithm uses

information from the detectors to define regions of interest (RoI) around the identified high-momentum

objects. During the L1 processing, information from the different detectors is stored in pipeline memories.

After a decision is made by the L1 trigger to accept an event, the information is stored in readout buffers

(ROBs), which are later read out by the HLT.

The L2 trigger is designed to reduce the rate from 75 kHz to 1 kHz by deciding whether to discard

an event in 40 ms. The L2 trigger uses the momentum, η and φ of objects provided by the L1 trigger in

the RoI. The L2 uses the full granularity and precision of these objects and uses information from the

ID. The Pixel and SCT detectors are used to reconstruct the particle trajectories, and the TRT is used

to improve the momentum resolution and electron identification.

The EF is designed to reduce the output rate from 1 kHz to 200 Hz and has a few seconds to make

a decision on whether to transmit the event to permanent storage. The EF trigger provides the final

event selection based on full granularity information about the entire event. The full event data used by

the EF trigger allows it to identify γ conversions and calculate the amount of missing transverse energy.

The EF trigger is able to perform vertex reconstruction, track fitting, and includes bremsstrahlung of

electrons. The access to complete data allows the EF trigger to perform monitoring, calibration and

apply alignment corrections during detector operation. The calibration and alignment performed by the

EF trigger is not the final one, but provides reliable intermediate values.

3.2.8 Detecting the H → WW ∗ Process with ATLAS

The efficient functioning of all of the detector’s components is essential in the identification of final

states that result from the Higgs decay. The electrons, muons and jets that make up the final state must

be accurately measured. The LAr calorimeter must efficiently determine the energy that the electrons

deposit. The Tile calorimeter is responsible for accurately measuring hadrons from which jets are built.

The Muon Spectrometer needs to correctly measure the momenta of muons.

The triggers used in the H → WW ∗ analysis require either one or two leptons. Di-lepton triggers

that select two leptons have looser requirements on lepton identification and pT . The pT thresholds

required by the triggers are different for the Level-1 and High Level triggers, as shown in Table 3.6.

The efficiencies of the triggers are measured using tag-and-probe methods in which events with pairs

of leptons are used to measure the trigger performance. The lepton that has triggered an event is called

the tag lepton, while the other lepton is called the probe lepton. The trigger efficiency is obtained
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Figure 3.15: The ATLAS trigger system [69].

Trigger Level-1 trigger Higher-level trigger
Single Lepton
e 18 or 30 24i or 60
µ 15 24i or 36
Di-lepton
e, e 10 and 10 12 and 12
µ, µ 15 and 0 18 and 8
e, µ 10 and 6 12 and 8

Table 3.6: The hardware and software pT thresholds, in GeV, required by the Level 1 and Higher Level
triggers. The i denotes that the isolation required by the trigger is looser than what is required when
reconstructing objects for the analysis.

by measuring the fraction of reconstructed probe leptons that pass the trigger [70, 71]. The trigger

efficiencies are calculated using Z/γ∗ → ee/µµ events. The trigger efficiency of the muons used in the

analysis varies with η and is ∼ 70% for |η| < 1.05 and ∼ 90% for |η| > 1.05. The trigger efficiency for

electrons used in the analysis is approximately 90%, and varies with pT . The di-lepton trigger efficiencies

are calculated as the sum of the single lepton trigger efficiencies minus their product. Scale factors that

quantify the difference between trigger efficiencies in data and MC are calculated and applied to each

event.
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Event Simulation

The physics events that are obtained in data are compared to events that are simulated. Simulating

physics processes in Monte Carlo (MC) simulation consists of three steps. The first step is event genera-

tion, described in Section 4.1, which consists of simulating proton collisions. The second step is detector

simulation, described in Section 4.2, which consists of simulating the detector and its response to the

particles traversing it. The final step is the digitization process, described in Section 4.3, in which energy

deposited in the detector is turned into signals. Finally, Section 4.4 describes the simulation of processes

in the H →WW ∗ analysis.

4.1 Event Generation

An event contains all of the particles involved in an interaction. Events are produced by simulating sev-

eral separate steps, including the hard scatter of the collision, the parton shower (PS), the hadronization

and the underlying event (UE). These processes are described in this section.

When two protons collide there is sometimes a high-energy parton-parton interaction, referred to as

the hard scatter. The hard scatter of the collision is calculated from perturbation theory. Within a

hard scatter event, the quarks and gluons in the initial and final states radiate other quarks and gluons

in processes known as initial- and final-state radiation (ISR/FSR). The radiated partons can radiate

secondary partons or produce gq̄ pairs. This cascade process is called parton showering. Due to confine-

ment, the radiated partons cannot exist freely, and quickly recombine to form hadrons in a process called

hadronization. Hadrons can then decay to other lighter particles. Partons that do not participate in the

hard scatter process can also interact in processes known as spectator interactions. These processes that

do not include the hard scatter and parton showers are referred to as underlying events. A schematic

representation of the different processes described above is shown in Figure 4.1.

4.1.1 Description of the Proton

As described in Chapter 2, αs becomes very strong at longer distances and perturbation theory breaks

down. For this reason, a description of the proton derived from first principles does not exist. Deep

inelastic scattering experiments have shown that at low probing 4 momentum, Q2, three quarks, referred

to as valence quarks, make up the proton. However as the probing four-momentum increases, it becomes

apparent that there are many quark and anti-quark pairs within the proton, referred to as sea quarks,

40
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Hard Scatter
ISR
FSR (PS)
Hadronisation
UE

Figure 4.1: A visual representation of event generation, including the hard scatter, initial-state radiation,
parton showering from final-state radiation, hadronization and underlying event [72].

which carry some of the proton’s momentum. Thus the proton consists of gluons, valence and sea quarks

sharing its momentum. The Parton Model uses Parton Distribution Functions (PDFs) to describe the

probability of finding a parton carrying a fraction of the proton’s momentum, x, at a scale Q2. PDFs

are extracted from data since they are non-perturbative and difficult to calculate. They are measured

in deep inelastic scatting experiments, at a particular Q2, and then extrapolated to all values of Q2

using the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equations [73, 74, 75]. There

are different schemes used for fitting PDF sets. A few common schemes include mstw [76], cteq [77]

and nnpdf [78]. The mstw PDFs are shown in Figure 4.2 for two different values of Q2. When obtaining

PDFs there are many free parameters that are used as inputs. The nominal input parameters correspond

to a nominal PDF set. Variations of the parameters correspond to different PDF sets, called eigenvector

sets.

4.1.2 The Parton-Parton Hard Scatter

At large values of four-momentum transfer, αS is small, making it possible to model quarks and gluons as

approximately free particles. Since large Q2 is exchanged in a hard scatter, this process can be modelled

by perturbation theory.

In addition to the hard scatter, there are many other interactions between the proton’s partons,

referred to as soft interactions. Soft interactions exchange lower Q2 and cannot be described by per-

turbation theory. The boundary between hard and soft interactions is the scale at which perturbation

theory breaks down, called the factorization scale, µF . The choice of factorization scale is arbitrary and
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Figure 4.2: The mstw PDF set obtained from deep inelastic scattering experiments for a probing
energy of 10 GeV (left) and 1 TeV (right). The u, d valence quarks are denoted by the blue and green
distributions, and the rest are sea quarks. The dominance of the sea quarks at higher Q2 is apparent
when the left and right figures are compared. The bands denote the uncertainties [79].

is usually set to equal the renormalization scale, which is set equal to Q: µF = µR = Q.

The cross section of a given process is then calculated from the cross sections of the hard scatter

obtained from perturbative QCD, and from soft interactions modelled by PDFs. If a and b are the

partons found in protons A and B, the interaction can be modelled as

A+B → c+X. (4.1)

The hard scatter component can be written as a+ b→ c+X, where c+X are the final state particles.

The cross section for the collision can be written as

σA+B→c+X =
∑
a,b

∫
dxadxb[fa/A(xa, µF )fb/B(xb, µF )]σ̂a+b→c+X . (4.2)

In equation 4.2, the sum is taken over all the possible partonic interactions that can give the final

products c + X. The fa/A and fb/B terms denote the PDFs that provide the probability that parton

a(b) carries the fraction xa = pa/pA(xb = pb/pB), of the proton’s total momentum, pA(pB). The

σ̂a+b→c+X term represents the hard-scatter cross section of the partons calculated from perturbative

QCD. This cross section is given by

σ̂a+b→c+X =

∫
1

2xaxbs
|Ma+b→c+X |2dΩ. (4.3)

In equation 4.3, s is the square of the centre-of-mass energy of the parton-parton collision. |Ma+b→c+X |2
is the perturbative matrix-element-level calculation of the partonic processes, squared and averaged
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over the colour and spin states. The processes are integrated over the phase space, which allows for

a+ b→ c+X interactions, denoted by dΩ.

4.1.3 Parton Showers

Parton showers are models of QCD processes. Since these processes are not perturbative, it is not

possible to calculate them exactly, and an approximation method is used. This method is based on

approximating the cross sections of radiated partons based on the angle they are radiated at, and the

fraction of energy they carry. For example, if dσn is the n-parton differential cross section before the

radiation, the cross section after particle i splits into particles j + k is given by

dσn+1 ≈ dσn
αs
2π

dθ2

θ2
dzdφPji(z, φ). (4.4)

In equation 4.4, θ and φ are the opening angles at which the particles are radiated. The Pjk term

describes the probability that the radiated particle, j, carries a momentum, z, of the original momentum

particle i had. This calculation is repeated for all radiated particles in the shower until the virtual mass

squared of each particle is higher than the hadronization scale.

The parton shower approximation takes into account not only the particles that are radiated collinearly,

but also quantum loop effects. These are taken into account by Sudakov form factors [80], which describe

the probability that a particle does not split in going from its initial state, qi, to its final state, qf . The

Sudakov form factors are given by

∆i(q
2
i , g

2
f ) = exp

{
−
∫ g2i

q2f

dq2

q2

αs
2π

∫ 1−Q2
0/q

2

Q2
0/q

2

dz

∫ 2π

0

dφPji(z, φ)

}
. (4.5)

The processes described above work for FSR. For ISR, the angles of radiated particles are found

through backwards evolution after the hard scattering processes. In this case, the Sudakov form factors

also include PDF terms.

4.1.4 Hadronization

There are two different types of methods used for modelling the hadronization of particles: The Lund

String Model [81] and the Cluster Model [82]. The Lund model is largely inspired by the observation

that the potential energy of a colour field between qq̄ pairs increases linearly with the distance between

the qq̄ pair. This means that the colour field can be modelled as a string stretching between qq̄ pairs.

The string breaks once its potential energy exceeds the energy required to produce a qq̄ pair. Once the

string breaks a new qq̄ pair is formed and strings of lower potential energy bind the newly formed parton

pairs to the original partons. This process continues until the energy of the hadrons is smaller than the

energy required for them to escape confinement. In this model, gluons make a kink in the string. A

graphical representation of the model is shown on the left in Figure 4.3.

The Cluster Model is based on a pre-confinement property of QCD [83]. A feature of this property

is that at energies much less than that of the hard-scatter scale, partons cluster in colourless groups and

have invariant mass distributions that are independent of the hard-scatter scale. In this model, gluons

break into qq̄ pairs in order to form these clusters, which are called proto-hadrons. Larger proto-hadrons

then decay into the final-state hadrons. A graphical representation of this model is shown in the right

of Figure 4.3.
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Figure 4.3: A visual representation of the Lund String Model (left) and Cluster Model (right) [82].

4.1.5 Underlying Event

The underlying event results from interactions of partons not involved in the hard scatter. Underlying

event processes include multiple parton interactions, beam remnants, and pileup. These processes are

non-perturbative and thus approximation methods are used to describe them.

Multiple parton interactions include semi-hard collisions between different combinations of partons.

At the LHC the most common of these interactions is gluon scattering (gg → gg). These processes are

modelled by distributing the partons in each incoming hadron over a transverse area of approximately

1 fm2, which is approximately the area of a proton. The impact parameter of the collision is defined

as the distance between the centres of these two defined areas. The collisions are then modelled as a

function of the size of the impact parameter, where larger impact parameters correspond to a small

overlap between the areas and thus fewer multiple interactions.

Pileup is modelled as interactions that overlap with the hard scatter. Out-of-time pileup consists

of the collisions from past bunch crossings and is characterized by the expected average number of

interactions, µ. In-time pileup consists of additional proton collisions in an event, which are characterized

by the number of identified hard-scatter interaction points, referred to as primary vertices (NPV ).

Beam remnants are what is left over when partons are knocked out of beam hadrons that do not

participate in the hard scatter or the multiple parton interactions. The remnants are colour connected

to the other particles in the event. Momentum is conserved between the beam remnants and the rest of

the event.

4.1.6 Generators

There exist many event generators used to simulate physics processes. Generators can be used to model

all aspects of event generation, or can be specialized for certain physics processes or certain generation
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steps. The generators used in the H →WW ∗ analysis are described below.

• pythia [84] is a general-purpose generator capable of simulating all collision processes involving

e+e−, ep, and pp/pp̄ initial states. This generator uses the Lund string hadronization model.

pythia can model the underlying event and is often used to simulate in-time pileup. There are

two versions of pythia: pythia 6 is the original generator and its successor is pythia 8.

• sherpa [85] is a general-purpose generator that models processes at leading order (LO). It matches

matrix-element calculations to parton showers and removes overlapping diagrams. sherpa pro-

duces complete events by using an interface to pythia for hadronization and underlying event

modelling. This generator provides better approximations for events containing multiple jets than

pythia or herwig, which are based on pure QCD showering.

• herwig [86] contains built-in processes generated at LO. herwig uses a cluster hadronization

model and is tuned to agree with Tevatron data. In order to model multiple parton interactions

and the underlying events, herwigF is used with the jimmy [87] package. jimmy calculates the

multiple parton cross sections as a function of the PDFs and the area overlap between colliding

protons.

• powheg [88] generates hard scattering at next-to-leading order (NLO). It is usually used with

pythia or herwig for showering and hadronization.

• alpgen [89] generates multiple parton hard processes at LO. It is usually used with powheg or

pythia for hadronization. alpgen is usually used for multi-jet final states since its fixed-order

matrix-element calculations give a better approximation than the showering used in pythia or

herwig. alpgen is also often used to produce W/Z bosons with many jets.

• acermc [90] generates hard scatter processes at LO, and is usually interfaced with pythia or

herwig for parton showering and event hadronization. acermc is usually used to generate events

containing W/Z bosons with jets.

• gg2vv [91] is a generator that generates gluon induced processes that decay to WW and ZZ final

states. This generator includes box diagram calculations for these processes.

• mc@nlo [92] generates hard scatter processes at NLO and matches them to parton showers. NLO

calculations include loop-level diagrams, which lead to negative weights for some events. The

negative weights result from the subtraction between real and virtual corrections. Despite this,

physical kinematic distributions are obtained if enough events are generated. mc@nlo is used with

herwig or jimmy, which simulate the parton shower and hadronization. This generator is often

used for top events since it models the momenta of top quarks better than pythia or herwig.

This generator is also often used for W and Z production.

• mcfm [93] is a generator used to calculate cross sections of different processes at NLO. The cross

sections of LO generators are often normalized to cross sections calculated in mcfm.
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4.2 Detector Simulation

geant4 (GEometry ANd Tracking) [94], is a tool for simulating how particles interact with matter. It is

used to model the ATLAS detector geometry using parameters that are variable throughout operation,

such as information about disabled parts, temperatures and high-voltage settings.

The full detector simulation, referred to as FullSim, contains all the information about the different

detectors. The energy, position and time associated with each energy deposit are recorded as data-points

called hits and later digitized. The full detector simulation precisely models Inner Detector hits and

shower development. FullSim is very accurate, but time consuming.

The ATLFAST-II simulation algorithm contains condensed detector geometry information. This

algorithm uses the Fast ATLAS Tracking Simulation (FATRAS) [95] for simulating particle trajectories in

the ID and MS, and Fast Calorimeter Simulation (FastCaloSim) [96] for simulating calorimeter deposits.

FATRAS reconstructs particle trajectories based on a detailed detector geometry in sensitive detector

areas, and a more coarse grained geometry in other regions. The FastCaloSim does not model shower

development, but approximates the size and shape of a shower based on the information of the input

particle.

4.3 Digitization

Digitization is the process of converting the detector hits from simulation into signals that represent the

response of the detector, called digits. The software used for this purpose is geant4. Digits are signal

shapes that are obtained when charges from ionization or photons from scintillation are collected in the

detector. The different light and charge collection techniques in each detector are also modelled using

digitization software specific to each detector. The digits of the detector are then converted to Raw Data

Objects (RDO), which is the same format as the data that is written out from the detector’s readout

drivers. The RDOs are passed through the same trigger chain as the data.

4.4 Event Simulation for the H → WW ∗ Analysis

A summary of the different generators used to model the signal and background processes in the H →
WW ∗ analysis is shown in Table 4.1. The same table also shows the cross section times branching ratio

of each process. Cross sections are often normalized to higher-order corrections obtained from different

generators. This is done by normalizing samples with a k-factor, which is defined as the higher-order

cross section calculation divided by the lower-order cross section calculation.

Separate generators are usually used to model the hard scatter and parton shower/hadronization.

powheg is usually used to generate the hard processes since it includes NLO corrections in αS . When

higher parton multiplicities are required, alpgen and sherpa are used since they can generate these

events at LO. There are a few processes for which only LO generators such as acermc and gg2VV

are available. pythia 6, pythia 8, herwig and sherpa are used for parton shower and hadronization.

The older pythia 6 is sometimes used instead of the newer pythia 8 since its modelling of jets better

matches other generators. jimmy is often used for modelling the underlying event, and pythia 8 is

used to model pileup interactions. The ct10 [97] PDF set is used for the powheg and sherpa samples,

cteq6l1 [77] is used for alpgen+herwig and acermc, while mrstmcal [98] is used by sherpa to
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model the Zγ∗ background.

The processes included in the signal are ggF, VBF and WH/ZH production followed by a decay

to WW ∗ bosons. The contribution of the H → ττ process is very small and simulated using the same

generator as the H → WW ∗ process. The processes in which a Higgs boson is produced in association

with a tt̄ or bb̄ pair are negligible in this analysis.

The ggF signal cross sections are computed at next-to-next-to-leading-order (NNLO) in QCD, with

EW corrections applied at NLO. These calculations assume that the EW and QCD corrections can be

factorized [99, 100, 101]. QCD soft-gluon resummations are also applied at next-to-next-to-leading-

log [102]. The VBF signal processes are computed up to NLO QCD and EW corrections. Approximate

NNLO QCD [103] corrections are also used in the calculation of the cross section. TheWH/ZH processes

are calculated up to NNLO QCD corrections [104, 105] and NLO EW corrections [106].

The signal cross sections are modelled in generators that do not adequately model the distribution of

the Higgs pT . For this reason the Higgs pT distribution is re-weighted to a NNLO calculation performed

by hqt [107].

For the 0- and 1-jet channels the WW background is simulated by powheg+pythia 6 for qq̄ →WW

processes, and gg2vv+herwig for gg → WW processes. The cross section is normalized to a NLO

cross section calculated in mcfm.

The generators used for the 0- and 1-jet channels do not include multiple partons at matrix element

level and can thus omit some processes that can contribute to backgrounds in the ≥ 2-jet channels. For

this reason, the WW background in the ≥ 2-jet channels is generated with sherpa. sherpa simulates

events in which two protons collide to produce WW bosons and up to three jets in the final state with

no restrictions on intermediate-state particles. The sherpa simulation is generated in two samples,

called WW+2 jets EW and WW+2 jets QCD. The WW+2 jets EW background is defined as having

no QCD vertices, while the WW+2 jets EW background has no EW vertices other than what is needed

for the WW boson decay. A third sample called WW+2 jets QCD+EW, not shown in the table, is also

generated in order to calculate the theoretical uncertainty on the interference between the two samples.

The double parton interactions producing W bosons denoted by (qq̄ →W )+(qq̄ →W ) are also included,

as shown in Table 4.1.

The top quark processes are simulated separately for events containing tt̄ and single top quarks, such

as Wt, tqb̄, and tb̄. The tt̄ processes are simulated in powheg+pythia 6 and normalized to NLO cross

sections with resummation of higher-order terms to next-to-next-to-leading-log evaluated with top++

2.0 [108]. The single top processes are simulated in powheg+pythia 6 for Wt and tb̄ production, and

acermc for tqb̄ production. The cross section of single top processes is normalized, as described in Refs.

[109, 110, 111].

The Wγ∗ and WZ processes have the same final state and are thus considered together. It is difficult

for MC generators to produce di-leptons at NLO at very low masses. Thus the Wγ∗ and WZ samples

are separated into low-mass samples (mZ < 7 GeV) containing mostly Wγ∗ processes and high-mass

samples (mZ > 7 GeV) containing mostly WZ processes. The high-mass WZ samples are simulated

by powheg+pythia 8, and normalized to the powheg cross section. The low-mass Wγ∗ samples

are simulated with sherpa with ≤ 1 partons included in the matrix element calculation. The sherpa

samples are normalized to the NLO cross section obtained with mcfm. The WZ processes for the ≥ 2-jet

case are generated with multiple partons in sherpa, and denoted by WZ+2 jets in Table 4.1.

The ZZ and Zγ∗ processes lead to the same final state and must be considered together. The same
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Process MC Generator σ ·BR (pb)
Signal

ggF H →WW ∗ powheg+pythia 8 0.435
VBF H →WW ∗ powheg+pythia 8 0.0356
VH H →WW ∗ pythia 8 0.0253

WW
qq̄/qg →WW powheg+pythia 6 5.68
gg →WW gg2vv+herwig 0.196
(qq̄ →W ) + (qq̄ →W ) pythia 8 0.480
qq̄ →WW+ 2 jets QCD sherpa 0.568
qq̄ →WW+2 jets EW sherpa 0.0397

Top quarks
tt̄ powheg+pythia 6 26.6
Wt powheg+pythia 6 2.35
tqb̄ acermc+pythia 6 28.4
tb̄ powheg+pythia 6 1.82

Other dibosons (VV)
Wγ alpgen+herwig 369
Wγ∗ sherpa 12.2
WZ powheg+pythia 8 12.7
WZ+2 jets EW sherpa 0.0126
Zγ sherpa 163
Zγ∗ sherpa 7.31
ZZ powheg+pythia 8 0.733
ZZ → ``νν powheg+pythia 8 0.504

Drell-Yan
Z → `` alpgen+herwig 16500
Z → ``+2 jets sherpa 5.36

Table 4.1: The Monte Carlo samples used for modelling the background and signal processes and their
cross sections times branching ratios. The ` denotes final states consisting of electrons, muons and tau
leptons.

procedure is used for Zγ∗ and ZZ events, as is used for Wγ∗ and WZ events, but the mass cutoff is

applied at 4 GeV instead of 7 GeV. The cross section of the Zγ∗ sample is normalized to NLO processes

calculated in DYNNLO [112].

The Wγ sample is simulated in alpgen+herwig and its cross section is normalized to the NLO

cross sections calculated with mcfm. The Zγ background is simulated in sherpa and its cross section

is normalized to mcfm. The Drell-Yan backgrounds are simulated in alpgen+herwig and sherpa in

the ≥ 2-jet channels where greater parton multiplicities are required.
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Event Reconstruction

Particles traversing the detector interact with the material and deposit energy through various processes.

Depending on the detector, this can be measured as ionisation charge or scintillation light. These sig-

nals are used to reconstruct objects in the detector that correspond to the particles they originate from.

Reconstructed objects are often calibrated from Monte Carlo and data in order to obtain accurate mea-

surements of their true energy. The identified objects are then used to reconstruct an event or part of

an event that contains the decay products from a certain physics process.

Colliding protons traverse ATLAS, depositing energy in each detector layer. A graphical represen-

tation of this is shown in Figure 5.1. The ID reconstructs the paths of charged particles at and beyond

the interaction point, as described in Section 5.1. Electrons and photons interact electromagnetically,

initiating showers in the electromagnetic calorimeters and depositing most of their energy there, as

described in Sections 5.2 and 5.3. Hadrons such as protons and neutrons interact strongly, initiating

showers in the hadronic calorimeters and leaving most of their energy there, as described in Sections 5.4.

Section 5.5 describes the reconstruction of hadronically decaying tau leptons, which also deposit most

of their energy in the hadronic calorimeters. Muons pass through most of the ATLAS layers and are

tracked in the MS, where their momentum is reconstructed, as described in Section 5.6. Neutrinos do not

interact with material in the ATLAS detector and pass through undetected. Their presence is inferred

by analyzing the amount of missing transverse energy, as described in Section 5.7. Finally, Section 5.8

describes the identification and calibration of the electrons, muons, jets and missing transverse energy

which are searched for in the final state in order to identify the H →WW ∗ signal.

5.1 Track and Vertex Reconstruction

A track is the trajectory followed by a charged particle originating from the interaction point. The

interaction point, referred to as a vertex, can originate from the hard scatter, or from underlying events

and long lived decaying particles. The tracks are identified by using ID hits. Two different types of

algorithms exist for reconstructing tracks: inside-out algorithms and outside-in algorithms.

Inside-out algorithms first identify the hits in the Pixel and first layer of the SCT. These hits are

referred to as seeds. The seeds are then extended to the remaining layers of the SCT to reconstruct the

entire track. A hit in the remaining SCT layers that deviates from the expected position of the track is

called an outlier. The absence of a hit where one is expected along a track trajectory is called a hole.

49
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Figure 5.1: Different types of particles depositing their energy in different layers of the ATLAS detec-
tor [113].

To obtain the track’s position, the hits that satisfy certain quality criteria are fitted in three dimensions

using a global-χ2 procedure [114]. The track is then extended to include hits identified in the TRT.

By contrast the outside-in algorithm starts with hits in the TRT detector and extends tracks back

into the SCT and Pixel detectors. This algorithm is mainly used for tracks that do not originate from

the primary hard scatter vertex. Once the tracks are reconstructed, the points at which they cross along

the z axis is extrapolated. These crossings are then identified as either primary vertices originating from

the hard scatter, or secondary vertices originating from the underlying event. Track crossings are also

extrapolated in the rφ direction and associated to secondary vertices originating from long-lived particle

decays. The primary vertex is chosen as the vertex whose tracks contain the highest sum of transverse

momenta, squared,
∑
p2
T . Here, pT denotes the magnitude of the particle’s momentum, pT , which is a

vector quantity.

The tracks are characterized by five parameters shown in Figure 5.2, and defined as:

• d0 : The transverse impact parameter, defined as the distance of closest approach of a particle to

the centre of the detector in the transverse plane (x = 0, y = 0).

• z0 : The longitudinal impact parameter defined as the z location of the distance of closest approach

of a particle to the centre of the detector in the transverse plane.

• q/p: The curvature describes the charge, q, of the track divided by the track momentum, p.

• φ0: The φ coordinate of the track at the particle’s point of closest approach to the centre of the

detector.
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Figure 5.2: The track parameters in the transverse (xy) plane (left) and longitudinal (rz) plane (right).
The location of the primary vertex is denoted by PV, and the closest point of the particle’s approach to
the detector centre is denoted by P. Made by N.Ilic.

• cot θ: The cotangent of the θ coordinate of the track at the particle’s point of closest approach to

the centre of the detector.

The impact parameters are sometimes defined with respect to the primary vertex instead of the centre

of the detector. These definitions are denoted by zPV0 and dPV0 and are shown in Figure 5.2.

The number of reconstructed vertices in an event increases with the number of interactions per bunch

crossing, as shown in Ref. [115]. This is likely due to the poor MC modelling of low-energy events. In

order to correct for this mis-modelling, a scaling factor of 1.11± 0.03 is applied to the value of µ.

5.2 Electrons

5.2.1 Reconstruction

Electrons traversing the detector leave tracks in the ID and produce narrow showers of particles that

are mainly contained in the electromagnetic calorimeter. The electromagnetic showers are narrow since

electrons interact with the detector material through ionization and radiation which tends to be col-

limated, while hadrons interact strongly with detector nuclei and scatter off of them at larger angles.

The electromagentic showers are mostly contained in the electromagnetic calorimeters since the distance

that they can travel, which is characterized by radiation length (X0), is proportional to 1/Z2, where Z

is the atomic number. Since the electromagnetic calorimeter is made of materials with high Z, most of

the electromagnetic showers are contained.

The main algorithm used to reconstruct electrons is the outside-in algorithm, which identifies clus-

ters of energy in the electromagnetic calorimeter and matches them to ID tracks. The electromagnetic

clusters are identified by using a sliding window algorithm [116]. This algorithm sums electromagnetic

energy deposits within a fixed rectangular window of 3 × 5 cells in η × φ. This window slides around

the detector, performing iterative sums of energy in cells, until it centres itself on the maximum energy

deposit, referred to as a seed. A cluster is then defined as the seed plus the sum of energies deposited
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in the cells around the seed. When selecting cells to form a cluster it is important to include most of

the electron energy while trying to exclude the detector noise. Which cells are selected depends on the

object being reconstructed and its position in the detector [116].

When matching electromagnetic clusters to ID tracks, it is important to take into account the fact

that an electron’s trajectory can change due to the energy it loses via bremsstrahlung radiation. Ap-

proximately 20% of electrons will lose half of their energy in the ID before they enter the electromag-

netic calorimeter. Thus, a Gaussian Sum Filter (GSF) technique is used to correct for changes in the

electron track due to bremsstrahlung losses [117]. The GSF technique corrects for the fact that the

true electron momentum, ptrue, divided by the reconstructed momentum, preco, is non-Gaussian due to

bremsstrahlung radiation. The GSF technique models this non-Gaussian behaviour by weighing the sum

of different Gaussian components. The tracks are refitted using the GSF correction and the improved

track is then matched to calorimeter clusters.

The inside-out algorithm starts with ID tracks and matches them to electromagnetic clusters in order

to identify electrons. This algorithm is used for finding low energy electrons that might not be efficiently

reconstructed with the outside-in algorithm.

5.2.2 Identification

Electrons can be grouped into different categories depending on which selection criteria they satisfy. The

selection criteria are based on discriminating variables that have different distributions for electrons and

other particles. The discriminating variables consider the leakage of the particle shower into the hadronic

calorimeters, the size and shape of the showers in each layer of the electromagnetic calorimeters, the

quality of tracks, the matching between tracks and clusters and additional output variables from the

GSF algorithm. The discriminating variables are described below [118].

• Hadronic leakage variables: the ratio of the energy in the first layer of the hadronic calorimeter to

that of the electromagnetic cluster (RHAD1); the ratio of the energy in the hadronic calorimeter

to that of the electromagnetic cluster (RHAD).

• Amount of energy in Layer 3: the ratio of the energy in the third layer of the electromagnetic

calorimeter to the total energy in the electromagnetic calorimeter (f3).

• Shower size and shape in Layer 2: the ratio of the energy in 3×3 cells in η×φ to that of the energy

in 3×7 cells whose centre is defined at the electron cluster position (Rφ); the ratio of the energy in

3×7 cells to that of the energy in 7×7 cells whose centre is defined at the electron cluster position

(Rη); the lateral width of the shower defined by
√

(
∑
Eiη2

i )/(
∑
Ei)− ((

∑
Eiηi)/(

∑
Ei))2, where

E (η) are the energy (pseuorapidity) of a cell and the sum is performed in a window of 3× 5 cells

(Wη2).

• Shower shape and size in Layer 1: the total shower width defined by
√

(
∑
Ei(i− imax)2)/(

∑
Ei),

where the sum is performed over strips in a window of ∆η×∆φ ≈ 0.0625×0.2 and imax represents

the highest-energy strip (Wtot); the ratio of the difference in energies between the largest and

second largest energy deposits divided by the sum of these two energies (Eratio); the ratio of the

energy in the first layer of the electromagnetic calorimeter to the total energy in the electromagnetic

calorimeter (f1).
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Figure 5.3: The measured combined electron identification and reconstruction efficiencies for differ-
ent electron classifications as a function of electron energy in the transverse plane, ET , (left) and η
(right). The cut-based method identifies leptons as Loose, Multi-lepton, Medium, Tight. The Multi-
lepton identification has more stringent requirements than the Loose, but less stringent requirements
than the Medium selection. The likelihood method identifies electrons as LooseLH, MediumLH, Very-
TightLH. The inner error bars show the statistical uncertainty, while the outer error bars show the
statistical+systematic uncertainties. Dashed lines correspond to the bins in which the efficiencies were
calculated [118].

• Track variables: the number of pixel hits (nPixHits); the number of hits in the first pixel layer

(NBlayerHits); the number of SCT hits (nSiHits); the number of TRT hits (nTRTHits); the

transverse impact parameter (d0); the significance of the transverse impact parameter, defined

as the transverse impact parameter divided by its estimated uncertainty (d0/σd0); the ratio of the

number of high threshold hits to the total number of hits in the TRT (FHT ).

• Track-cluster matching: the ∆η between the cluster location in the first electromagnetic layer and

the associated track (∆η1); the ∆φ between the cluster location in the middle electromagnetic layer

and the associated track (∆φ2); the ratio of the cluster energy to the track momentum (E/p).

• GSF variables: the momentum the track loses while travelling from the perigee to the last point at

which the track is measured divided by the total momentum (∆p/p): the ∆φ between the cluster

location in the middle electromagnetic layer and the associated track where the track momentum

is scaled to the cluster energy (∆φRes).

There are two methods for classifying electrons into their different categories. The first method is the

cut-based method and identifies electrons by making selections on the discriminating variables [119, 120].

The cut-based method categorizes electrons into four different types: loose, multi-lepton, medium and

tight. The selection on the discriminating variables becomes more strict in going from the loose to the

tight definition.

The second method for classifying electrons into their categories is the likelihood method. This

method classifies electrons into loose LH, medium LH and very tight LH classes. The method identifies

electrons by inputting the discriminating variables into a multi-variate algorithm [121]. Using the vari-

ables, the algorithm analyzes electron and non-electron objects in MC simulation to create probability
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distribution functions that describe the probability of an object being an electron. The five electron

types are identified based on how efficiently the algorithm selects electrons and rejects backgrounds.

Figure 5.3 shows the measured electron identification and reconstruction efficiencies for the different

electron classifications with the cut-based and likelihood methods. The efficiency is derived by analysing

Z → ee and J/Ψ → ee events using the tag-and-probe method. One of the two electrons is required

to satisfy strict selection criteria and is referred to as the tag electron. The remaining electron, called

the probe, is not required to satisfy strict selection requirements and is used to measure the efficiency

of electron reconstruction and identification. The efficiency is defined as the fraction of probe electrons

that also pass the required strict criteria. The identification efficiency is the ratio of the number of probe

electrons passing the required identification criteria to the number of probe electrons with a matching

track that pass the track quality requirements. The reconstruction efficiency is the ratio of the number of

probe electrons that are reconstructed as a cluster with a matching track to the number of clusters with

or without a matching track. The efficiencies measured in data match the ones simulated in MC [118].

The energy of the electron is required to be isolated from other deposits in the calorimeter. The

criteria applied to isolate the electrons depend on the analysis, and are thus described in Chapter 6.

5.2.3 Calibration

The first calibration applied to electrons is the energy correction to individual calorimeter cells described

in Section 3.2.4. This base calibration is called the electromagnetic scale calibration. The remaining

steps of the electron calibration for MC and data events are shown in Figure 5.4.

The first step in the calibration of electrons in data involves the longitudinal layer inter-calibration.

The scales in the different longitudinal layers of the calorimeter must be properly calibrated, to model

minimum ionizing particles, in each layer before the overall energy scale is determined. The first and

second layers are calibrated using Z → µµ events since muons do not lose energy upstream of the

calorimeter. The muons behave as minimum ionizing particles and usually deposit 60 (210) MeV in the

first (second) calorimeter layers. The third layer is not calibrated since its contribution is negligible [122].

In the second step the energy clusters in data are calibrated using corrections derived from Z →
ee,W → eν and J/Ψ→ ee MC events. This calibration corrects for longitudinal/lateral shower leakage

as well as energy loss in front of the calorimeters. The calibration constants are derived by feeding

discriminating variables into a multivariate algorithm [122]. The discriminating variables include the

total energy measured in the calorimeter, the ratio of the energy in the presampler to the calorimeter

energy, and the shower depth [122].

In the third step, uniformity corrections are applied to account for variations in the energy response

that are not in the detector simulation. These include non-optimal HV settings due to HV trips, energy

lost between barrel calorimeter modules or biases in the LAr electronics calibration [122].

The fourth calibration applied is called an in-situ calibration. In-situ calibration refers to using data

in well understood physics processes to calibrate detector objects. In this case, the calibration is derived

from Z → ee events. This in-situ calibration accounts for any other differences in the modelling of

material, leakage and shower development between the MC simulation and data. The corrections are

derived by comparing the invariant mass of the di-lepton pair and its resolution in data and MC.

Finally, the energy scale calibration is validated by comparing the di-lepton invariant mass of J/Ψ→
ee events in data and MC.
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Figure 5.4: The electron calibration steps. Made by N.Ilic.

5.3 Photons

Photons traversing the detector interact electromagnetically and thus deposit most of their energy in

the electromagnetic calorimeters. Photons interact with the detector material by producing e+e− pairs,

undergoing Compton scattering and through photoelectric effects, which all tend to result in shower

shapes more narrow than the ones produced by hadrons. Since photons are neutral particles they

do not leave tracks in the ID. In approximately 40% of cases the photons convert into an e+e− pair

before reaching the calorimeters. The uncoverted photons are identified by searching for electromagnetic

showers without matching ID tracks. Photons that have converted in the ID are reconstructed by

searching for oppositely charged electrons near each other, whose tracks do not originate from the

interaction point.

Photons are categorized into loose and tight categories using cut-based selections [123]. Loose photons

are identified by making selections on the RHAD, RHAD1, Rη and Wη2 variables. Tight photons are

identified by additional selections on the Rφ,Wtot, Eratio, WS3 (the shower width in Layer 1 defined by

three strips around the strip containing the maximum energy deposit), and Fside (the energy deposited

in Layer 1 defined as the energy outside the three central strips but within seven strips divided by the

energy within the three central strips) [123].

The calibration scheme for photons is the same as the one described for electrons, but using MC

simulation containing photons (Z → ``γ, Z → µµγ, γ+X) to derive and validate the calibration factors.

The additional calibration applied to photons from Z → ee events corrects for imperfections that do not

apply to photons. These extra corrections on the photons are accounted for in the uncertainties on the

photon calibration.

5.4 Jets

5.4.1 Reconstruction

Jets are objects formed from hadrons that initiate particle showers. Algorithms are employed to iden-

tify hadronic and electromagnetic energy deposits from which jets are reconstructed. The jet-finding

algorithms that are employed should be infrared and collinear safe. Infrared safety refers to the fact

that the same number of jets should be reconstructed by the algorithm regardless of whether there exist

other soft particles in the event that do not originate from the fragmentation of a hard-scattered parton.

Collinear safety means that an algorithm should reconstruct the same jet even if the particle that seeds

the jet decays into two collinear particles.

In ATLAS, jet-finding algorithms are based on three-dimensional clusters of energy defined in the
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calorimeters, called topological clusters [116]. These topological clusters are identified by scanning the

∼200 000 calorimeter cells to identify ones whose energy deposits are 4 σ above the electronics and

pileup noise level. These cells are referred to as seed cells and serve as the centre of the cluster. Cells

neighbouring the seed that contain energy deposits above 2 σ of the noise level are then iteratively added

to the growing energy cluster. Finally, neighbouring cells that are not above the noise level are added.

Cells containing the maximum energy are defined as cells whose energy is above 500 MeV, whose energy

is greater than that of any neighbouring cell, and which have at least four neighbouring cells above a

specified threshold. If there are multiple maxima, the cluster is split into two.

Older jet finding algorithms, referred to as a fixed-cone algorithms, involve identifying higher energy

clusters and summing the four vectors of particles found in a cone ∆R around the cluster. These al-

gorithms then adjust the centre of the jet to match the maximum energy deposits in the cone. Cone

algorithms are not infrared safe since soft radiation between jets leads to merging of jets.

Newer algorithms join objects together based on the distance between the objects defined as

dij = min(p2p
T,i, p

2p
T,j)

∆R2
ij

R2
. (5.1)

In equation 5.1, pT,i(j) are the transverse momenta of objects i(j), and ∆Rij is the distance between

them. The distance between each object and the beam axis is denoted as di = p2p
T,i. The objects with the

smallest dij values are merged into a single object. This process is repeated until the distance between

the beam and object, di, is smaller than the distance between objects, dij . The merged objects are then

defined as a jet. A value of p = 1 corresponds to the kT algorithm [124, 125, 125], in which the lowest pT

objects that are farthest from the interaction point are merged first. The jet is built backwards towards

the high pT objects. This algorithm has the disadvantage that low-pT objects can change the shape of a

jet. A value of p = −1 corresponds to the anti-kT algorithm [126], in which jets are built starting with the

highest pT objects, located near the interaction point, outwards. In this algorithm, soft objects cannot

greatly change how the jet is built. The kT and anti-kT algorithms usually use ∆R = 0.4 or ∆R = 0.6

sizes and are both infrared and collinear safe. A value of p = 0 corresponds to the Cambridge/Aachen

algorithm [127, 128], in which the transverse momentum is ignored and the distance between the objects

is the only information relevant in jet reconstruction.

5.4.2 Identification

Jets are categorized into four types depending on which selection criteria they satisfy. The selection

criteria are defined in order to avoid biases from detector defects, cosmic rays and interactions of the

beam that are unrelated to collisions. Jets are identified as looser, loose, medium or tight jets depending

on the criteria they satisfy, which are based on the variables listed below [129].

• fEM , fquality are variables used to eliminate coherent noise contributions from the electromagnetic

calorimeters, in which a low amount of energy is deposited over many electromagnetic cells. These

deposits can be rejected by selecting jets with a low fraction of the energy deposited in the electro-

magnetic calorimeters, fEM , and a low fraction of cells with a bad quality signal shape, fquality.

Bad quality jets are defined by selecting |fquality| > 0.8 and fEM > 0.95.

• fHEC , fHECquality, Eneg are variables used to eliminate energy deposits from sporadic noise bursts

in the HEC end-cap calorimeters, in which most of the jet energy comes from a single HEC cell.
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Figure 5.5: The jet selection efficiency for the 0.8 ≤ |η| ≤ 1.2 (left) and 1.2 ≤ |η| ≤ 2.0 (right) [129].

These energy deposits can be rejected by selecting jets with a low fraction of the energy deposited

in the HEC endcap, fHEC , and good signal shape quality, fHECquality. Cells that contain large

sporadic noise bursts are also often characterized by negative energy, Eneg, due to the capacitive

coupling between them.

• tjet, fch, fmax are variables used to eliminate energy deposits from cosmic rays or non-collision

backgrounds that do not originate from the interaction point. Energy deposits not originating

from the collision point are usually out of sync with the primary interaction in the event, and

thus have a different time, tjet with respect to the trigger-measured event time. In addition, these

deposits contain low energy close to the interaction point and can be isolated by making additional

selections on fEM . Jets reconstructed from non-collision backgrounds also have a low fraction of

track pT compared to jet pT , referred to as fch. These jets also have a high fraction of energy

deposits in one calorimeter layer, referred to as fmax.

Figure 5.5 shows an example of the efficiency of selecting these jet definitions for two ranges in η

(0.8 ≤ |η| ≤ 1.2 and 1.2 ≤ |η| ≤ 2.0) as a function of jet pT . The measurement is performed using

methods described in [130]. The remaining η ranges can be found in [129].

5.4.3 Calibration

The default calibration applied to jets is the electromagnetic calibration, derived from electron test beam

studies performed using detector components. However, another calibration scheme is necessitated by the

fact that calorimeters respond differently to electromagnetically and hadronically interacting particles.

Unlike electromagnetic showers, the energy deposited by the hadronic showers is usually much higher

than what is registered in the calorimeter. This is because only hadrons interact strongly with the nuclei

of the detector material, resulting in the release of undetected energy, termed invisible energy. This

energy is not detected because it results from the release of energy used to bind the nuclei together.

This lower detector response to hadrons must be accounted for by accurately calibrating jets. The local



Chapter 5. Event Reconstruction 58

EM+JES or 
LCW+JES 
calibrated 

jets 

Residual 
insitu 

calibration 

Energy & 𝜂 
calibration 

Origin 
correction 

Pileup 
correction 

EM or LCW 
calibrated 

jets 

Figure 5.6: The different steps used to calibrate jets. Made by N.Ilic.

cluster weighting (LCW) calibration scheme accounts for lower detector response to hadrons. The LCW

calibration is derived by identifying topological clusters as electromagnetic or hadronic based on their

energy density and longitudinal shower depth. Correction weights are then derived from the response of

pions in MC simulation and applied to the cells in the topological clusters. These weights compensate

for differing electromagnetic and hadronic detector response, energy lost in dead material and energy in

cells not included in cluster reconstruction.

Additional steps, shown in Figure 5.6, are also used to further refine the electromagnetic and LCW

scales. A pileup offset correction corrects for the fact that the jet energy is increased due to pile-up. This

correction is derived from MC simulation as a function of η and jet pT to correct for the calibration’s

dependence on NPV and µ. An additional pileup correction is applied that is based on a jet area

method [129]. In this method, ρ is defined as the median of the jet momentum divided by the jet area

and corresponds to the energy density from pileup. To remove pileup energy, the jet size multiplied by ρ

is subtracted from the jet energy. After the pileup correction, the jet’s tracks are corrected to point the

jet in the direction of the primary vertex instead of the centre of the detector. After the origin correction,

an MC-based energy and η calibration are applied that correct the jet energy in the detector to the true

energy of the jet in MC simulation. This correction, referred to as the Jet Energy Scale (JES), is the

largest correction (10-60%) and compensates for energy lost in the detector due to cracks and neutral

particles, as well as the lower response to hadrons in the case of the electromagnetic calibration. There

are separate JES corrections derived for the electromagnetic and LCW calibrations. JES corrections are

smaller for LCW jets due to the intermediate cluster calibration step.

The final corrections applied to the jet energy scale are derived from in-situ calibrations. This

calibration involves selecting events in which jets are balanced by well-measured objects, and calibrating

the jet energy accordingly. Events containing Z+jets and γ+jets are used to calibrate lower pT jets.

Higher pT jets are calibrated from multi-jet events in which the well measured low pT jets balance a high

pT jet. Jets with an energy greater than 1.5 TeV are calibrated from test beam studies in which pions

with energies up to 250 GeV are sent through the detector [131]. Since in-situ methods are performed

in central detector regions as a function of jet pT , additional corrections are applied to jets in different

η regions. Forward jets are calibrated by analysing di-jet events, in which the energy of a central jet is

used to calibrate the energy of a forward jet.
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5.4.4 Pileup Suppression

The Jet Vertex Fraction (JVF) is a variable used to separate jets originating from the primary vertex

and pileup events. It is defined for each jet, as the sum of the pT of tracks originating from the primary

vertex divided by the sum of the pT of all jet-matched tracks in the jet:

JVF =

∣∣∣∣∑tracks p
PV
T∑

tracks p
all
T

∣∣∣∣. (5.2)

JVF = 1 corresponds to jets which originate from the primary vertex, JVF<1 corresponds to jets

which have some tracks originating from pileup vertices, and JVF=0 corresponds to jets whose tracks

all originate from pileup vertices. Thus selecting on higher values of JVF is helpful in identifying jets

originating from the primary vertex as opposed to pileup vertices.

5.4.5 Identifying b-quark jets

There are over 8 million top quark events contained in the 25 fb−1 dataset. The top quarks subsequently

decay to bottom quarks which recombine to form b-hadrons. Identifying, or tagging, jets that originate

from b-hadrons leads to efficient reduction of top events that are backgrounds to many searches for

new physics processes. Since b-hadrons have longer lifetimes (τ ∼ 10−12s), the b-quark jets will have a

vertex displaced from the primary vertex. Thus, tagging b-jets is largely dependent on accurate track

reconstruction and accurate impact parameter measurements. The tracks used in b-tagging algorithms

are required to satisfy various quality criteria in order to differentiate them from the tracks of converted

photons and other long-lived particles such as KS and Λ [132]. Hadrons containing c-quarks have life-

times somewhat shorter than those of the b-hadrons, and thus their displaced vertices are closer to the

interaction point. b-hadrons are also heavier and their decay products tend to have higher momenta

than those of c-hadrons. A common way to classify b-jets is the multivariate MV1 algorithm [132].

This algorithm takes the IP3D, SV1 and JetFitter algorithms, described below, and combines the most

discriminating output variables from these algorithms in a neural network. The MV1 is trained using

b-jets as the signal and light flavour jets as the background. The output of the MV1 is a tag weight,

which gives the probability of a jet originating from a b-quark.

The IP3D algorithm identifies b-jets using predefined MC distributions of the transverse and longi-

tudinal impact parameter significances, d0/σd0 and z0/σz0 , for b-, c- and light-flavour (u, d, g) jets. The

d0/σd0 and z0/σz0 distributions, which give more weight to tracks that are measured accurately, are

represented by a two-dimensional histogram. The pre-defined MC histograms are then compared to the

data of the jet being analyzed using a likelihood ratio that tests the light flavour and b-jet hypotheses.

The SV0 and SV1 algorithms are based on identifying secondary vertices that are found by searching

for jet tracks which intersect far away from the primary vertex. These algorithms use the decay length

significance, L3D/σ3D, measured in three dimensions, to distinguish between b-, c- and light-jets. The

SV1 is a more sophisticated algorithm that builds a likelihood ratio based on two-dimensional and one-

dimensional histograms of vertex variables. The two-dimensional histogram is built from the invariant

mass of tracks from the vertex, and the ratio of the sum of energies of tracks in the vertex to the sum of

energies of all tracks in the jet. The one dimensional histogram is the number of vertices containing two

tracks. The distance, ∆R, between the jet axis and a line drawn between the primary and secondary

vertex is also used as a discriminating variable.
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Figure 5.7: A representation showing the displaced secondary vertex of a b-jet. If the secondary vertex is
on the opposite side of the interaction point, the track impact parameters and decay lengths are assigned
to be negative [133].

The JetFitter algorithm exploits topological differences between b- and c-jets. This algorithm cal-

culates the approximate time of flight for b-hadrons, by finding a common line on which the primary,

b- and c-vertices lie. This algorithm uses a likelihood ratio with similar variables as the SV1, and in

addition considers the flight length significance of the vertices.

Different b-tagging algorithms have different efficiencies for identifying b-jets and different probabili-

ties of misidentifying c- and light-jets as b-jets. These efficiencies are calculated from simulated tt̄ events

as a function of pT and η, as well as from data in b-, c- and light-jet enriched regions as a function of

jet pT . Scale factors are applied to simulated events in order to correct for the difference in efficiencies

in data and simulation. The scale factors are defined as the ratio of the b-tag efficiencies in simulation

and data, SF (pT , f) = εfdata/ε
f
MC , and are dependent on jet pT , and jet flavour, f . The b, c, and light

flavour tagging efficiencies as a function of pT and η for the MV1 algorithm are shown in Figure 5.8.

For every algorithm, working points are defined which depend on the b-jet efficiency as measured in

simulation. The MV1 algorithm is calibrated to different working points, which are selected by choosing

specific values of the output jet weights. The values are tuned to obtain b-jet efficiencies of 60%, 70%,

and 80%, as measured in simulated tt̄ events.

5.5 Taus

5.5.1 Reconstruction

Tau leptons are heavy (1776.82 MeV) compared to muons (105.7 MeV) and electrons (0.511 MeV), and

thus decay before reaching the detector. They can only be identified by their decay products, which can

include electrons, muons or pions along with the tau neutrino, ντ . The hadronic decays, τhad, have a

branching ratio of 65%, while the leptonic decays, τe/τµ, have a 35% branching ratio. Since it is not

possible to distinguish leptonically decaying taus from electrons and muons, tau identification focuses

on hadronic decays. Taus can decay to two, three or four pions. For example, a negatively charged tau
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Figure 5.8: Efficiency of the MV1 algorithm to select b, c, and light flavour jets, as a function of jet pT
(left) and |η| (right)[132]. The 70% working point is shown.

lepton can decay via τ− → π−π0ντ/π
−π+π−ντ/π

−π+π−π0ντ . Taus are reconstructed based on whether

they contain one or three charged decay particle tracks, referred to as one-prong or three-prong decays.

The pions can be distinguished from other jets by their narrow shower shapes, and the fact that they

usually have one isolated track associated to them. The narrow shower shapes are due to the fact that

leptonically decaying pions produce electromagnetic showers. Tau leptons are identified by searching for

one or three tracks from the pions forming a jet with a narrow shower shape. The π0 mesons do not

leave a track in the ID and are not identified in tau reconstruction.

The tau algorithm starts by searching for anti-kT jets, which have a size ∆R = 0.4. The kinematic

variables described below are used to distinguish between tau and quark and gluon jets.

• f corrcore : This variable is the fraction of energy in the central cone of the jet which is defined by

∆R < 0.1. It tends to be higher for tau lepton decays since taus decay to pions, which, when

decaying electromagnetically, result in narrow shower shapes.

• Rtrack: This variable is the pT weighted track distance from the tau axis. This value peaks at

lower values for tau decays.

• ∆Rmax: This variable is the distance of the track farthest from the tau axis. This variable peaks

at lower values for tau leptons since the charged tracks from tau lepton decays are collimated in a

narrower cone than those of quark and gluon jets.

• SflightT : This variable describes the significance of the reconstructed secondary vertex. This variable

peaks at higher values for tau decays.

5.5.2 Identification

The kinematic variables described above are used to separate τhad from jets using three different methods.

One method places selections on kinematic distributions to distinguish τhad leptons from q/g jets. A

second method involves separating the τhad signal from other backgrounds using the log-likelihood-

ratio [134]. This method uses the kinematic variables to create one dimensional probability distribution

functions (PDFs) in bins of tau pT . The final likelihood is calculated based on loose, medium, and tight

working points, which correspond to the identification efficiencies of 70%, 60% and 40% (65%, 55%,

35%) for one-prong (three-prong) taus, respectively.
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The third method feeds the kinematic variables into a multivariate algorithm, called the Boosted

Decision Tree (BDT), which is trained using MC distributions to distinguish τhad from q/g jets [134].

The BDT method also identifies tau leptons at the same working point efficiencies as the likelihood

method. All of the methods treat one- and three-pronged tau decays separately.

The tau leptons can be distinguished from electrons since they have wider and longer showers in the

calorimeters. In addition, unlike tau leptons, electrons cause transition radiation detected in the TRT.

Muons have a probability to leave energy in the hadronic calorimeter, which can resemble tau signatures.

These energy deposits are disregarded if they overlap with a muon reconstructed in the MS.

5.5.3 Calibration

Since the tau algorithm considers jets calibrated at the LCW scale, it already takes into account the lower

response of the detector to hadrons, the energy deposited outside of reconstructed cells, and the dead

detector material. An additional scale specific to tau leptons is derived using MC samples that simulate

W → τν and Z → ττ events. Using these samples the pileup offset is subtracted, the energy response

to taus is determined, and an η-dependant correction is applied [135]. The pileup offset is calculated

by observing the dependence of the tau pT on the number of reconstructed vertices. The energy scale

correction is calculated by comparing the true tau energy before reconstruction to the reconstructed

tau energy as a function of pT and η. The η correction is applied to compensate for the energy that

is lost in poorly instrumented detector regions. This correction is calculated by comparing the true to

the reconstructed η in MC. All of the corrections are calculated separately for one- and three-prong tau

leptons.

5.6 Muons

5.6.1 Reconstruction

Muons leave tracks in the Inner Detector and Muon Spectrometer. Muons originating from the interac-

tion point do not lose a significant amount of energy in the calorimeter and do not have a large amount

of energy deposited around them. This is because muons do not give off Bremsstrahlung radiation and

mainly lose their energy by acting as minimum ionizing particles. There are four different types of muons

that are commonly used: standalone (SA), combined (CB), segment-tagged (ST), and calorimeter-tagged

(CaloTag).

• Standalone (SA) muons are identified in the MS, and their tracks are extrapolated back to the

interaction point. This is performed by the Muonboy algorithm [136], which searches for hits in the

muon trigger chambers to identify regions of activity (ROA). Muon tracks are then formed from

the muon segments in all the muon chambers in the ROA. The muon track is then extrapolated to

the beam line, taking into account scattering and energy loss in the calorimeter. The energy lost

in the calorimeter is calculated by considering how much detector material the muon traverses. SA

muons are identified over the η range covered by the MS (η < 2.7).

• Combined (CB) muon algorithms use ID as well as MS information to form muon tracks. For this

analysis, combined muons are identified using the STAtistical COmbination (STACO) combined

algorithm [136]. This algorithm first finds tracks in the ID and MS that satisfy certain quality
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Figure 5.9: The muon reconstruction efficiencies for CB+ST muons as a function of muon pT (left) and
for CB,CB+ST and CaloTag muons as a function of η (right). The box inside the plot on the left is
a zoom of the low-pT region. The CB, and CB+ST muons are shown for 0.1 < |η| < 2.5, while the
CaloTag muons are shown for |η| < 0.1 [137].

criteria based on the number of ID and MS hits and holes. The tracks in the ID and MS are

crudely matched in η and φ and are required to have the same charge. The algorithm then matches

these tracks to each other using a χ2 fit. The fit is defined as χ2
match = (TMS − TID)T(CMS −

CID)−1(TMS−TID), where T is the vector of the five track parameters described in Section 5.1, and

C is the covariance matrix between them. The track parameters of the final muon track are the ones

that give the lowest χ2. These parameters are given by T = (C−1
ID +C−1

MS)−1(C−1
ID TID +C−1

MSTMS).

As a result of this procedure, the pT of the reconstructed muon is the weighted sum of the ID and

MS measurement. CB muons are identified up to ranges covered by the ID (η < 2.5).

• Segment-tagged (ST) muons are constructed using algorithms that extrapolate ID tracks to the MS

to form muons. The algorithm used is called Mutag [136], and is useful for identifying low energy

muons that do not always reach the outer muon chambers. It matches ID tracks with Muonboy

segments that were not already used in the STACO algorithm. A χ2 fit is used to match the ID

to the inner MS tracks. The input variables to the fit are the tracking parameters described in

Section 5.1. ST muons are identified over the range covered by the ID (η < 2.5).

• Calorimeter-tagged (CaloTag) muons are used in the |η| < 0.1 range where the muon chamber

coverage is absent due to the space needed for services (cabling, cooling pipes, etc.). These muons

are constructed by identifying inner detector tracks as muons if they are associated to calorimeter

energy deposits consistent with a minimum ionizing particle.

The first three types of muons are collected into a group called the STACO Muon Collection. The

STACO muon collection combines different muon identifications to optimize the reconstruction in differ-

ent areas of the detector. By construction there is no overlap between the STACO and Mutag algorithms,

and the overlap between STACO/Mutag and Muonboy is removed. The STACO muon collections con-

tain combined muons when ID and MS information is available. It contains Standalone muons when a

muon track can not be reconstructed in the ID due to the lower η coverage of the ID. Finally, it contains

muon segments if a low-pT muon does not reach the outer chambers, or at |η| < 0.1. Since muons from

the hard scatter do not leave a significant amount of energy around them, they are required to be well
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isolated in the detector, meaning that there should not be large energy deposits in a certain ∆R cone

around the muon. The size of the cone depends on the analysis.

Figure 5.9 shows the muon reconstruction efficiency for various muon types as a function of pT on

the left and η on the right. The data points are from Z → µµ and J/ψ → µµ events for CB and CB+ST

muons, and Z → µµ for CaloTag muons.

Additional requirements are made that ensure that the energy of the muon is isolated from other

deposits. The isolation criteria are specific to the analysis and are described in Section 5.8.

5.6.2 Calibration

The energy scale of muons is calibrated using Z → µµ and J/ψ → µµ events. To account for the fact

that resolution smears the measured value, the distribution of muon pT is multiplied by a Gaussian

distribution. In addition, scale factors are applied that correct the muon pT . The smearing and scale

corrections account for the energy lost in the detector before the MS, imperfect knowledge of the magnetic

field, and multiple scattering. The scale factors are dependent on η and φ.

5.7 Missing Transverse Energy

In collisions at the LHC, the particles collide along the z axis and thus have zero total momentum in the

transverse x, y plane before the collision. From the conservation of momentum law, the total amount

of momentum in the transverse plane after the collision should also be zero. If the vector sum of all

the identified objects in the event does not equal zero, the missing transverse momentum is defined as

the negative sum of the transverse momenta of all objects. This is a vector quantity that is referred to

as the missing transverse energy (MET). It results from the presence of undetectable particles such as

neutrinos and dark matter, or from other objects that are poorly reconstructed such that their energy

was wrongly measured. The MET can be calculated from objects in the calorimeters, denoted by the

vector quantity, Emiss
T ; from tracks in the inner detector, denoted by the vector quantity p

miss(trk)
T ;

or from a combination of both, denoted by the vector quantity pmissT . The magnitudes of these vector

quantities are denoted by EmissT , p
miss(trk)
T and pmissT .

5.7.1 Calorimeter Based Missing Transverse Energy

Calorimeter based MET, denoted as Emiss
T , is constructed mainly from the energy deposits in the

calorimeter. It is defined in the x and y plane from the sum of the calorimeter energy Emiss,calo
T , muon

momenta, pmiss,µT , and the correction applied to the energy lost in the cryostats, Emiss,cryo
T , as shown

in equation 5.3. The x and y components are then summed in quadrature (equation 5.3) to obtain the

quantity EmissT (equation 5.4), located at an angle φ away from the x-axis (equation 5.5)

Emissx(y) = Emiss,calox(y) + pmiss,µx(y) + Emiss,cryox(y) (5.3)

EmissT = −
√

(Emissx )2 + (Emissy )2 (5.4)

φmiss = arctan

(
Emissy

Emissx

)
. (5.5)
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The muon term of the missing transverse energy is calculated from the muons : Emiss,µx(y) = −∑muonsEx(y).

Combined muons, which have matching ID tracks, are used for |η| < 2.5. In the 2.5 < |η| < 2.7 range

standalone muons from the MS only are used, and outside of the muon acceptance, at |η| > 2.7 the

muon measurement is made from the calorimeter-tagged muons. For isolated muons, meaning they are

not located within ∆R < 0.3 of a jet, the muon pT does not include the energy lost by the muon in the

calorimeter. For non-isolated muons, the energy lost by the muon in the calorimeter cannot be separated

from the jet energy. In this case the muon pT includes the energy lost by the muon in the calorimeter if

there is a significant discrepancy between the muon pT in the ID and MS.

The correction that is made for the energy lost in the cryostats, Ecryox(y) , is calculated by analysing

the jet energy lost in the last layer of the electromagnetic calorimeter (EEM3) and the first layer of the

hadronic calorimeter (EHAD). The lost energy is then calculated using

Ecryox(y) = −
∑
jets

wcryo
√
EEM3 × EHAD, (5.6)

where wcryo is a weight based on the calibration scheme used [138].

The calorimeter term, Emiss,calox,y , contains several different types of calibration techniques. The two

most optimal calibrations are Local Hadronic Topological calibration using the LCW calibration, and an

object-based calibration, referred to as the Refined Final calibration. In the Refined Final calibration,

the Emiss,calo(x,y) term, defined in equation 5.7, is made from electrons, photons, hadronically decaying tau

leptons, jets, low-pT (soft) jets, energy the muons left in the calorimeter, and other un-clustered energy

deposits, called CellOut. Each term in equation 5.7 is the negative sum of the cell energies inside a

specific object:

Emiss,calox(y) = Emiss,ex(y) + Emiss,γx(y) + Emiss,τx(y) + Emiss,jetsx(y) + Emiss,softjetsx(y) + Emiss,CellOutx(y) (5.7)

Each of the objects in equation 5.7 is calibrated individually as explained below.

• Emiss,ex(y) contains cut-based medium quality electrons with pT > 10 GeV, calibrated at the default

electron calibration explained in Section 5.2.

• Emiss,γx(y) contains tight quality photons with pT > 10 GeV, calibrated at the electromagnetic scale.

• Emiss,τx(y) contains tight quality tau leptons with pT > 10 GeV, calibrated at the LCW scale.

• Emiss,jetsx(y) contains anti-kT jets with pT > 20 GeV, calibrated at the LCW and JES scales.

• Emiss,softjetsx(y) contains anti-kT jets with 7 GeV < pT < 20 GeV calibrated at the LCW scale.

• Emiss,CellOutx(y) contains topological clusters, calibrated at the LCW scale, that are not included

in the other objects. This term also includes low-pT tracks from particles that do not reach the

calorimeter. When topological clusters are matched to tracks, the track energies are used due to

their better momentum resolution at low energy.

The CellOut term also contains the energy that muons deposit while traversing the calorimeter.

Since this energy is also included in the muon terms, it is double counted. In order to avoid this double
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Figure 5.10: Resolution, in GeV, projected along the AZ axis of the Refined Final (left) and Local
Hadronic Topological (right) distributions, as measured in Z → ee events. The Z → µµ measurements
are similar. Made by N.Ilic.

counting, the measured/predicted muon energy loss in the calorimeter is subtracted from the muon

momentum.

The performance of the Local Hadronic Topological and Refined Final calibrations have been studied

using Z → ee/µµ events. These events do not have neutrinos in them and are thus expected to have

zero Emiss
T . The resolution of Emiss

T is defined as the width of the Emiss
T distribution. Assuming that

most objects in an event are accurately measured, this width should be narrow (∼ 10 GeV). The Local

Hadronic Topological and Refined Final calibrations have similar resolutions, as is shown in Figure 5.10.

However, by studying the hadronic recoil of the Z → ee/µµ system it was found that the Refined

Final calibration performed better than the Local Hadronic Topological calibration. If the objects were

perfectly calibrated, the Z → ee/µµ processes should be balanced by the hadronic recoil such that the

value of Emiss
T is zero. Since electrons and muons are well calibrated objects, any deviation of Emiss

T

from zero indicates an improper calibration of Emiss
T . Figure 5.11 shows the mean Emiss

T along the axis

parallel to the momentum of the Z boson (pT,Z), defined as Az =
(p`

+

T +p`
−
T )

|p`+T +p`
−
T |

, where p`T are the momenta

of the electrons or muons from the Z decay. This figure shows that when using the Hadronic Topological

calibration the mean of the Emiss
T along the pT,Z axis deviates more from zero than the Refined Final

calibration, implying a larger bias. Nevertheless both calibrations deviate from the expectation of zero

by only a few GeV.

The bias in the Refined Final calibration can be further studied by separating events containing

jets with pT > 20 GeV, from events that have no jets above this threshold. These plots are shown in

Figure 5.12 for Z → ee/µµ events. The fact that the bias does not exist in events containing higher

pT jets indicates that the higher pT jet calibration correctly balances the leptons from the Z decays.

The bias in events with zero jets then indicates that the problem is in the modelling of low-pT hadronic

recoil. Nevertheless the bias is only on the order of a few GeV and does not impact this physics analysis.

5.7.2 Track Based Missing Transverse Energy

There are fewer potential sources of error associated with matching vertices to their tracks than to their

calorimeter deposits. For this reason, a definition of MET based on tracks is less sensitive to errors

introduced in matching objects to vertices. Thus a track-based MET, denoted by p
miss(trk)
T , is less
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Figure 5.11: The mean of Emiss
T projected along the Z pT axis for the Refined Final (left) and Local

Hadronic Topological (right) calibrations. The Z → ee events are shown, but the Z → µµ events show
the same patterns. Made by N.Ilic in [139].

Figure 5.12: The mean of Emiss
T projected along the Z pT axis for the Refined Final calibration in

Z → ee (left) and Z → µµ (right) events, separated by jet multiplicity. Made by N.Ilic in [139].
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sensitive to pileup. The p
miss(trk)
T definition is constructed from the negative sum of all tracks:

p
miss(trk)
T = −

∑
i tracks

pT,i. (5.8)

The tracks are required to satisfy the conditions: ≥ 1 nPixHits, ≥ 6 nSiHits, |η| < 2.5, and pT >

500 MeV. They are also required to have dPV0 < 1.5 mm and zPV0 sin(θ) < 1.5 mm.

An additional definition of MET uses the jet and electron calorimeter deposits instead of the tracks.

In this case, the jet and electron track momenta can be replaced by the calorimeter energy:

pmissT = −
∑

i tracks

pT,i +
∑
j jets

(
ptrkT,j − pcaloT,j

)
+

∑
e electrons

(
ptrkT,e − pcaloT,e

)
. (5.9)

The jets used in equation 5.9 satisfy pT > 25 (30) GeV for |η| < 2.4 (> 2.4). They are also required

to have |JVF| > 0.5 if they satisfy pT < 50 GeV and |η| < 2.4. Tracks are matched to jets if they are

located within a cone of ∆R = 0.4 around the jet. The electrons used have a pT > 10 GeV.

5.8 Objects Used in the H → WW ∗ Analysis

Muons from the STACO combined muon collection are used in the H →WW ∗ analysis.

The electrons used in the analysis that have ET > 25 GeV satisfy the medium cut-based require-

ment that is applied by the single-lepton trigger. Electrons with lower momentum are more likely to be

mistaken for light-flavour jets or electrons resulting from photon conversions. This is because selections

used to identify electrons are less efficient for low-pT electrons since their showers are wider and noise

can play a more significant role. Additionally, the jet pT spectrum falls steeply and thus there are many

low-pT jets which can be confused with electrons. Since electrons with lower momentum are more likely

to be mistaken for jets, electrons with 10 GeV < ET < 25 GeV have more strict selection criteria and

are required to satisfy the very tight likelihood requirement. Using the likelihood definition reduces

backgrounds by 35% when compared to the cut-based definitions.

Additional requirements are made to reduce contributions from photon conversions. These require-

ments include rejecting electron candidates that are missing a hit in the inner most layer of the Pixel

detector, and rejecting candidates whose track is part of a photon conversion vertex.

Requirements are also made on lepton impact parameters and isolation. Electrons are required to

satisfy |dPV0 |/σdPV0
< 3.0, and |zPV0 sin θ| < 0.4 mm. Muons are required to satisfy |dPV0 |/σdPV0

< 3.0,

and |zPV0 sin θ| < 1.0. The isolation requirements are based on variables calculated from the ID and

calorimeter. The ID-based isolation requires the sum of tracks,
∑
pT , divided by the electron ET (muon

pT ) to be lower than 0.06 at the lowest lepton energies, and 0.10 (0.12) at the highest electron (muon) en-

ergies. The tracks that are included in the sum must satisfy pT > 400 (1000) MeV for electrons (muons).

These tracks are also required to be within a ∆R = 0.4 of the primary vertex if the lepton transverse

momentum satisfies pT < 15 GeV. The tracks are required to be within a distance of ∆R = 0.3 around

the primary vertex if the lepton transverse momentum satisfies pT > 15 GeV. The calorimeter-based

isolation is defined as the sum of transverse energy,
∑
ET , deposited in calorimeter cells at a distance

∆R < 0.3 around the lepton candidate, divided by the ET (pT ) of the electron (muon). Energy deposits

located 0.125 × 0.175 in ∆η×∆φ around the electron cluster, and within ∆R < 0.05 are excluded from
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∑
ET . The selected value of the isolation varies monotonically with the lepton energy. This value is

0.20 for electrons that satisfy 10 GeV < ET < 15 GeV and increases to 0.28 for electrons that satisfy

ET > 25 GeV. The value is 0.06 for muons satisfying 10 GeV < pT < 15 GeV and increases to 0.28 for

muons satisfying pT > 25 GeV.

Jets reconstructed with the anti-kt algorithm and radius of ∆R = 0.4 are used in the H → WW ∗

analysis. Jets with pT < 50 GeV and |η| < 2.4 are required to satisfy JVF > 0.5.

If two leptons or a lepton and jet are close to each other in η − φ space, one of the objects is re-

moved. ”Removed” in this sense means that the reconstructed object is not used in the event. Electron

candidates that have tracks in the MS are removed. An electron is removed if it is within a distance

∆R < 0.1 of a muon, since this is usually an indication of muons undergoing bremsstrahlung in the ID

or calorimeter. Since high energy electrons are always reconstructed as jets, jets are removed if they are

within ∆R = 0.3 of an electron. If a muon is found within ∆R = 0.3 of a jet, the muon is removed,

since it likely originates from heavy-flavour decay. Finally if two electrons are within ∆R = 0.1 of each

other, the electron with the higher ET is retained.

The pmissT definition of MET is used to define the discriminating variables. However, when selections

are made on the MET to separate the Higgs signal from background, different definitions of MET are

used depending on the channel. An additional definition is constructed for the H → WW ∗ analysis,

in which the MET is projected along the nearest reconstructed object. This definition is called relative

MET, denoted by EmissT,rel (pmissT,rel), and is shown in equation 5.10 for the calorimeter-based MET:

EmissT,rel ≡ EmissT sin ∆Φ for ∆Φ <
π

2

≡ EmissT elsewhere.
(5.10)

In equation 5.10, Φ is the angle between EmissT and the closest object. This definition applies to the

track-based MET definitions as well. The relative MET reduces the effects of mis-measured objects in

which the MET is located near the object. The effect of selecting different definitions of MET to separate

the signal from the background was evaluated in each channel and the optimized definitions were chosen.

The MET values optimized for each channel are obtained with the MET definitions described below.

• In the different-flavour channel the pmissT definition is used since it has the best resolution. In the

≥ 2-jet VBF different-flavour channel, there are no selections made on MET to separate the signal

from the background.

• In the 0-, 1-jet same-flavour channels the p
miss(trk)
T,rel and EmissT,rel definitions are used. These defini-

tions reject the most DY background, which is dominant in the same-flavour channel.

• In the ≥ 2-jet VBF same-flavour channel the pmissT and EmissT are used since they provide the most

efficient DY rejection.
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The H → WW ∗ Search Strategy

The general search strategy employed in order to extract the H →WW ∗ signal involves defining a phase

space that narrows in on the ggF and VBF signal processes by utilizing kinematic distributions that are

different for the signal and backgrounds. The exact value in the distribution of variables that separates

the signal from the background is referred to as a cut. Cuts are applied to isolate a signal-enriched phase

space, referred to as a signal region (SR), and a background rich control region (CR). The control regions

are used to normalize the backgrounds in the signal regions using data whenever possible. The control

regions are defined to be as close as possible to the signal regions in order to eliminate the uncertainty

associated with extrapolating background information from the control region to the signal region. When

it is not possible to extract a background normalization from a control region due to low statistics or the

difficulty of isolating the background, the background is estimated from other data-driven techniques

or MC simulation. When backgrounds are estimated from MC simulation, their predictions are often

validated in validation regions (VR), which isolate the specific background.

In order to prevent biases when choosing the optimal cut values, the data in the signal region are

not looked at. This process is called blinding, and ensures that no biases are introduced by data in the

signal region. The transverse mass of the objects in an event, mT , defined in Section 6.1, is used as

the final discriminating variable that separates the signal from the background. The mT distribution

in the signal and control regions is fed into the statistical analysis framework described in Chapter 7.

The uncertainties associated with MC simulation due to experimental and theoretical sources are also

included in the statistical analysis. The statistics framework evaluates whether the observed data are

consistent with the Standard Model Higgs theory being tested. The expected statistical results are

obtained while the analysis is blinded, and the observed results are obtained after unblinding. The

various steps required in the analysis are graphically represented in Figure 6.1.

Kinematic selections used to reduce the backgrounds and extract the ggF and VBF signal processes

are described in Sections 6.1. Section 6.2 describes the methods for estimating various backgrounds.

The systematic uncertainties on the signal and background processes are described in Section 6.3. The

7 TeV and 8 TeV data are treated in a similar manner. The figures and tables are shown for the 8

TeV data, unless otherwise specified. The differences in treatment of 7 and 8 TeV data are presented in

Section 6.4.

70
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Figure 6.1: The steps performed in order to obtain the final information used to obtain results within
the statistics framework. Made by N.Ilic.

6.1 Signal Extraction

Feynman diagrams for the ggF and VBF production processes are shown in Figure 6.2. In ggF Higgs

production, a Higgs boson is produced from two gluons through a quark triangle. In VBF Higgs produc-

tion the initial quarks radiate two bosons, which combine to create a Higgs particle. In VBF production,

there is no colour flow between the incoming quarks and the Higgs system, and thus, at the matrix-

element level, the incoming quarks fragment into two high-energy jets that have a large rapidity gap

between them. The leptons in VBF events tend to lie in the centre of the detector between the forward

jets.

Several kinematic variables whose distributions are different between the signal and background are

used to separate the two. The cut values used to reject the backgrounds have been optimized for all of

the ggF and VBF channels separately. The VBF analysis uses a Boosted Decision Tree (BDT) method

described in Section 6.1.2, which uses discriminating variables as BDT input instead of cutting on them.

The kinematic variables that are specific to the Higgs topology and used to select Higgs events are

summarized below.

• nj : The different signal regions are split by the number of jets, nj . These jets are defined as

having pT > 25 GeV for jets with |η| < 2.4 and pT > 30 GeV for jets with 2.4 < |η| < 4.5. Jets in

the forward detector regions have higher momentum requirements in order to suppress jets from

pileup.

• ∆φ``: This variable is the azimuthal angle of the di-lepton system. The Higgs boson is a spin-0

particle, and thus the two WW ∗ bosons from the Higgs decay have opposite spin polarization.

Since angular momentum is conserved, the resulting lepton and neutrino decay states will have

their spins aligned with the spin of the W s, as shown in Figure 6.3. Due to these spin correlations,

the leptons from the H → WW ∗ decays will emerge from the interaction point near each other

resulting in lower ∆φ`` values than obtained from background processes. This variable is efficient

in isolating the signal from Standard Model WW background, which peaks at larger values of the
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Figure 6.2: The ggF Higgs production process (left) and VBF Higgs production process (right) [13].

∆φ`` distribution.

• m``: This variable is the invariant mass of the two leptons that originate from the hard scatter.

Events with low invariant mass (few GeV) tend to originate from non-WW di-boson background,

while events with an invariant mass around the W mass mainly arise from Standard Model WW

events. Thus the Higgs signal can best be isolated by selecting on invariant masses between these

two values.

• mT : This variable is the transverse mass of all the objects in the event and is used as the final

discriminating variable after all of the other cuts are made. It is defined as

mT =
√

(E``T + pmissT )2 − |p``T + pmissT |2, (6.1)

where E``T =
√

(p``T )2 +m2
``.

The kinematic variables used to reject backgrounds are described below.

• |m`` − mZ| > 15 GeV (Z-veto): This variable is the difference between the calculated invariant

mass of the leptons, and mass of the Z boson. This difference should be greater than 15 GeV in

order to eliminate events around the Z mass.

• ∆φ``,pmissT
: This variable is the azimuthal angle between the two leptons and the direction of pmissT .

When an object is mis-measured in an event, this angle is close to zero, meaning the pmissT is near

the leptons. Multi-jet and W+jets events that enter the signal region have mis-measured objects

and are efficiently rejected with this variable. The Drell-Yan background is also reduced using this

variable.

• m`
T : This variable is the transverse mass of each lepton. Since there is missing energy in the

event, the mass is difficult to calculate exactly, and is obtained from the dot product of the lepton

momentum, p`T and pmissT : m`
T =

√
2p`T · pmissT (1− cos ∆Φ), where ∆Φ is the azimuthal angle

between the lepton and pmissT . The m`
T is higher for events containing real W bosons, and lower

for backgrounds such as multi-jet and Z/γ∗ → ττ . The m`
T variable is calculated for each lepton,

and a cut is made on the higher of the two to reject these backgrounds.

• mττ < mZ−25 GeV (Z → ττ veto). This cut is used in the ≥ 1-jet channels, under the assumption

of the collinear approximation method [140]. This method describes the reconstruction of the

invariant mass in tau-tau decays containing one jet and assuming that the neutrinos in the decay
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Figure 6.3: The H →WW ∗ decay, where the small arrows indicate the direction in which the particles
are travelling, while the big arrows indicate their spin projections. The Higgs boson decays to W bosons
which have opposite spins. The W bosons then decay into leptons whose spins are aligned. The V-A
nature of the W decay leads to a small opening angle between the charged leptons in the laboratory
frame.

are collinear with the tau decay products, and that they are the only source of MET. In this case

the mass is given by mττ = mvis√
x1x2

, where mvis is the invariant mass of the visible decay products

and x1(2) =
pvis1(2)

pvis1(2)+pmiss1(2)
are the momentum fractions carried by the decay products. Here,

pvis(miss) are the momenta of the visible (invisible) decay products. This cut is used to keep events

in a window below the Z mass.

• nb = 0 (b-veto): This variable is the number of b-tagged jets with pT >20 GeV. By requiring that

there are no jets that originate from bottom quarks, the top background is largely reduced. The

b-tagging algorithm used is MV1 with an operating point of 85% efficiency.

• p``T : This variable is the magnitude of the vector sum of the lepton transverse momenta. It tends

to be higher for signal events and lower for the Zγ∗ events.

• frecoil: This variable is only defined in the same-flavour analysis and is described in Section 6.2.5.3.

It uses the hadronic activity recoiling against the hard scatter system to reduce the Z/γ∗ back-

ground in the same-flavour channels.

• VBF veto: This selection is used to eliminate the VBF contamination in the ≥ 2-jet ggF channel.

The selection is based on events failing either the Central Jet Veto (CJV), Opposite Lepton Veto

(OLV) or having a BDT score > −0.48. The CJV, OLV cuts, and BDT method are described in

detail in Section 6.1.2.

There are common selections applied to all channels, referred to as a common pre-selection. The pre-

selection requires two leptons of opposite-charge. The higher energy lepton, referred to as the leading

lepton, is required to have a transverse momentum greater than 22 GeV, denoted by p`1T > 22 GeV. The

lower energy lepton, referred to as the sub-leading lepton, is required to have a transvere momentum

greater than 10 GeV, denoted by p`2T > 10 GeV. In order to reduce backgrounds such as Z/γ∗+jets and

multi-jet, m`` is required to be greater than 10 GeV for the different-flavour channels, and greater than 12

GeV for the same-flavour channels. Finally a Z-veto is performed in order to eliminate events originating

from Z decays. The pre-selection criteria are summarized in Table 6.1. The distributions of the number

of jets are shown in Figure 6.4 after the pre-selection stage. This shows that there are many backgrounds
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Objective Selection
ggF VBF

nj = 0 (DF+SF) nj = 1 (DF+SF) nj ≥ 2 (DF) nj ≥ 2 (SF+DF)

Pre-selection

lepton pT p
`1(2)
T > 22(10) GeV

m`` > 10(12) GeV for DF (SF)

charge opposite

Z-Veto |mll −mZ | > 15 GeV (SF)

nj 0 1 ≥ 2

MET

pmissT > 20 GeV in DF
pmissT > 40 GeV &

Emiss
T > 45 GeV in SF

Emiss
T,rel > 40 GeV in SF

p
miss(trk)
T,rel > 40 GeV in SF p

miss(trk)
T,rel > 35 GeV in SF —

∆φ``,pmissT
> π/2 radians — — —

Reject p``T > 30 GeV — — —

Background b-veto — nb = 0

Z → ττ -veto — mττ < mZ − 25 GeV

m`
T — > 50 GeV — —

VBF/VH veto — — used —

frecoil < 0.1 in SF — —

Select Signal

m`` < 55 GeV BDT input

∆φ`` < 1.8 radians BDT input

CJV — — — Cj3 > 1

OLV — — — C`1 < 1, C`2 < 1

∆φ``, m``,∆yjj

mjj, p
tot
T , mT — — — BDT input∑

C` ,
∑

`,jm`,j

Table 6.1: The cuts made on kinematic variables to reduce the backgrounds and enhance the ggF and
VBF signal in the SF and DF channels for all jet multiplicities. The ordering of the cuts in the table
does not necessarily correspond to the order in which the cuts are applied.

remaining after the pre-selection criteria are applied. In order to reduce these backgrounds, additional

cuts are applied in each of the regions defined by different jet multiplicities. These cuts are shown in

the Reject Background section of Table 6.1. In order to select the ggF and VBF signal topologies, cuts

shown in the Select Signal section of Table 6.1 are applied.
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Figure 6.4: The jet multiplicity distributions for jets (nj) and b-jets (nb) after the pre-selections and MET
cuts are made. The dots represent the observed data, and the error bars represent the corresponding
statistical uncertainties (stat). The solid lines represent MC simulation and the bands around them
represent the systematic uncertainties (syst) from experimental and theoretical sources [141].
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Figure 6.5: The MET variables used to reject backgrounds in the ggF channel after selections up to the
MET cuts. The arrows indicate the cut for each variable to reject additional backgrounds [141].

6.1.1 ggF Analysis

As mentioned in Section 6, the ggF production process is searched for in the same-flavour and different-

flavour, 0-, 1-jet, and different-flavour ≥ 2-jet channels. The ggF signal is extracted by applying cuts

to reduce the backgrounds and enhance the signal topology, as shown in Table 6.1. The distributions of

the MET after the pre-selection cuts are shown in Figure 6.5. The remaining discriminating variables

are shown in Figure 6.6 for the 0-jet channel, Figure 6.7 for the 1-jet channel, and Figure 6.8 for the

≥ 2-jet channel.

The final discriminating variable used to separate the signal from the background after all of the

cuts have been made is the mT distribution. This distribution is used as input to the statistical analysis

described in Chapter 7. The mT distributions for the different channels are shown in Figure 6.9 for the

8 TeV data, and Figure 6.10 for the 7 TeV data after all of the cuts have been made.

The different-flavour, 0- and 1-jet signal regions are additionally split by m`` and p`2T . The m``

splitting is performed by separating events that satisfy 10 GeV < m`` < 30 GeV and ones that satisfy

30 GeV < m`` < 55 GeV. The division in sub-leading lepton momenta is performed for regions satisfying:

10 GeV < p`2T < 15 GeV, 15 GeV < p`2T < 20 GeV and p`2T > 20 GeV. The motivation for splitting in

m`` and p`2T is to maximize sensitivity by exploiting the different signal-to-background ratios in different

regions. For example, using this configuration, the large W+jets background in the low-p`2T region is

isolated to only one region and impacts the sensitivity only in that region. The m`` and p`2T distributions
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Figure 6.6: The kinematic distributions used to discriminate between the ggF signal and its backgrounds
in the 0-jet channel. The p``T distribution is shown requiring the selections up to the p``T cut (upper left).
The m`` distribution is shown up to the selection on the m`` cut (upper right). The ∆φ`` distribution
is shown up to the selection on the ∆φ`` cut (lower left). The frecoil distribution is shown up to the
selection on the frecoil cut. The arrows indicate the cuts applied to each distribution. The bottom panel
shows the distributions normalized to the unit area in order to emphasize the shape differences [141].
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Figure 6.7: The kinematic distributions used to discriminate between the ggF signal and its backgrounds
in the 1-jet channel. The m`

T distribution is shown requiring the selections up to the m`
T cut (upper left).

The mττ distribution is shown up to the selection on the mττ cut (upper right). The m`` distribution
is shown up to the selection on m`` (lower left). The ∆φ`` distribution is shown up to the selection on
∆φ`` (lower left). The arrows indicate the cuts applied to each distribution. The bottom panel shows
the distributions normalized to the unit area in order to emphasize the shape differences. The W+jets
and multi-jet backgrounds are shown separately and denoted by Wj and jj, respectively [141].
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Figure 6.8: The di-lepton invariant mass distribution, m``, used to discriminate between the ggF signal
and its backgrounds in the ≥ 2-jet channel. The plot is made with the cuts up to the selection on m``,
and the arrow indicates where the cut is made [141].

after all selections are shown in Figures 6.11 and Figure 6.12, respectively, for the 8 TeV data. Figure 6.13

shows the same variables after all selections for the 7 TeV data.
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Figure 6.9: The transverse mass distribution, mT , used as the final discriminant after all the selections
are made, for the 8 TeV data. The W+jets and multi-jet backgrounds are shown separately and denoted
by Wj and jj, respectively [141].
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Figure 6.10: The transverse mass distribution, mT , used as the final discriminant after all the selections
are made for the 7 TeV data [141].
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Figure 6.11: The sub-leading lepton pT distribution, p`2T , used to split the signal region after all selections
for 8 TeV data. The arrows indicate the boundaries at which the splitting is performed [141].
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Figure 6.12: The di-lepton invariant mass distribution, m``, used to split the signal region after all
selections for the 8 TeV data. The arrows indicate the boundaries at which the splitting is performed
[141].
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Figure 6.13: The di-lepton invariant mass distribution, m`` (left) and sub-leading lepton momenta
distribution, p`2T (right) used to split the signal region after all selections for the 7 TeV data. The arrows
indicate the boundaries at which the splitting is performed [141].
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6.1.2 VBF Analysis

As mentioned in Chapter 6, the VBF topology contains two highly energetic jets that are oriented in

the forward regions of the detector. The VBF search channel thus contains final states with two forward

jets, same-flavour or different-flavour leptons and MET.

The VBF analysis is performed using the BDT method. This method provides better sensitivity than

the standard cut-based analysis since it can combine lepton and jet kinematic variables in non-trivial

ways and benefits from knowledge about their correlations. Signal and background MC events are fed

into the BDT algorithm along with kinematic variables that discriminate the signal from the background.

A tree is then trained, meaning that cuts are made on each kinematic variable that result in the best

signal and background separation. Starting with the initial events, a cut is made on a kinematic variable

that separates signal-like events into a signal-like sub-sample, called a signal leaf, and a background-

like sub-sample, called a background leaf. The two sub-samples are then analyzed again using the best

discriminating variable, and a cut is again made to separate the signal and background into different

leafs. This division is repeated until the signal and background leafs have reached a minimum number

of events, or until a specified signal purity is reached in each leaf.

At the end of this process there might be mis-classified events, especially in leafs where there is no

clear signal and background separation. These events are identified by placing higher weights on signal

events in background leafs and background events in signal leafs than on correctly classified events.

From these higher weighted, mis-classified events, a new tree is trained. This process is repeated until

many trees are formed. The different decision trees are then averaged in order to obtain a BDT output

discriminant. The BDT output is a combination of cut values, which range from -1 (corresponding to

background-like leafs) to 1 (corresponding to signal-like leafs). The data events are then analyzed by

the BDT algorithm and given a BDT output score from -1 to 1, depending on whether their variable

distributions are closer to the signal or background. The BDT score is denoted by OBDT .

The BDT algorithm also must decide how many trees to use, how many decisions (nodes) each tree

contains, and how many events are analyzed in each node. A scan is performed testing different values

of these parameters and a set is chosen based on the best ratio of signal to square root of background

events (S/
√
B). This ratio is referred to as a significance, and quantifies the difference between sig-

nal and background events. The binning of the BDT score distribution has been optimized to obtain

the maximal expected significance while maintaining reasonable per-bin MC statistics. Four bins with

boundaries [-0.48, 0.3, 0.78] are chosen, and the lowest background-like bin is excluded since it does not

increase the significance. The lowest background-like bin is the one below -0.48.

If there are insufficient statistics in each node during the training process, proper signal and back-

ground separation cannot be achieved. This phenomenon is referred to as over-training a BDT. Checks

for over-training are performed by training a BDT on an independent sample and comparing it to the

initial one. If the BDT outputs of the samples are similar, no over-training is present.

The training and cross check samples both have pre-selection criteria applied to them before they

are input into the BDT algorithm. In addition, the samples are required to have ≥ 2 jets to enhance the

VBF topology, contain a b-veto to reduce the top background, contain a Z → ττ veto and MET cuts in

order to suppress Zγ∗ backgrounds. The Z → ττ veto also reduces H → ττ contamination. The two

jets with the highest pT and satisfying ∆η > 3.6 and mjj (invariant di-jet mass) > 600 GeV are referred

to as tagged jets. They are presumed to arise from the initial quarks that radiated the bosons that fused

to form a Higgs boson. In addition to the above criteria, requirements on the centrality of the leptons
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and additional jets in the event are applied, as described below.

• C`: This variable is the lepton centrality, defined as

C` =

∣∣∣∣η` − ∑ ηjj
2

∣∣∣∣/∆ηjj
2

, (6.2)

where η` is the pseudorapidity of the leptons, ηjj = ηj1 + ηj2 and ∆ηjj = |ηj1 − ηj2|, with ηj1(2)

representing the η of the leading (sub-leading) jet. The C` variable is zero when η` is located

between the two jets, and goes to one as η` approaches the jet η. When |η`| > |ηj |, C` > 1. This

variable is used to reject events in which the leptons are not located between the tagged jets in

pseudorapidity. A cut, referred to as the Opposite Lepton Veto (OLV) is defined as C`1 < 1 and

C`2 < 1. When this cut is applied, it reduces a large amount of top background.

• Cj3: This variable is the centrality of a third jet in the event. It is defined the same way as the

lepton centrality, but using the η of the third jet instead of the lepton. This variable is used to

eliminate jets that are located between the two tagged jets in pseudorapidity. A cut, referred to

as the Central Jet Veto (CJV), is made on Cj3 > 1 for jets with pT > 20 GeV. This cut is efficient

in eliminating WW events that contain two jets, whose jets tend to lie in the central region.

The discriminating variables used as the input to the BDT are ∆φ``, m``, ∆yjj , mjj , p
tot
T , mT ,

∑
C`

and
∑
`,jm`,j . The ∆φ``, m``, mT variables were described in the previous section, and the remaining

ones are specific to the VBF analysis and described below.

• ptotT : This variable is the magnitude of the total transverse momentum of the event defined as

ptotT = p`1T + p`2T + pmissT +
∑

pjetsT . The VBF signal has lower values of the total transverse

momentum since all the objects in the event balance each other. Background events in which soft

gluon radiation recoils against the ``+ 2 jet system have higher transverse mass.

• ∆yjj : This variable describes the rapidity separation between the tagged jets in an event, which

tends to be higher for a VBF signal than backgrounds.

• mjj : This variable is the invariant mass of the two highest-pT jets. This variable is higher for jets

originating from VBF production than most background processes.

• ∑C`: This variable is the sum of the lepton centrality for the two leptons:
∑
C` = C`1 + C`2.

This variable tends to be lower for the VBF processes since in VBF production the leptons tend

to be in the central regions of the detector.

• ∑`,jm`,j : This variable is the sum of the invariant masses of all of the four lepton-jet pairs. This

value is higher for signal than most background events since VBF events tend to have forward jets

and central leptons, resulting in large opening angles between the jets and leptons.

The selection criteria applied and training variables used are summarized in Table 6.1. The power of

the BDT input variables to discriminate the signal from the background events is shown in Figure 6.14.

The BDT distribution, shown in Figure 6.15 for 7 and 8 TeV data, is used as the final discriminating

variable, after the BDT training. The distribution is shown in terms of the BDT bin numbers 1, 2 and

3, which correspond to the boundaries on the BDT score set at [-0.48, 0.3, 0.78].
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Figure 6.14: The kinematic distributions used to discriminate between the VBF signal and its back-
grounds. The mjj distribution is shown up to the selection on mjj (upper left). The ∆yjj distribution
is shown up to the selection on ∆yjj (upper right). The C`1 distribution is shown up to the selection
on C`1 (lower left). The

∑
m`j distribution is shown up to the selection on mττ . The mjj , ∆yjj and∑

m`j distributions are used as BDT inputs, and the C`1 variable is cut on. The arrows in the first two
plots indicate where the best signal and background separation occurs. The bottom panel shows the
distributions normalized to the unit area in order to emphasize the shape differences [141].
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Figure 6.15: The BDT distribution used as the final discriminant after all the selections are made for
the 7 and 8 TeV data. The BDT bin numbers correspond to boundaries set on the BDT score of [-0.48,
0.3, 0.78] [141].

Channel WW Top Z → ττ Z/γ∗ → ee/µµ W+jets/QCD V V

ggF nj = 0
eµ CR CR CR MC Data CR
eeµµ CR (eµ) CR (eµ) CR (eµ) Data Data MC + VR

ggF nj = 1
eµ CR CR CR MC Data CR
eeµµ CR (eµ) CR (eµ) CR (eµ) Data Data MC + VR

ggF nj ≥ 2
eµ MC CR CR MC Data MC + VR

VBF nj ≥ 2
eµ MC CR CR MC Data MC +VR
eeµµ MC CR CR Data Data MC +VR

Table 6.2: Summary of estimation methods for various backgrounds for the ggF and VBF production
processes. The methods include: normalizing the background from a control region (CR); estimating it
from data-driven methods (Data); normalizing the background from Monte Carlo simulation (MC); and
normalizing it from MC and validating it in a validation region (MC+VR). When the ee/µµ backgrounds
are normalized from the eµ CRs due to a lack of statistics in the ee/µµ regions, the estimation technique
is denoted by CR (eµ).

6.2 Background Estimation

There are many backgrounds to ggF and VBF Higgs production, including WW , top (tt̄,Wt), Z/γ∗+jets

(DY), W+jets, multi-jet (QCD), and non-WW di-boson (WZ,ZZ,Wγ,Wγ∗). These backgrounds are

estimated using different methods, which are described in this section. The estimation techniques include

calculating backgrounds using data in control regions, MC simulation estimates, which are validated in

validation regions, or data-driven methods. A summary of the different background estimation techniques

for each channel is shown in Table 6.2.
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Figure 6.16: Feynman diagrams showing the WW background produced with 0 jets (left) and 1 jet
(right). Made by N.Ilic.

6.2.1 WW Boson Production

The Standard Model WW boson production, shown in Figure 6.16, can produce the same final states as

the signal. This is the largest background in the different-flavour channels. In the 0- and 1-jet channels,

it is estimated from a control region defined by exploiting the fact that events resulting from Standard

Model and Higgs processes have different kinematic distributions. In the ≥ 2-jet channels, it is estimated

from MC simulation due to the difficulty of eliminating top events in a ≥ 2-jet WW control region.

6.2.1.1 WW Estimate in the 0- and 1-jet Channels

The number of WW events in the signal region is estimated by using information from data and MC

simulation in a control region that targets WW events.

Given the number of MC and data events in the control region, it is possible to estimate the number

of MC events in the signal region using

NWW
SR =

NWW, data
CR ·NWW, MC

SR

NWW, MC
CR

. (6.3)

In equation 6.3, N represents the number of events, the SR and CR subscripts indicate whether the

events are measured in the signal region or control region, and the data and MC superscripts indicate

whether the WW events are taken from data or MC simulation. Equation 6.3 can be rewritten in terms

of a normalization factor, which uses the data and MC comparison in the control region to normalize

the MC in the signal region. Equation 6.3 can also be rewritten in terms of an extrapolation factor,

which represents the extrapolation of information from the control region to the signal region, and whose

theoretical uncertainties can be calculated. These two representations of equation 6.3 are demonstrated

in points (1) and (2) below.

1. Equation 6.3 can be rewritten as

NWW
SR =

NWW, data
CR

NWW, MC
CR

·NWW, MC
SR = µWWN

WW, MC
SR (6.4)

where
NWW, data

CR

NWW MC
CR

, is a normalization parameter, defined as µWW , that corrects for MC imperfections

in the signal region. It is calculated by fitting MC simulation to data in the control region. The
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WW normalization factors are calculated in the different-flavour control region, but are applied

to the different-flavour and same-flavour signal regions. The non-WW backgrounds in the control

region are estimated using the techniques described in the remainder of this section.

2. In order to quantify whether extrapolating information from the defined control region to the signal

region is reasonable, equation 6.3 can be rewritten as

NWW
SR = NWW, data

CR · N
WW, MC
SR

NWW, MC
CR

= NWW, data
CR αWW . (6.5)

The
NWW, MC

SR

NWW, MC
CR

term in equation 6.5 is called an extrapolation factor, αWW , and is derived from

MC simulation. The αWW factor is calculated by rearranging equation 6.5 to solve for αWW . The

number of WW events in data in the control region is obtained by subtracting the non-WW events,

Nbkg
CR , from the total data events in the control region: NWW, data

CR = Ndata
CR −Nnon-WW

CR . The non-

WW events, Nnon-WW
CR , are obtained from the techniques used to estimate the other backgrounds.

The αWW factor is calculated separately for all different-flavour and same-flavour signal regions.

The αWW factor is not applied as a scaling factor anywhere; its uncertainties, which are associated

with extrapolating information from the control region to the signal region, are calculated from

MC simulation and applied. The calculation of the uncertainties is described in Section 6.3, and

its implementation in the statistical procedure is outlined in Chapter 7.

The WW control region is defined using different-flavour events since the same-flavour channels have

much lower statistics due to worse signal and background discrimination. The cuts on the WW control

region isolate WW events, while remaining as close as possible to the signal region cuts. The cuts in

the control and signal regions are close to each other in order to ensure that the kinematic distributions

are similar between the regions and the uncertainties on extrapolation are reduced. The m`` variable

can be used to separate the signal from the WW background, as can be seen in Figures 6.6, 6.7 and 6.8.

To define the 0- and 1-jet WW control regions the pre-selection requirements are applied. The cut on

the momentum of the sub-leading lepton is p`2T > 15 GeV, instead of p`2T >10 GeV as is applied in the

signal region in order to minimize contamination from other backgrounds such as W+jets. The number

of WW events in the WW control region divided by the total number of events in the region is referred

to as the purity. The purity of the WW control region is 60% and 40% in the 0- and 1-jet control regions

respectively. The low purity is due to the top contamination in these regions.

The 0-jet WW control region has upper and lower bounds on m``. The lower bound is the opposite

of the cut made on the signal region and separates the signal from the WW background. The upper

bound is made in order to ensure similar kinematics in signal and control regions. A ∆φ`` cut is made

to remove the Zγ∗ → ττ background.

The 1-jet WW control region has the same cuts as the signal region up to the m`
T cut in order to

remove top, multi-jet and Z/γ∗ → ττ backgrounds. The mττ < mZ − 25 GeV cut is not applied in the

1-jet control region, as is done in the signal region, since it would remove 30% of the WW background.

Instead a cut of mττ < |mZ − 25| GeV is applied, which retains events below and above the Z mass

window. In the 1-jet channel a higher m`` cut (≥ 80 GeV) is applied than in the signal region in order

to remove the remaining Z → ττ background.

The exact selection criteria for the 0- and 1-jet WW control regions are shown in Table 6.3. Fig-
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WW Control Region
nj = 0 DF nj = 1 DF
pre-selection pre-selection
p`2T > 15 GeV p`2T > 15 GeV
pmissT > 20 GeV pmissT > 20 GeV
∆φ`` < 2.6 radians nb = 0
55 < m`` < 110 GeV mττ < |mZ − 25| GeV

m`
T > 50 GeV

m`` > 80 GeV

Table 6.3: The selection cuts used for the 0- and 1-jet different-flavour WW control regions.

ure 6.17 shows the corresponding transverse mass distribution, mT , used as the final discriminating

variable.

6.2.1.2 WW Estimate in the ≥ 2-jet Channels

It is difficult to define a WW control region in the ≥ 2-jet ggF and VBF channels due to the large top

contamination. Thus this background is estimated from MC simulation in these channels. As mentioned

in Section 4.4, the sherpa WW+2 jet EW and WW+2 jet QCD samples are used for the estimation.
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Figure 6.17: The transverse mass, mT , used as the final discriminating variable, in the WW 0-jet (top)
and 1-jet (bottom) control region. The MC simulation is multiplied by the normalization factor, µWW

[141].
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Figure 6.18: Feynman diagrams showing the single-top background (left) and tt̄ background (right).
Made by N.Ilic.

6.2.2 Top Quark Production

Processes with final states consisting of a single top quark accompanied by a W boson (Wt), and top

and anti-top quarks (tt̄) have a large production cross section and are the second largest backgrounds in

the different-flavour channels. These backgrounds, shown in Figure 6.18, enter the signal region when

one of the final state bottom quarks is mis-identified as a jet or lepton, or missed because it falls into an

uninstrumented region. The presence of bottom quarks in the final states allows for the estimation and

reduction of this background using b-tagging algorithms.

6.2.2.1 Top Estimate in the 0-jet Channel

In the 0-jet channel the number of top quark events in the signal region is estimated by predicting how

many top events would exist in a 0-jet region after the pre-selection and 0-jet requirement, referred to as

the Top, 0j region. Defining a 0-jet region containing top events is difficult since top decays have jets in

their final states. Thus the number of events in this type of region is estimated from an all inclusive jet

region, a 0-jet region and a region containing at least one b-tagged jet, as described below. Equation 6.6

shows how the Top, 0j region is used in the estimation of top events in the signal region:

N top
SR =

N exp
Top, 0j ·N top, MC

SR

N top, MC
Top,0j

= µtop ·N top, MC
SR

= N esp
Top, 0j · αtop.

(6.6)

In analogy with the WW control region estimate, equation 6.6 is rewritten in terms of a normalization

factor µtop =
Nexp

Top, 0j

Ntop, MC
Top, 0j

in the second line, and extrapolation factor αtop =
Ntop, MC

SR

Ntop, MC
Top, 0j

, in the third line. To

obtain the number of top events in the signal region, the expected number of top events is multiplied by

µtop.

The number of expected top events in the Top, 0j region, N exp
Top, 0j, is estimated by multiplying the

number of top events in a top control region, N top
CR , by the probability that an event passes the 0-jet
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• Top MC normalised to data yields in CR after subtracting 
non-top backgrounds in 1j and 2 j  

• 0j : 𝑁  𝑡𝑜𝑝
𝑒𝑠𝑡  = 𝑁  𝑡𝑜𝑝

𝑑𝑎𝑡𝑎 + 𝑃  0𝑗
𝑒𝑠𝑡 ,  𝑃  0𝑗

𝑒𝑠𝑡 = 𝑃  0𝑗
𝑚𝑐 ×

𝑃  𝑣𝑒𝑡𝑜
𝐵𝑡𝑎𝑔.𝐷𝑎𝑡𝑎 2

(𝑃  )𝑣𝑒𝑡𝑜
𝐵𝑡𝑎𝑔𝑀𝐶 2
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𝑁𝐶𝑅
 is from simulation 

– CR region is defined using same selection but with Nbjet=1 
and requirements on Δφ 𝓁𝓁 and m𝓁𝓁 removed 

– 𝛼 = 1.04± .02(stat) for 1j, 𝛼 = 0.59 ± .07(stat) for 2jet 
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Figure 6.19: A representation of the different regions defined in order to obtain an estimate of top events
in the 0-jet top region.

veto, P exp
2 :

N exp
Top, 0j = N top

CR · P exp
2

= (Ndata
CR −Nnon-top

CR )× P exp
2 .

(6.7)

The top control region is a superset of the signal region, defined by applying the pre-selection cuts, a

p
miss(trk)
T > 20 GeV requirement, and a ∆φ`` < 2.8 radians cut to reject Z/γ∗ → ττ for DF events. The

top control region is defined only for different-flavour events, and the resulting normalization factor is

used for same-flavour events. This region makes no selection on the number of jets, and is 74% pure in

top events. The number of top events in this region, N top
CR , is obtained by subtracting the number of

non-top events from the number of data events: Ndata
CR −Nnon-top

CR . The non-top events in the top control

region are estimated from a data-driven method in the case of W+jets, and MC simulation for the other

processes. When MC estimations are used their normalization factors are also applied.

The probability of top events passing the 0-jet veto, P exp
2 , is obtained by multiplying the correspond-

ing probability in MC, PMC
2 , by a correction factor from data. The PMC

2 is the fraction of events in

the top CR that pass the 0-jet veto. The correction factor from data is obtained by calculating the
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Top Control Regions
nj = 1 SF+DF nj ≥ 2 ggF DF nj ≥ 2 VBF SF+DF
pre-selection pre-selection pre-selection
pmissT > 20 GeV in DF pmissT > 20 GeV pmissT > 40 GeV in SF
EmissT,rel > 40 GeV in SF nb =0 EmissT > 45 GeV in SF

nb ≥ 1 VBF/VH veto CJV
mττ < mZ − 25 GeV in DF m`` < 80 GeV OLV
m`
T > 50 GeV

frecoil in SF
m`` < 55 GeV
pmissT,rel > 35 GeV in SF

∆φ`` < 1.8 radians

Table 6.4: The selection cuts for the 1- and ≥ 2-jet top control regions.

probability of a single jet passing the 0-jet veto (P
data (MC)
1 ). Thus PMC

2 can be obtained from

P exp
2 = PMC

2 ·
(
P data

1

PMC
1

)2

' PMC
2 ·

(
P b-tag, data

1

P b-tag, MC
1

)2

.

(6.8)

The second line of the above equation shows that the P
data (MC)
1 can be determined from a b-tagged

region. The probability of a single jet passing the 0-jet veto equals the probability for an event to have

no jets reconstructed in addition to the one that is tagged (P b-tag
1 ). This factor is derived from the same

top control region that in addition requires at least one b-tagged jet.

The P b-tag
1 probability is the fraction of events that contain only the tagged b-jet (no additional jets),

N b-tag
0 add-jet, over the total number of events that contain b-tagged jets N b-tag

all :

P b-tag
1 =

N b-tag
0 add-jet

N b-tag
all

. (6.9)

Equation 6.8 is valid under the assumption that the probability of either jet in a two-jet event

surviving the jet veto is the same as the probability of a single jet surviving squared: P2 = P 2
1 . This

assumption was validated using MC: the two probabilities agree to within 2%. The MC ratio,
PMC

2

(P b-tag, MC
1 )2

,

in equation 6.8, is referred to as the MC correction factor, fMC. The regions used to estimate the top

events in the Top, 0j region are summarized in Figure 6.19.

6.2.2.2 Top Estimate in the 1-jet Channel

The top background in the 1-jet signal region is estimated from a 1-jet top control region, defined for

different-flavour and same-flavour events. A 2-jet top control region is also used in order to reduce the

uncertainties associated with b-tagging. In analogy to the WW and 0-jet top estimates, the number of

top events in the 1-jet signal region can be written as

N top
SR =

N top,data
1j-CR ·N top,MC

SR

N top,MC
1j-CR

. (6.10)
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In equation 6.10, the 1j-CR subscripts refer to a top 1-jet control region, which is defined using almost

all the same cuts as the signal region, but requiring at least one b-tagged jet. The exact selection is

shown in Table 6.4. Equation 6.10 can be rewritten as

N top
SR =

N top, data
1j-CR

εMC
tag, 1j-CR

×
(
1− εMC

tag, 1j-CR

)
. (6.11)

In equation 6.11, εMC
tag, 1j-CR is the efficiency, calculated from MC simulation, for a jet originating from

a top decay to be b-tagged in the 1j-CR. This efficiency is calculated in MC simulation within a top

enriched phase space, and is found to be 73%.

Using equation 6.11, it is possible to obtain the effect the b-tagging efficiency has on the overall top

uncertainty:

σ(N top
SR )

N top
SR

=
σ(εMC

tag, 1j-CR)

(1− εMC
tag, 1j-CR) · εMC

tag, 1j-CR

. (6.12)

In equation 6.12, σ(N top
SR ) represents the uncertainty on the top estimate, while σ(εMC

tag, 1j-CR) represents

the uncertainty on the b-tagging efficiency. Since the efficiency is 73%, a small uncertainty on the

efficiency can have a large effect on the uncertainty of the top estimate. In order to reduce this effect,

the efficiency is calculated using a data-driven method in a 2-jet control region that is near the signal

region. This 2-jet control region contains mostly tt̄ events and is defined using the same selection as the

1-jet control region, but requires two jets. The non-top events are subtracted from this region using MC

simulation. In an event containing tt̄ quarks, the jet that is not b-tagged is called the probe jet. The

efficiency in the 2-jet region, εtag, 2j-CR, is the fraction of events in which the probe jet is also b-tagged.

Equation 6.13 shows how the number of top events in the signal region is obtained using the 2-jet

efficiency:

N top
SR =

N top, data
1j-CR

εdata
tag, 2j-CR × fcorrection

×
(
1− εdata

tag, 2j-CR × fcorrection

)
. (6.13)

An MC correction factor, fcorrection, is used to correct any biases that might be introduced in calcu-

lating an efficiency in a 2-jet region and using it for a 1-jet estimate. The correction factor is the ratio

of the 1-jet MC efficiency of 73% and the MC estimate of the 2-jet efficiency:

fcorrection =
εMC

tag, 1j-CR

εMC
tag, 2j-CR

. (6.14)

Equation 6.13, with the fcorrection term substituted in, can be rewritten as equation 6.15. This

equation is rewritten in the second line in terms of normalization factors.

N top
SR =

NTop, data
1j-CR

εdata
tag, 2j-CR

εMC
tag, 2j-CR

× εMC
tag, 1j-CR

×
(
1−

εdata
tag, 2j-CR

εMC
tag, 2j-CR

× εMC
tag, 1j-CR

)

=
µtop ×N top, mc

1j-CR

µε × εMC
tag, 1j-CR

×
(
1− µε × εMC

tag, 1j-CR

) (6.15)
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Figure 6.20: The transverse mass distribution, mT , used as the final discriminating variable, in the
1-jet top control region with the MC normalized using the 1-jet normalization factor (top). The average
jet pT distribution in the top MC simulation in the 2-jet top region (2j avg.) compared to the jet pT
distribution in top MC simulation in the 1-jet top control region (1j) (bottom) [141].

In the second line of equation 6.15, µtop =
Ntop, data

1j-CR

Ntop, mc
1j-CR

is the normalization factor that normalizes data

to MC in the 1-jet top control region. The µε =
εdatatag, 2j-CR

εMC
tag, 2j-CR

is a normalization factor for the b-tagging

efficiency.

Figure 6.20 shows the modelling of the kinematic variables in the 1-jet and 2-jet top control regions.

The bottom plot in this figure compares the jet pT distributions in the MC simulation in the 1-jet

and 2-jet top control regions. The good agreement demonstrates that the procedure of extrapolating

information from the 2-jet region to the 1-jet is justified.

6.2.2.3 Top Estimate in the ≥ 2-jet Channels

The top background in the ≥ 2-jet ggF and VBF channels is estimated directly from a 2-jet control

region. The two jet normalization factor, defined as the ratio of data to MC simulation in the control

region, is used to normalize the top MC events in the signal region, as shown below
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N top
SR = µtopN

top, MC
SR . (6.16)

In the ≥ 2-jet ggF channel the control region is defined using the same selection as the signal region

and includes the pre-selection cuts, the ≥ 2 jets selection, the b-jet veto, and the VBF/VH veto, but

requires a m`` > 80 GeV cut. The m`` cut ensures that the control region is orthogonal to the signal

region, and thus a b-jet veto is applied in the control region to reduce a large b-tagging uncertainty.

The selection criteria for the control region are summarized in Table 6.4. This top control region is

approximately 70% pure in top events.

In the VBF channel, the 2-jet top control region is defined using the same selection as the signal

region, but requiring at most one b-tagged jet. The number of b-tagged jets is limited to one in order to

ensure that the flavour composition of the tagged jets in the control region remains similar to that of the

signal region. The selection criteria for the control region are summarized in Table 6.4. The purity of

this control region is 87%. The top normalization factor is defined for the first BDT bin and is combined

in the second and third BDT bins due to a lack of statistics in these bins. The normalization factors

are calculated separately for the first BDT bin, and for the last two BDT bins combined. Figure 6.21

shows the mjj distribution, and BDT score distribution used as the final discriminating variable in the

VBF top control region.
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Figure 6.21: The di-jet invariant mass distribution, mjj , distribution (top) and BDT score distribution
(bottom) in the VBF 2-jet top control region. The bottom panel in the lower plot shows the ratio of
data to MC simulation and the associated uncertainty [141].
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Figure 6.22: Feynman diagrams showing the W+jets background (left) and multi-jet background (right).
Made by N.Ilic.

6.2.3 W+jets and Multi-jet Production

The W+jets background consists of W production in association with quarks or gluons that are misiden-

tified as leptons. A Feynman diagram for this process is shown on the left of Figure 6.22.

The multi-jet, also called QCD, background consists of processes in which two or more jets are

produced, as shown on the right of Figure 6.22. This background enters the signal region when two

jets are mis-identified as leptons. Although the latter occurs rarely, a substantial amount of multi-jet

background enters the signal region due to its large cross section.

All of the channels use the same method for the W+jets and multi-jet estimate. Since it is difficult

to model jets faking electrons in MC simulation, these backgrounds are estimated using a data-driven

method, called the fake factor method. The method defines three different data samples: a signal sample,

a W+jets control sample and a multi-jet control sample. The three samples isolate these respective

processes by selecting either 0, 1, or 2 jets faking leptons. The leptons classified as identified (id) leptons

satisfy the stringent quality criteria used in the signal region. The leptons identified as anti-identified

(anti-id) satisfy selection criteria that enhance the presence of jets misidentified as leptons [142]. The

three data samples are then denoted by Nid+id for signal, Nid+anti-id for W+jets and Nanit-id+anit-id for

multi-jet:

Nid+id = Nmulti-jet
id+id +NW+jets

id+id +NEW, MC
id+id

Nid+anti-id = Nmulti-jet
id+anti-id +NW+jets

id+anti-id +NEW, MC
id+anti-id

Nanti-id+anti-id = Nmulti-jet
anti-id+anti-id +NW+jets

anti-id+anti-id +NEW,MC
anti-id+anti-id.

(6.17)

In equation 6.17, Nmulti-jet, NW+jets and NEW are event yields of the multi-jet, W+jets, and other

backgrounds, respectively. The subscripts refer to whether the id or anti-id leptons are selected. The

MC denotes that the EW background, containing processes in which the leptons originate from W → `ν,

Z/γ∗ → ``, and γ conversions, are estimated from MC simulation. The W+jets samples are estimated

as described in Section 6.2.3.1, while multi-jet samples are estimated as described in Section 6.2.3.2.

An extrapolation factor, referred to as the fake factor, is used to estimate the amount of W+jets

and multi-jet background in the signal sample from the W+jets and multi-jet control samples. The fake

factor represents the rate at which jets fake electrons. It is defined as the ratio of the number of jets

that satisfy the id selection, Nid, to the number of jets that satisfy the anti-id criteria, Nanti-id:

f` =
Nid

Nanti-id
. (6.18)
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In the above equation ` denotes leptons, representing the fact that the fake factor is defined for electrons

and muons separately.

6.2.3.1 W+jets Estimate in All Channels

The number of W+jets in the signal sample is defined by multiplying the number of W+jets events in

the control sample by the fake factor:

NW+jets
id+id = f` ×NW+jets

id+anti-id

= f` × (Nid+anti-id −NEW
id+anti-id −Nmulti-jet

id+anti-id).
(6.19)

In the above equation, the EW component is estimated from MC simulation, and the multi-jet component

is estimated as described in Section 6.2.3.2. Since the fake factors for same-charge (SC) leptons and

opposite-charge (OC) leptons are different, the W+jets estimate is split into same-charge and opposite-

charge estimates:

NW+jets
SR = N

W+jets(OC)
id+id = fOC` ·NW+jets(OC)

id+anti-id

NW+jets
SC CR = N

W+jets (SC)
id+id = fSC` ·NW+jets (SC)

id+anti-id .
(6.20)

The same-charge estimate is needed since the Wγ,Wγ∗,WZ and ZZ backgrounds are estimated from

a same-charge control region (SC CR), as described in Section 6.2.4.

Since Z+jets events have a similar flavour composition, a Z+jets sample is used to estimate the

fake factor. The W+jets and Z+jets fake factors are somewhat different due to differences in the jet

kinematics and the fact that their production modes include different b, c and light quark fractions.

Thus, additional MC-based correction factors,
fOC
W+jets

fZ+jets
and

fSC
W+jets

fZ+jets
, are applied to account for the fact

that the W+jets and Z+jets fake factors are different:

NW+jets
SR = N

W+jets(OC)
id+id = fOC`,Z+jets ·

fOC
W+jets

fZ+jets
N
W+jets(OC)
id+anti-id

NW+jets
SC CR = N

W+jets (SC)
id+id = fSC

`,Z+jets ·
fSC
W+jets

fZ+jets
N
W+jets (SC)
id+anti-id .

(6.21)

When calculating the correction factor, the W+jets and Z+jets MC simulation can be used since any

jet modelling issues that exist are present in both samples and are cancelled by the fact that a ratio is

taken.

The fake factor is measured as a function of lepton pT and η. The same-charge fake factor is

10-50% higher than the opposite-charge fake factor since the same-charge and opposite-charge events

have different quark flavour fractions. These differences are taken into account when calculating the

uncertainties on the fake factor, which are essentially the deviation of
fW+jets

fZ+jets
from 1.

Figure 6.23 shows the muon and electron fake factors as a function of muon pT and electron ET . The

calculation of the fake factor from Z+jets data is compared to the Z+jets and same-charge/opposite-

charge W+jets simulation in alpgen+pythia 6.
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Figure 6.23: The fake factor, labelled Misid. extrapolation factor, for muons (top) and electrons (bot-
tom). The fake factors derived from Z+jets data, and MC simulation and W+jets same-charge and
opposite-charge MC simulation are shown. The grey bands represent the uncertainties: Stat. repre-
sents the statistical uncertainties primarily due to the number of jets identified as leptons in the Z+jets
sample; Background is the uncertainty from the electroweak MC samples subtracted from the Z+jets
data; Sample is the variation of the fake factor when comparing the Z+jets to the opposite-charge and
same-charge W+jets MC samples [141].
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6.2.3.2 Multi-jet Estimate in All Channels

Two different multi-jet estimates are required. The first multi-jet estimate needed is Nmulti-jet
id+anti-id, which is

used to subtract the multi-jet background from the W+jets control sample, as shown in equation 6.19.

The second multi-jet estimate is used to estimate the contamination of multi-jet events in the signal

sample: Nmulti-jet
id+id .

Multi-jet Estimate for W+jets Subtraction The multi-jet estimate required for the multi-jet

subtraction in the W+jets sample is given by

Nmulti-jet
id+anti-id = 2 · f ′′di-jets ·Nmulti-jet

anti-id+anti-id

= 2 · f ′′di-jets · (Nanti-id+anti-id −NW+jets, MC
anti-id+anti-id −N

EW, MC
anti-id+anti-id),

(6.22)

where the primed fake factors are defined below. Equation 6.22 shows that the multi-jet background

that contains only one mis-identified jet, Nmulti-jet
id+anti-id, can be estimated by multiplying the events in the

multi-jet sample, Nmulti-jet
anti-id+anti-id, by the probability of a jet faking a lepton, fdi-jet. The Nmulti-jet

anti-id+anti-id

events are obtained by subtracting the small W+jets and EW backgrounds, generated in MC simulation,

from the anti-id+anti-id sample. The factor of two in equation 6.22 is included to account for the fact

that either of the two jets in a multi-jet sample can be the mis-identified one.

The fdi-jets factor is a fake factor calculated from a di-jet sample. This di-jet sample selects events

that contain two jets by requiring a low MET cut. The contamination from W and Z events is reduced

by requiring low-mT values and vetoing events whose m`` is near the Z mass.

The di-lepton trigger is used to define the anti-id+anti-id multi-jet samples. When defining the

id+anti-id W+jets samples, the id lepton is triggered on, and the anti-id lepton is then constructed

from a looser set of criteria than those required by the lepton trigger [142]. For the multi-jet sample,

both leptons are anti-id leptons that originate from jets and thus do not satisfy the conditions requested

by the lepton trigger. For this reason a di-lepton trigger is needed that selects leptons that satisfy the

anti-id lepton requirements.

Multi-jet Estimate in Signal Sample The multi-jet estimate in the signal sample is obtained by

applying the fake factor two times to a multi-jet sample containing two anti-id leptons, Nmulti-jet
anti-id+anti-id,

as shown below:

Nmulti-jet
SR = Nmulti-jet

id+id = f ′di-jets · f ′′di-jets ·Nmulti-jet
anti-id+anti-id

= f ′di-jets · f ′′di-jets · (Nanti-id+anti-id −NW+jet, MC
anti-id+anti-id −N

EW, MC
anti-id+anti-id).

(6.23)

The anti-id multi-jet sample is obtained by subtracting the W+jets and EW contamination from the

overall anti-id sample, Nanti-id+anti-id, using MC simulation.

By requiring two anti-id leptons that are likely faked from jets, the contribution from heavy flavour

processes greatly increases. In order to minimize this bias, a factor is calculated that corrects for the

presence of the other lepton. This correction factor is derived from MC simulation and applied to the

fake factors. The MC sample used for the derivation of the correction factor has limited statistics since

it is rare for two jets to be misidentified as leptons. The lepton to which the fake factor applied is

called the near-side lepton, while the remaining lepton is referred to as the away-side lepton. The fake
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factor, f ′di-jets, is corrected for the presence of an away-side identified lepton with a correction factor c′:

f ′ = c′f . The fake factor, f ′′di-jets, is corrected for the presence of an away-side anti-identified lepton,

with correction factor c′′: f ′′ = c′′f . The correction factor takes into account the fraction of change in

jet flavour due to the presence of an away-side lepton and is defined as

c =
1

fdi-jets
· NLF · ξLF +Nb · ξb +Nc · ξc
DLF · ξLF +Db · ξb +Dc · ξc

. (6.24)

In equation 6.24, NLF , Nb, Nc represent anti-id leptons of the light flavour, b, and c quarks respectively,

while DLF , Db, Dc are the corresponding id leptons. The ξ factor in equation 6.25 is the change in the

jet flavour once the one fake lepton is selected in an event:

ξX =
Jawayside

X /Jawayside
all

JX/Jall
. (6.25)

In equation 6.25, J is the number of jets, X is a place holder for the jet flavour, and the superscript

corresponds to the presence of an away-side lepton, which is identified (anti-identified) when calculating

c′ (c′′). A ξ = 1 value corresponds to no changes in the jet flavour, while a ξ < 1 (ξ > 1) value

corresponds to an increase (decrease) of that particular jet flavour.
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Figure 6.24: Feynman diagram showing the non-WW di-boson background. Made by N.Ilic.

6.2.4 Non-WW Di-boson (Wγ,Wγ∗,WZ,ZZ) Production

The non-WW di-boson backgrounds are Wγ,Wγ∗,WZ and ZZ and account for 10% of the total

estimated background in the different-flavour channels. The Wγ,Wγ∗ and WZ backgrounds are the

biggest, and usually have leptons in the final state as is shown by the Feynman diagram in Figure 6.24.

These non-WW di-boson backgrounds usually enter the signal region when one of the leptons is missed

by falling in the crack regions, or is not reconstructed. The Wγ background usually enters the signal

region when an electron-positron pair from a photon conversion is mis-identified as a single electron.

6.2.4.1 Non-WW Di-boson Estimate in the 0- and 1-jet Different-Flavour Channel

In the 0- and 1-jet different-flavour channels, the number of non-WW di-boson events in the signal region,

NV V
SR , is estimated from the MC simulation in the signal region, NV V, MC

SR , multiplied by a normalization

factor, µV V :

NV V
SR = µV VN

V V, MC
SR . (6.26)

The normalization factor corrects the MC prediction in the signal region by comparing it to data in

a same-charge control region defined to collectively target all non-WW di-boson production. The shape

of the non-WW di-bosons distribution is estimated from MC simulation in order to preserve relative

shape differences between the different non-WW di-bosons.

Defining a control region containing same-charge leptons rejects the signal and dominant backgrounds

such as top and WW , but preserves the non-WW di-boson yields. The γ, γ∗, and Z bosons have an

equal probability of producing a same-charge or opposite-charge lepton as the one produced by the

accompanying W . For this reason, the same-charge non-WW di-boson events in the same-charge control

region provide a good approximation to the amount of opposite-charge non-WW di-boson events in the

signal region. The same-charge control region is defined using all the events that pass the signal region

cuts (including the ∆φ``) and requiring same-charge instead of opposite-charge leptons. The selection

criteria are listed in Table 6.5. The advantage of defining the signal and control regions with the same

selection criteria is the reduction of extrapolation uncertainties. The distributions of the transverse

mass, mT , which is used as the final discriminating variable, and the sub-leading lepton momentum, p`2T ,

in the same-charge control region are shown in Figure 6.25.
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Same Charge Control Region
nj = 0 (DF) nj = 1 (DF)
pre-selection pre-selection
same-charge leptons same-charge leptons
pmissT > 20 GeV pmissT > 20 GeV
∆φ``,MET > π/2 nb = 0
p``T > 30 GeV mττ < mZ − 25 GeV
m`` < 55 GeV max m`

T > 50 GeV
∆φ`` < 1.8 radians m`` < 55 GeV

∆φ`` < 1.8 radians

Table 6.5: The selection cuts used for the 0- and 1-jet same-charge control regions.
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Figure 6.25: The kinematic distributions used in the same-charge control region. The transverse mass
distribution, mT , used as the final discriminating variable in 0-jet channel (top left) and 1-jet channel
(bottom left). The sub-leading lepton momentum distribution, p`2T in the 0-jet channel (top right)
and 1-jet channel (bottom right). The Rest in the legend represents the remaining backgrounds not
listed [141].

6.2.4.2 Non-WW Di-boson Estimate in the 0-,1-jet Same-Flavour and ≥ 2-jet Channels

In the 0- and 1-jet same-flavour channels, the same-charge and opposite-charge lepton pairs in events

have different topologies, requiring additional extrapolation uncertainties. For this reason, the non-WW

di-bosons in the same-flavour channel are predicted from MC simulation rather than the same-charge

control region. The ≥ 2-jet ggF and VBF channels also estimate the non-WW di-bosons from MC

simulation.
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Figure 6.26: Feynman diagrams showing the Z/γ∗+jets background decaying to τ+τ− (left) and ee/µµ
(right). Made by N.Ilic.

6.2.5 Drell-Yan (DY) Production

The Drell-Yan (DY) background arises from Zγ∗ bosons decaying to leptons, as shown in Figure 6.26.

The τ+τ− final states decay to neutrinos and oppositely charged W ’s and are thus a large background for

the different-flavour channel. The ee and µµ final states are the largest background in the same-flavour

channels. These final states can also contain jets due to initial- or final-state radiation.

6.2.5.1 pZT Correction

The pZT distribution in the alpgen+herwig samples does not match the data well, as discussed in [142].

This effect is more visible in the 0-jet channel, and is attributed to poor modelling of soft jet terms.

In order to correct for this, the p``T distribution is re-weighted. The weights are derived by comparing

data to DY MC simulation in µµ+0-jet events in a region around the Z mass. The contributions from

non-DY events are subtracted from the data using MC simulation. The weights are derived as a function

of p``T , and then applied to the true Z boson momentum (before reconstruction), pZT , for leptonic decays

in the 0-jet channel.

6.2.5.2 Z/γ∗ → ττ Estimate in All Channels

The Z/γ∗ → ττ background is estimated from a control region in all channels. The same formula applied

to the WW and top estimations is used, as shown below:

NZ→ττ
SR = µZ→ττN

Z→ττ, MC
SR . (6.27)

In equation 6.27, NZ→ττ
SR , is the number of estimated Z/γ∗ → ττ events in the signal region, which is

obtained by scaling the MC events in the signal region, NZ→ττ, MC
SR , by the normalization factor µZ→ττ .

The control region selects the Z → ττ process by cutting on different-flavour events with low-m`` and

high-∆φ``. The exact cuts applied to the control region in the different channels are shown in Table 6.6.

In the ggF channels only a different-flavour control region is defined and the resulting normalization

factor is applied to same-flavour events. In the VBF channel, same-flavour and different-flavour control

regions are defined and one combined normalization factor is used. The purity of Z/γ∗ → ττ in the 0-,

1-, ≥ 2-jet ggF , and ≥ 2-jet VBF, channels is 91%, 80%, 74% and 82% respectively. MC extrapolation

factors are calculated and their associated uncertainties are applied as described in Section 6.3. The
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Z/γ∗ → ττ Control Regions
nj = 0 (DF) nj = 1 (DF) nj ≥ 2 ggF (DF) nj ≥ 2 VBF (DF +SF)
pre-selection pre-selection pre-selection pre-selection
pmissT > 20 GeV pmissT > 20 GeV pmissT > 20 GeV pmissT > 40 GeV in SF
m`` < 80 GeV nb = 0 VBF/VH veto EmissT > 45 GeV in SF
∆φ`` > 2.8 radians m`

T > 50 GeV m`` < 70 GeV nb = 0
m`` < 80 GeV ∆φ`` > 2.9 radians m`` < 80 (75) GeV in DF (SF)
mττ > mZ − 25 GeV 66 < mττ < 116 GeV

OBDT > -0.48

Table 6.6: The selection cuts used to select the Z → ττ control regions.

transverse mass, mT , used as the final discriminating variable, for the 0- and 1- jet Z → ττ control

regions is shown in Figure 6.27.
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Figure 6.27: The transverse mass distribution, mT , used as the final discriminating variable, shown in
the 0-jet (top) and 1-jet (bottom) Z → ττ control region [141].

6.2.5.3 Z/γ∗ → ee/µµ Estimate in the ggF Channels

In 0-, 1-, ≥ 2-jet ggF different-flavour channels, the Z/γ∗ → ee/µµ background is very small and taken

from MC simulation.

The Z → ee/µµ background is the largest background in the same-flavour channels and is estimated

using the data-driven Pacman method. The Pacman method relies on the fact that the distribution of

the low-energy (soft) hadronic activity that balances the di-lepton system is very different between the

Z → ee/µµ process and all others.

Soft Hadronic Recoil The Drell-Yan events in this phase space have two boosted leptons that emerge

from the collision point close to each other and have a low invariant mass. Since there are no neutrinos,

and therefore no real MET in these processes, the di-lepton system is balanced by hadronic recoil. The

hadronic recoil consists of low-pT jets, especially in the 0-jet channel. These soft jets are reconstructed

as Inner Detector tracks and low-pT calorimeter clusters. The hadronic activity is characterized by the

frecoil variable and is calculated from data since MC simulation cannot be trusted to accurately model

low-energy jets. In the 0-jet channel, frecoil is defined as

frecoil =

∣∣∣∣ nj∑
i=0

JVFi · piT
∣∣∣∣

p``T
. (6.28)
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Figure 6.28: A graphical representation of the Pacman method [142].

Since the soft jets balance the di-lepton system they are located in the quadrant opposite to the

di-lepton momenta, p``T . Therefore the soft jet momenta in equation 6.28, piT , are the momenta of the

soft jets that satisfy the condition 3π
4 < ∆φ``,soft jets <

5π
4 . The frecoil variable is calculated by dividing

the sum of the momenta of these soft jets by the momentum of the di-lepton system. In order to reduce

the effect of jets from pileup, the momentum of the hadronic jets is also multiplied by the jet vertex

fraction, JVF. Thus jets from pileup, which have a lower JVF, are given a lower weight in the sum. Jets

used in the frecoil definition are required to satisfy pT > 10 GeV. Equation 6.28 can be extended to the

1-jet case by replacing p``T , with the momenta of the jet, di-lepton system, p``jT .

The frecoil distribution is very different for DY events and the rest of the signal and background

processes which contain neutrinos, and thus real MET. For this reason, frecoil is used to reject DY

background in the same-flavour channel as well as estimate the remaining background using the Pacman

method.

Pacman Method The Pacman method calculates the efficiency of the frecoil cut for DY and non-

DY events and uses it to estimate the remaining DY background in the signal region. A graphical

representation of the Pacman method is shown in Figure 6.28.

The non-DY efficiency, εnon-DY, is the fraction of events in data passing the frecoil cuts in a Non-DY

region, as shown in equation 6.29. This region, represented by the blue box in Figure 6.28, consists of

DF events passing the same sample selections as those applied to the SF signal region and is 100% pure

in non-DY events. In equation 6.29, the N0 represents events that have passed the frecoil cut:

εnon-DY =
N0non-DY region

DF

Nnon-DY region
DF

. (6.29)

The DY efficiency, εDY, is the fraction of events in data passing the frecoil cut in a same-flavour region

near the Z mass (|m`` −mz| < 15 GeV). This region, called the Z-peak region, is represented by the

green box in Figure 6.28. It is only 50% pure in DY events since most of the other same-flavour signal

region selections are applied to this region (the m`` requirement is omitted). Due to the lack of purity,

the non-DY events must be subtracted from the Z-peak region. The subtraction is achieved by selecting

different-flavour events in the Z-peak region (100% pure in non-DY events), as is represented in the

second half of the green box in Figure 6.28. This subtraction is normalized by a factor taken from the

MC estimate of different-flavour events in the same-flavour Z-peak region, NZ -peak
non-DY. The efficiency of

the non-DY contribution from different-flavour data in the Z-peak is given by
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εnon-DY
Z -peak =

N0Z -peak
DF

NZ -peak
DF

. (6.30)

The final DY efficiency, extracted from the region presented by the green box in Figure 6.28, is given by

εDY =
N0Z -peak

SF − εnon-DY
Z -peak ×N(non-DY)Z-peak

SF

NZ-peak
SF −N(non-DY)Z-peak

SF

. (6.31)

The DY and non-DY efficiencies on the frecoil cut, measured in data, can then be used to estimate the

number of DY events in the same-flavour signal region, N
Z→ee/µµ
SR , as shown below:

N
Z→ee/µµ
SR = εDY × N0SR

SF − εnon-DY ×NSR
SF

εDY − εnon-DY
. (6.32)

The above estimate relies on the assumption that the relative fractions of each non-DY process are the

same in different-flavour and same-flavour channels. This assumption is true due to flavour universality,

and thus using the frecoil cut efficiency in different-flavour data to describe non-DY component in same-

flavour data is justified.

6.2.5.4 Z/γ∗ → ee/µµ Estimate in the VBF Channels

In the different-flavour ≥ 2-jet VBF channel, the Z/γ∗ → ee/µµ background is small and is estimated

from MC simulation.

The Z → ee/µµ background is the largest background in the same-flavour channels and is estimated

using the data-driven ABCD method. The events in the signal region, referred to as region A, are

estimated from a Z control region, defined using low-MET values, referred to as region B. To compensate

for the fact that the estimate uses two regions in different MET ranges, the estimate is scaled by the

ratio of high to low MET regions in a Z-peak region. The high and low-MET regions are referred to as

C, and D respectively. The exact equation used for the Z/γ∗ → ee/µµ estimate in the signal region is

given by

NDY
SR = NDY

A NDY
B · N

DY
C

NDY
D

· fnon-closure. (6.33)

In equation 6.33, the number of DY events is obtained by subtracting the data from the non-DY MC

simulation: NDY = Ndata − Nnon-DY, MC, in each of the regions. The non closure factor, fnon-closure

represents the differences in the cut efficiency of the MET cut in the Z-peak and low-m`` regions:

fnon-closure =
NA/NB

NB/NC
. (6.34)

The exact selections used to define the A, B, C and D regions are shown in Table 6.7.

6.3 Systematic Uncertainties

In every analysis there are many uncertainties on signal and background processes that originate from

the fact that these processes are not generated in MC simulation with absolute accuracy. In addition to

this, there exist experimental uncertainties that can originate from imperfections in the way a detector



Chapter 6. The H →WW ∗ Search Strategy 110

Z/γ∗ → ee/µµ ≥ 2-jet VBF Control Regions
A (SR) C (Z CR)
pre-selection pre-selection
CJV CJV
OLV OLV
EmissT > 45 GeV pmissT > 45 GeV
m`` < 75 GeV |m`` −mZ | < 15 GeV
B (Z CR) D (Z CR)
pre-selection pre-selection
CJV CJV
OLV OLV
25 GeV < EmissT < 45 GeV 25 GeV < EmissT < 45 GeV
m`` < 75 GeV |m`` −mZ | < 15 GeV

Table 6.7: The selection cuts used to define regions for the ABCD method for the Z → ee/µµ estimate
in the VBF channel.

is modelled, or detector objects are identified. The sources of these uncertainties are described in this

section.

6.3.1 Experimental Uncertainties

The experimental uncertainties include uncertainties on the measurement of the trigger efficiencies, and

uncertainties on the measurement of object identification efficiencies, calibration scales, and resolution.

In addition, uncertainties are calculated on the efficiency of tagging jet flavours, as well as on the

luminosity measurement.

6.3.1.1 Trigger

The trigger uncertainties are calculated using tag-and-probe methods from Z/γ∗ → events [70, 71]. They

are less than 1% and denoted by [MU TRIGGER, EL TRIGGER, DIL TRIGGER] in Table 6.8.

6.3.1.2 Flavour Tagging

The uncertainties on the b-tagging scale factors depend on many experimental and theoretical sources.

In addition, they also depend on the pT of jets. In order to reduce the number of variations needed

to account for all of the uncertainties and their pT dependencies the eigenvector method is used. This

method reduces the number of variations by constructing covariance matrices that take into account the

uncertainties and pT variations. For example, given two sources of uncertainty A and B which depend

on six pT bins, the procedure is:

1. Construct a 6×6 covariance matrix that characterizes the dependence of the b-tagging scale factor

on the 6 pT bins for uncertainty A. Since bin-to-bin correlations are assumed, this matrix has

non-zero off-diagonal elements.

2. Repeat step 1. for uncertainty B.

3. Sum these matrices to get a 6× 6 covariance matrix for uncertainties on A+B.
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4. Diagonalize the summed matrix, to obtain six eigenvectors/eigenvalues. The eigenvectors times the

square root of the corresponding eigenvalues represent independent variations that can be applied

as uncertainties.

In place of generic uncertainties, A and B, the procedure above is applied to many sources of uncer-

tainties, which include the life time uncertainty of b-hadrons, jet related uncertainties, pileup related

uncertainties, etc. The values of each of the b-tagging variations are called [BTag B1EFF-BTag B6EFF].

The eigenvalues are varied up and down once to account for all the pT and systematics dependencies

of the b-tagging factor. The variation of the eigenvalues as a function of pT is given in Table 6.8. The

size of the uncertainties is quoted for a range of pT values; however, in the analysis only the eigenvalues

themselves are used since otherwise the pT dependence would be double counted.

The uncertainties calculated on flavour tagging c- and light-jets do not use the eigenvector method.

The uncertainties on these scale factors are due to theoretical and experimental sources such as uncertain-

ties on jets, pileup, etc. The c-jet uncertainties are dependant on jet pT , while the light jet uncertainties

vary as a function of pT as well as η. The uncertainties are determined by tracking how much the

scale factors change when a systematic uncertainty is varied by ±1σ (assuming it is parametrized by a

Gaussian distribution). The c- and light-jet uncertainties are referred to as [BTag CEFF, BTag LEFF],

respectively, and are summarized in Table 6.8.

6.3.1.3 Electron efficiency, scale, resolution

The uncertainties on electrons are associated with the efficiency of identifying electrons, the certainty in

calibrating them to a certain scale, as well as evaluating the resolution of their energies. The efficiency

of identifying electrons is dependant on the identification as well as reconstruction efficiency. The

uncertainties are evaluated by analysing Z → ee, J/ψ → ee and W → eν events before isolation and

impact parameter cuts [71, 118]. These uncertainties vary depending depending on the ET and η of

the electron. These uncertainties are denoted by [EL EFF RECO, EL EEFF ID] for the reconstruction

and identification efficiencies, respectively, and [EL ESCALE, EL RES] for the scale and resolution

uncertainties, respectively. Their values are quoted in Table 6.8.

The efficiency due to additional isolation and impact parameter cuts applied to the H → WW ∗

analysis is also calculated. These systematic uncertainties are determined using the Z tag-and-probe

method, and depend on the ET of the electron. They are quoted as [EL EFF ISO] in Table 6.8.

In addition, an uncertainty is applied to electrons that come from converted photons. This uncertainty

is calculated from Z/γ∗ events, and depends on the ET of the electron. This uncertainty is referred to

as [VGammaShapeLepPt] in Table 6.8.

6.3.1.4 Muon efficiency, scale, resolution

The uncertainties on the muon efficiency, scale and energy resolution are obtained from measurements

of Z → µµ, J/ψ → µµ and W → µν events. These uncertainties depend on the muon pT and η. The

uncertainty on the momentum resolution is calculated from muons in the inner detector, as well as the

Muon Spectrometer. In Table 6.8, the muon uncertainties are denoted by [MU EFF, MU ESCALE] for

the reconstruction efficiency and scale uncertainty, and [MU ID RES, MU MS RES] for the ID and MS

resolution uncertainty. Additional pT dependant uncertainties on isolation and vertex identification are

calculated and are referred to as [MU ISO] in Table 6.8.
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6.3.1.5 Jet Energy Resolution, Jet Energy Scale

The jet energy resolution (JER) and scale (JES) are uncertainties related to jet calibration and resolution.

The JER uncertainty is calculated from in-situ methods and ranges from 2% to 40% depending on the

jet pT and η. The largest uncertainty is at the minimum cut value used to select the jet pT . This

uncertainty is denoted by [JER] in Table 6.8.

The JES uncertainty is a function of jet pT and η and is < 7%. The different sources of JES

uncertainties are summarized in Table 6.8. The JES uncertainties are separated into four categories:

the absolute in-situ JES uncertainty, the relative in-situ JES uncertainty, the pileup average, and the

flavour composition and flavour response. In addition to these uncertainties there are uncertainties on

the jet energy scale for b-jets and uncertainties on the jet reconstruction between the full simulation and

fast ATLAS simulations. Several of the JES uncertainties utilize the eigenvector method.

The absolute in-situ JES uncertainty is the sum in quadrature of uncertainties derived by calibrating

the jet pT in a fixed detector region. Absolute in-situ JES uncertainties include:

• in-situ detector 1: This uncertainty is derived from in-situ methods using Z+jets, γ+jets and

multi-jet events. It represents the dominant eigenvector of a linear combination of all detector

related systematic uncertainties, such as the LAr energy scale, muon energy scale, the purity of

γ+jet selection, and many others.

• in situ modelling 1: This uncertainty is derived from in-situ methods but represents the uncertainty

of MC modelling instead of detector effects. It is the dominant eigenvector of a linear combination

of all MC-related uncertainties, such as muon smearing, the effect of the 2nd jet veto, and the ∆φ

cut in the Zγ+jets in-situ samples.

• high pT jets: This is the uncertainty associated with the calibration of jets with pT > 1.5 TeV.

This uncertainty is obtained from pion test beam and by analysing high-energy jets.

The relative in-situ JES uncertainty is the sum in quadrature of uncertainties derived by calibrating jets

based on information in other detector regions. These uncertainties include:

• η intercalibration modelling: This uncertainty is calculated as a function of η and pT and represents

the MC modelling effects in di-jet samples used to calibrate forward jets.

• η intercalibration stat+method: This is the statistical uncertainty associated with the calibration

of forward jets from the di-jet sample. This uncertainty also includes the uncertainty on the

smoothing method used to reduce large bin-to-bin fluctuations by migrating events from one bin

to the next [129].

The pileup average is the sum in quadrature of different uncertainties due to pileup effects. These

uncertainties include:

• in-time pileup: After the NPV pileup correction, the residual dependence of jet energy on the NPV

is taken into account in this uncertainty.

• out-of-time pileup: After the µ pileup correction, the residual dependence of jet energy on µ is

taken into account in this uncertainty.
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• pileup pT : This is the uncertainty associated with the dependence of the jet area suppression

method on the jet pT .

• pileup ρ topology: This uncertainty is derived from MC simulation and is the dependence of the

jet-energy density, ρ, on the event topology. Event topology refers to what type of particles the

event contains (tt̄, di-jet, no jets, etc.).

Flavour composition and flavour response uncertainties are on the gluon versus quark composition of

jets. They include:

• flavour composition: In-situ methods are derived from Z/γ+jets and multi-jet processes that

are mainly produced through quarks. Thus an additional, MC-based, uncertainty is needed to

account for the number of gluons versus quarks in an event. The flavour composition uncertainty

is calculated separately for different samples (signal, WW , tt̄).

• flavour response: Since quarks and gluons initiate different parton showers, the detector response

to gluon versus quark initiated jets is different. This uncertainty, derived from MC, takes into

account the fact that the jet energy scale is different for quark and gluon jets.

The remaining uncertainties are:

• b-JES: This is the uncertainty on the b-jet scale.

• non-closure AFII: This is an the uncertainty on the difference between events reconstructed with

the fast versus full ATLAS simulation.

All of the uncertainties above affect only the normalization of the MC background, and do not change

the shape of the mT distribution significantly. In addition to the uncertainties above, the uncertainty

associated with using the JVF cut was also studied and found to be negligible. The sizes of these different

uncertainties are shown in Table 6.8.

6.3.1.6 Missing Transverse Energy

The uncertainties on the magnitude of MET arise from several sources depending on the MET definition.

Each of the objects in the Emiss
T term has uncertainties associated to it. These uncertainties are also

propagated to the Emiss
T term. The pmissT is composed of tracks and jet and electron calorimeter

deposits whose corresponding uncertainties are also propagated to the pmissT term. The only additional

uncertainty applied on both MET terms originates from soft processes. The total uncertainty on the

magnitude of the MET is the sum in quadrature of the detector object uncertainties and the uncertainties

on the soft term.

The uncertainties on the soft term are calculated by exploiting the balance between the hard processes

and the hadronic recoil in Z → µµ events. The Emiss
T is split into the hard component, consisting

of energy from muons, electrons and jets, and a soft component consisting of all other lower energy

components, Emiss,CellOut
T . The pmissT is split into high-energy tracks and low-energy tracks denoted

by pmiss,softT . The soft terms are split into components parallel (L) and perpendicular (P) to the

hard components. Since there are no neutrinos in the event these components should be zero. The

perpendicular component is consistent with the expectation of zero. The deviation from zero in the

longitudinal component represents the fake MET originating from poorly modelled hadronic recoil.
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The uncertainties are calculated by scaling and smearing the soft MET components. Scaling refers

to varying the average value of the soft terms and observing the effect on the event yields. Smearing

refers to artificially widening the resolution of the soft term by convolving it with a Gaussian function,

and observing the effects on the event yields. For example, smearing the term up refers to widening the

MET resolution, while smearing down refers to narrowing it.

The systematic uncertainties are obtained by performing six variations on the magnitudes of the

longitudinal and perpendicular soft terms for the calorimeter- and track-based MET. The soft term is

mapped as a function of the hard term momenta in bins of µ in order to take into account the pileup

dependence. The six variations on the magnitudes of the soft terms consist of:

• Scaling the average of the magnitude of the longitudinal soft terms (< Emiss,CellOutL > /

< pmiss,softL >) up and down.

• Smearing the resolution of the magnitude of the longitudinal and perpendicular soft terms

(Emiss,CellOutL(P ) /pmiss,softL(P ) ) up and down while treating them as fully correlated.

• Smearing the resolution of the magnitude of the longitudinal and perpendicular soft terms

(Emiss,CellOutL(P ) /pmiss,softL(P ) ) one up and the other down while treating them as fully anti-correlated.

The variations on the magnitude of the soft term of Emiss
T are added in quadrature to give an uncertainty

of 17% for EmissT,rel > 45 GeV. The four dominant variations (out of a total of six) are applied as systematic

uncertainties on Emiss
T . These include the scaling of the average soft term up/down, and the bigger of

the two resolution smearings. In Table 6.8, the systematic uncertainties on the Emiss
T soft term, are

referred to as [MET RESOSOFT, MET SCALESOFT], where RESO denotes resolution smearings and

SCALE denotes scaling of the mean.

When adding in quadrature the variations on the magnitude of the soft term of pmissT , an uncer-

tainty of 30% is obtained for pmissT,rel > 45 GeV. The uncertainties of the pmissT soft term are referred to

as [TRACKMET, RESOPARA SOFT, TRACKMET RESOPERP SOFT, TRACKMET SCALESOFT]

in Table 6.8, where PARA denotes the parallel MET components and PERP denotes the perpendicular

MET components.

The p
miss(trk)
T definition has the same uncertainties as pmissT for overlapping tracks. These uncer-

tainties are fully correlated between the two definitions. There are no uncertainties related to jets or

electrons applied to this term.

6.3.1.7 Luminosity

The luminosity is obtained using luminosity-sensitive detectors such as LUCID, BCM and the FCal [49].

It is calculated from measurements of beam parameters, as was shown in equation 3.1 in Chapter 3. To

obtain the luminosity, the beam-separation method is employed in which beams are separated by steps

of a known distance in order to obtain beam parameters [49]. This method has several uncertainties,

many of which are related to the quality of the beam [49]. The luminosity uncertainties are 2.8 (1.8)%

for the 8 (7) TeV data, and are denoted by [LUMI] in Table 6.8.

6.3.2 Theoretical Uncertainties

The signal and background processes that are estimated from MC simulation have MC-related theoretical

uncertainties applied to them. These uncertainties are obtained by calculating the differences in the
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Uncertainty on Source Reference Name Size of Uncertainty (%)

electron EL TRIGGER
 < 1trigger muon MU TRIGGER

di-lepton DIL TRIGGER

b-tag eigenvector

BTag B1EFF 0.01 - 0.6 vs pT

BTag B2EFF 0.01 - 0.4 vs pT

BTag B3EFF 0.01 - 0.7 vs pT

BTag B4EFF 0.6 - 1.5 vs pT

flavour BTag B5EFF 0.2 - 4.8 vs pT

tagging BTag B6EFF 1.1 - 7.8 vs pT

c-tag efficiency BTag CEFF 6 - 14 vs pT

light-tag efficiency BTag LEFF 9 - 19 vs pT /η

electron

reconstruction efficiency EL EFF RECO 0.1 - 1.0 vs ET , η

identification efficiency EL EFF ID 0.2 - 2.7 vs ET , η

energy scale EL ESCALE ∼ 0.4 vs ET , η

energy resolution EL RES ∼ 1 vs ET , η

additional cuts EL ISO 0.6 - 1.6 vs ET

γ → e+e− conversion VGammaShapeLepPt 0.18 - 25 vs ET

muon

reconstruction efficiency MU EFF < 0.46 vs pT , η

energy scale MU ESCALE < 0.50 vs pT , η

energy resolution MU MS/ID RES < 1 vs pT , η

additional cuts MU ISO 0.5-2.7 vs pT

jet

jet energy resolution JER 2-40 vs pT , η

absolute in-site JES

JES 2012 Detector1
 1 - 2.5 vs pT , ηJES 2012 Modelling1

JES 2012 HighPt

relative in-situ JES
JES Eta Modelling

}
0 - 5 vs pT , η

JES 2012 Eta StatMethod

average pileup

JES NPV
 0 - 5 vs pT , η

JES MU

JES 2012 PilePt

JES 2012 PileRho HWW

flavour composition

JES FlavComp HWW WW
 0.2 - 3 vs pT , ηJES FlavComp HWW tt

JES FlavComp HWW other

flavour response JES FlavResp ∼ 1 vs pT , η

b-JES JES BJET ∼ 1.5 vs pT , η

full vs fast sim JES NonClosure AFII ∼ 0.5 vs pT , η

MET

scale < Emiss,CellOutL > MET SCALESOFT
}

17 (EmissT,rel > 45 GeV)
smear Emiss,CellOutL(P ) MET RESOSOFT

scale < pmiss,softL > TRACKMET SCALESOFT
 30 (pmissT,rel > 45 GeV)smear pmiss,softL TRACKMET RESOPARA SOFT

smear pmiss,softP TRACKMET RESOPERP SOFT

luminosity luminosity LUMI 2.8 (1.8) for 8 (7) TeV

Table 6.8: The source and size of all the experimental uncertainties as a function of the different variables
they depend on, denoted by vs in the last column. The Reference Name denotes the short form naming
convention of each uncertainty.
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production cross sections and branching ratios that arise from higher-order corrections, variations in PDF

sets used, underlying event and parton shower (UEPS) models employed, and differences in matching

matrix-element level calculations to parton showers. The uncertainties on higher-order corrections are

probed by independently varying the µF /µR scales from 1/2 to 2. The PDF uncertainties are calculated

by comparing the central values of two PDFs, and varying the different eigenvectors within the same

PDF. The uncertainty resulting from eigenvector calculations is taken as 1
2

√∑
i(X

+
i −X−i )2, where

X+
i and X−i are the up and down variations corresponding to up and down eigenvectors. The final

PDF uncertainty is the sum in quadrature of the eigenvector uncertainty, and the difference between the

nominal values of two PDF sets. The uncertainties on UEPS are obtained by comparing generators with

different underlying event and parton shower models. The uncertainties in the method used by different

generators to match the matrix-element calculations to parton showers are calculated by comparing two

different generators. This uncertainty is referred to as a generator uncertainty.

Any residual uncertainty that is not accounted for in the cross section and branching ratio uncertainty

is included in the acceptance uncertainty. Acceptance uncertainties account for different event yields at

different stages of the cutflow. Acceptance uncertainties are also calculated by varying µF /µR scales,

UEPS, PDF sets and generators.

When a background is estimated from a control region, the theoretical uncertainties are on the

extrapolation from the control to the signal region. The extrapolation uncertainties are also calculated

by varying the µF /µR scales, UEPS, PDF sets and generators.

6.3.2.1 Signal

The uncertainties on the signal consist of branching ratio and cross section uncertainties. The uncer-

tainties on the branching ratio are obtained from the LHC Higgs Yellow Report [13]. They consist of

uncertainties on the branching ratio of the Higgs boson decaying to WW ∗ and ττ . These uncertainties

are denoted by [BR VV, BR TAU TAU] and are shown for a Higgs mass of mH = 125 GeV in Table 6.8.

The calculation of the cross section uncertainties is described separately for the ggF and VBF processes

below.

ggF The sources of the cross section uncertainty can be grouped into the three categories described

below.

1. Total σ: The overall cross section (σ) uncertainties are taken from the LHC Higgs Yellow Re-

port [13]. The uncertainties on σ are mostly due to uncertainties in higher-order correction cal-

culations, and are probed by varying µF /µR from 1/2 to 2. In Table 6.9, the total cross section

uncertainties are shown and denoted by [QCDScale ggH] for the ggF process. In addition to scale

uncertainties, the PDF uncertainties on the total cross section are also calculated. The PDF

uncertainties are denoted by [pdf Higgs gg] for the ggF process in Table 6.9.

2. Jet Binning: Since the convergence of the total cross section calculation for the ggF process

is poor at higher order, simply varying the scale to obtain higher-order corrections results in an

underestimation of uncertainties due to the cancellations between the scale dependence of the

perturbative series and the effects of the jet veto on the Sudakov factors [143]. In order to avoid

this, the cross section uncertainty is evaluated in jet bins of 0, 1, ≥2 jets using a method called the

jet veto efficiency. This method calculates uncertainties on cross sections for each jet bin σN , by
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assuming that the uncertainties on the efficiency of vetoing a jet εN , and on the total cross section

σtot are uncorrelated. Using this assumption, the cross section for each bin can be modelled as

σ0 = ε0σtot σ1 = ε1(1− ε0)σtot σ≥2 = (1− ε1)(1− ε0)σtot. (6.35)

The jet veto efficiency, ε0, is the probability of an event not having a jet and depends on the pT

of a jet that is rejected. The ε1 efficiency is the probability of an event not having a second jet,

given that it has one jet. This term depends on the pT of the jet in an event, as well as the pT of

the rejected jet. The uncertainties on each jet bin can then be calculated, as shown below:

δσ2
0 = δσ2

tot + δε20 (6.36)

δσ2
1 = δσ2

tot +

(
ε0

1− ε0

)2

δε20 + δε21

δσ2
≥2 = δσ2

tot +

(
ε0

1− ε0

)2

δε20 +

(
ε1

1− ε1

)2

δε21. (6.37)

In the above equations, the uncertainties on the variables are denoted by δ, and the total cross

section σtot is taken from The Higgs Yellow Report [13]. To evaluate uncertainties on the jet veto

efficiencies, three different definitions of ε are used. These definitions differ by higher-order terms

and are shown below:

ε
(a)
0 = 1−

σNLO
≥1

σNNLO
tot

ε
(b)
0 = 1−

σNLO
≥1

σNLO
tot

ε
(c)
0 = 1−

σNLO
≥1

σLO
tot

+

(
σNLO

tot

σLO
tot

− 1

)
σLO
≥1

σLO
tot

(6.38)

ε
(a)
1 = 1−

σNLO
≥2

σNNLO
≥1

ε
(b)
1 = 1−

σNLO
≥2

σNLO
≥1

ε
(c)
1 = 1−

σNLO
≥2

σLO
≥1

+

(
σNLO
≥1

σLO
≥1

− 1

)
σLO
≥2

σLO
≥1

. (6.39)

The differences in definitions (a), (b), (c) are characterized by next-to-next-to-next-to-leading-order

(NNNLO) corrections, and thus the resulting uncertainties on ε probe these higher-order correc-

tions. The ε uncertainties are calculated by independently varying µF and µR from 1/2 to 2 of

definition (a), and comparing it to the nominal value of definitions (a), (b), and (c). The final

uncertainties are taken as either the scale uncertainty applied to scheme (a) or the difference in

central values between scheme (a) and (b)/(c), depending on which is larger. Since the σNNLO≥1

calculation does not exist, the ε
(a)
1 calculation is not possible and the uncertainty is taken from

the average of (b) and (c) scale variations. The ε0 terms and scale variations are calculated in

jetvheto [144], while the ε1 terms and scale variations are calculated in mcfm. The uncertainties

are denoted by [QCDscale ggH PTH m01] for the uncertainty on ε0, and [QCDscale ggHe1] for the

uncertainty on ε1, and are shown in Table 6.9. The value of the efficiencies and their uncertainties

are shown in Figure 6.29.

3. Acceptance: Acceptance uncertainties account for the difference in event yields after selection

criteria that arise from higher-order corrections, UEPS, PDF, matrix element to parton shower
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Figure 6.29: The jet veto efficiency for the first jet (top) and second jet (bottom) inclusive ggF Higgs
production and its uncertainty as a function of the rejected jet threshold, pcutT [141].
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matching models and modelling of the Higgs boson pT . These uncertainties are calculated sepa-

rately for 0-, 1- and ≥ 2-jet selections. The uncertainties are calculated in a phase space as close

as possible to the final H →WW ∗ selection.

The acceptance uncertainties due to scale variations are calculated in powheg+pythia 8 by

independently varying µR and µF from 1/2 to 2. For the ≥ 2-jet channels, scale uncertainties

are calculated in mcfm, since powheg is an NLO generator of inclusive Higgs production and is

unable to probe scale variations in the ≥ 2-jet bin. These uncertainties are shown in Table 6.9,

and are referred to as [QCDscale ggH ACCEPT].

Acceptance uncertainties on PDFs are evaluated as the sum in quadrature of the difference between

the central values of ct10 and mstw2008nlo PDF sets, and the eigenvectors variations within

ct10. The PDF uncertainty is called [pdf Higgs gg ACCEPT] in Table 6.9.

The effect of UEPS on the acceptance is considered by comparing powheg showered with pythia 6/8

to powheg showered with herwig. In Table 6.9, this uncertainty is called [Higgs UEPS].

The generator acceptance uncertainties refer to the comparison made between two different gen-

erators in order to probe different methods of matching matrix-element calculations to parton

showers. To obtain the generator uncertainty, the powheg+herwig generator is compared to

mc@nlo+herwig. In Table 6.9, this uncertainty is denoted by [Matching ACCEPT].

Finally, the acceptance uncertainty on modelling of the Higgs pT distribution is evaluated. The

scale is changed in powheg+pythia 8 and the impact on the Higgs pT spectrum is observed. The

difference in acceptance due to changing the scale is ≤ 1% for 0- and 1-jet, and < 2% for ≥ 2-jet

ggF channels. The effect of these uncertainties is small and is neglected in the analysis.

VBF The VBF process contains only EW vertices, and is thus well described by LO calculations. The

effect of the higher-order EW corrections was calculated and found to be negligible. The uncertainties

on the VBF process include uncertainties on higher-order QCD calculations, as well as UEPS and PDF

uncertainties. These uncertainties are summarized below.

1. Scale: The scale uncertainty is evaluated by varying µF and µR from 1/2 to 2. The variation in

scale leads to shape variations of the BDT spectrum. This uncertainty on the shape variations

due to the QCD scale is calculated in each BDT bin and denoted by [QCDscale qqH ACCEPT]

in Table 6.9. The effect of the scale uncertainty on the overall yield takes into account the cross

section and acceptance uncertainty and is denoted by [QCDscale qqH] in Table 6.9.

2. PDF: In the VBF analysis, the PDF uncertainties are evaluated on the overall yield. The PDF

uncertainty is calculated by comparing the ct10 and nnpdf sets. The eigenvector variations

within each PDF set are also calculated. The final PDF uncertainty is taken as the larger of the

eigenvector variations in each set or the difference between the two sets. This uncertainty takes

into account the cross section and acceptance uncertainties and is called [pdf Higgs qq] in Table 6.9.

3. UEPS: The uncertainty on the UEPS is obtained by comparing powheg showered with herwig

to powheg showered with pythia 8. This uncertainty is evaluated for each BDT bin and takes

into account the cross section and acceptance uncertainty. It is referred to as [HiggsVBF UEPS

BDT 2j HWW] in Table 6.9.
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Process Uncertainty on Source Reference Name Size (%)

H →WW ∗/ττ branching ratio
on H →WW ∗ BR VV [+4.3, -4.2]

on H → ττ BR TAUTAU [+5.7, -5.6]

ggF

total σ
scale QCDScale ggH 7.5

PDF pdf Higgs gg [-6.9,+7.5]

jet binning
ε0 QCDscale ggH pTH m01 1.1/2.0/2.0 in 0/1/≥ 2-jet

ε1 QCDscale ggHe1 15.3/27.5 in 1/≥ 2-jet

acceptance

scale QCDscale ggH ACCEPT 1.0 - 9.0 vs SR

PDF pdf Higgs gg ACCEPT 2.7 - 3.3 vs SR

UEPS Higgs UEPS 1.6 - 13 vs SR

generator Matching ACCEPT 1.3 - 6.8 vs SR

VBF

BDT shape scale QCDscale qqH ACCEPT 1/3/3 vs SR

σ⊕ acceptance

scale QCDscale qqH 0.5

PDF pdf Higgs qq 4 (3.5) for VBF (VH)

UEPS HiggsVBF UEPS BDT 2j 0.32/5.2/14.4 vs SR

generator VBF Higgs MODEL BDT 2j 4.2

VH σ scale on VH QCDscale VH 0.2-1.6 for WH(ZH)

Table 6.9: The theoretical uncertainties on the ggF and VBF signal for a Higgs mass of mH = 125 GeV.
For several uncertainties a range is shown since they depend on the jet multiplicity or signal region they
are applied to. The vs SR denotes the dependencies of the uncertainties on the different signal regions,
which are the three BDT bins.

4. Generator: The uncertainty on matching matrix-element-level calculations to parton showers is

evaluated by comparing the amc@nlo [145] and powheg generators, when both are showered

with herwig. This uncertainty takes into account the cross section and acceptance uncertainty

and is called [VBF Higgs MODEL BDT 2j] in Table 6.9.

6.3.2.2 Background

The uncertainties on the background processes vary depending on whether the backgrounds are estimated

from MC, control regions, or data-driven methods. The backgrounds estimated from MC have scale,

PDF, UEPS and generator uncertainties applied to them. The backgrounds estimated from control

regions have uncertainties on the extrapolation factor, which are derived by varying the scale, PDF,

UEPS and generators. The backgrounds derived with data-driven methods have uncertainties related

to the specific estimation technique and are addressed in Section 6.3.3.

WW Uncertainties in the 0- and 1-jet Channels The WW background is derived from a control

region and thus has uncertainties on the extrapolation factor. Additional uncertainties are applied on

the mT shape of the WW distribution. Finally uncertainties on the extrapolation due to the gg →WW

processes are calculated. These uncertainties are described below.

1. Uncertainties on αWW : The extrapolation factor, αWW , is defined using well measured leptons,

and thus the uncertainty on it is dominated by theoretical uncertainties. The WW production

process can result from qq̄ →WW and gg →WW processes. Since qq̄ →WW makes up 95 (93)%
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of the WW background in the 0-(1-) jet channel, the qq̄ → WW extrapolation uncertainties are

described in detail and discussed in this section. The uncertainties on αWW due to the qq̄ →WW

process are due to differences in scale, PDF modelling, UEPS, matching matrix-element to par-

ton shower modelling, and missing higher-order electroweak corrections. These uncertainties are

evaluated for the qqWW process and are also applied to the ggWW process. They are evaluated

separately for each same-flavour and different-flavour signal region. The uncertainties on the ex-

trapolation factors are calculated according to the equation: αvar−αnom

αnom
, where αnom is the nominal

value of the extrapolation factor, and αvar is the value obtained from variations in MC simulation.

The scale is varied in order to account for the effect of missing higher-order terms which affect the

WW kinematics, and thus αWW . The scale, defined by the di-boson mass, is varied in amc@nlo.

The resulting uncertainties are called [QCDScale VV ACCEPT] and are shown in Table 6.13.

The PDF uncertainties are calculated by observing the difference in αWW obtained using the

nominal sample PDF, ct10 and the alternative mstw2008 and nnpdf2.3 PDF sets. The ct10

PDF eigenvectors are also varied in order to obtain the uncertainty on the value of αWW . In

Table 6.13, the sum in quadrature of PDF uncertainties is called [pdf qq ACCEPT].

UEPS uncertainties are obtained by measuring the changes in αWW when the nominal NLO

matrix-element-level generator is used with different parton shower generators: pythia 8, pythia

6 or herwig. The UEPS uncertainties are called [WW MTSHAPEPSUE] in Table 6.13. The

name contains SHAPE in it so that this uncertainty can be correlated with the shape uncertainty

discussed below.

Generator uncertainties are calculated by comparing two NLO matrix-element-level generators

with different matching schemes, but the same parton shower generator. The nominal matrix-

element-level generator, powheg is compared to amc@nlo when both use the herwig generator

for parton showering. The generator uncertainties are denoted by [WW MTSHAPEMATCHING]

in Table 6.13. The name contains SHAPE in it so that this uncertainty can be correlated with the

shape uncertainty discussed below.

In addition to the scale, PDF, UEPS, and generator uncertainties, the effect of higher-order elec-

troweak corrections is also evaluated. This is done in order to account for the fact that higher-order

electroweak corrections to di-boson production lead to a ∼ 4% difference on the inclusive cross sec-

tion. Since the impact of the corrections depends on the phase space, a re-weighting tool exists

to test this impact on each analysis. When incorporating this tool in the calculation of αWW , the

effect is less than 2%. This uncertainty is called [WW EWCorr HWW] in Table 6.13.

2. mT shape: The mT distribution of WW events in the signal region changes depending on the

scale, UEPS, and matching of matrix-element to parton shower scheme (generator). Changing the

PDF of the generator has little effect on the shape of the mT distribution. The scale uncertainties

are calculated with amc@nlo. The UEPS uncertainties are calculated by comparing the mT

shape distribution in powheg+pythia 8 to powheg+herwig. The generator uncertainties are

calculated by comparing powheg+herwig to amc@nlo+herwig. For each comparison, the two

mT distributions are divided by each other to obtain the deviation from one. The reciprocal of

this deviation is taken in order to symmetrize the difference in the mT shape. In this way an

envelope of uncertainty is constructed for each bin in the mT shape distribution. In the case of

scale uncertainties, the envelope is constructed for the scale variation, which provides an mT shape
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that is most discrepant from the nominal one. A linear fit is performed around this uncertainty

envelope in order to make the up and down uncertainties continuous as a function of mT . The

linear extrapolation of the UEPS, matching and scale uncertainties are added in quadrature in

order to obtain the final mT shape uncertainty. In Table 6.13, these uncertainties are called [WW

MTSHAPESCALE, WW MTSHAPEPSUE, WW MTSHAPEMATCHING] for the scale, shape,

and generator uncertainties respectively. These are correlated with the extrapolation uncertainties

described above.

3. Extrapolation due to the gg → WW Process: The qq̄/gg → WW processes are both nor-

malized using the WW control region with a single normalization parameter. Since the WW

background consists mostly of qq̄ →WW events, an uncertainty is needed to account for the fact

that information is extrapolated from the qq̄ → WW to the gg → WW events. The gg → WW

component is small and thus αWW can be estimated as

αWW =
NSR
qq̄,qg +NSR

gg

NCR
qq̄,qg +NCR

gg

≈ αqq̄ +NSR
gg /N

SR
qq̄,qg −NCR

gg /NCR
qq̄,qg.

(6.40)

The uncertainties on the last two terms in equation 6.40 are dominated by the theoretical nor-

malization uncertainty on Ngg, which is 26 (33)% in the 0- (1-) jet channels. Thus this is the

uncertainty on αWW due to the qq̄ → WW to gg → WW extrapolation. In practice, this uncer-

tainty is applied on the WW normalization factor, and is denoted by [ggWW XS] in Table 6.13.

WW Uncertainties in ≥ 2-jet Channels The WW background in the ≥ 2-jet ggF and VBF channels

is predicted from MC simulation consisting of WW+2 jets EW and QCD samples, which have theoretical

uncertainties associated with them. These uncertainties are separated into a cross section uncertainty

and modelling uncertainty as described below. The calculation of the VBF uncertainties is described,

but the ggF uncertainties follow a similar procedure.

1. Modelling: The largest uncertainty on the WW + 2 jets samples arises from comparing the LO

sherpa and madgraph [146] generators. The sherpa sample includes its own parton showering,

while the madgraph sample is showered with pythia 6. This uncertainty, referred to as modelling,

therefore takes into account generator differences in matrix-element to parton shower matching, as

well as the parton shower modelling. The uncertainty is calculated by comparing the sherpa and

madgraph yields after the VBF pre-selection in each BDT bin. The uncertainties in the three BDT

bins are calculated to be [16%, 12%, 10%] for the EW sample, and [-14%, -8%, 12%] for the QCD

sample, as shown in Table 6.12. In Table 6.13, these uncertainties are denoted by [EW MODEL

VV BDT 2j] and [QCD WW Modelling BDT 2j] for the EW and QCD samples, respectively. For

the QCD sample, there is an additional 27% uncertainty added due to the difference in the inclusive

yield when comparing sherpa and madgraph. This uncertainty is called [QCDscale VV2in BDT

2j] in Table 6.13.

2. Uncertainty on σ: The uncertainty on the production cross section is evaluated by varying the

scale, PDF and analysing the possible interferences of the WW+2 jet EW and QCD processes

with each other, and with the Higgs boson processes.

The PDF uncertainty was calculated inclusively for all the channels by comparing the nominal
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ct10 PDF to cteq within madgraph. The resulting PDF uncertainty was found to be ∼ 3% for

the EW samples and ∼ 4% for the QCD samples for all channels. This uncertainty is called [pdf

qq] in Table 6.13.

The scale uncertainties were calculated by varying the dynamic madgraph scale, defined by

m2 + p2
T , by a factor of two up and down. This yielded an uncertainty of ∼ 3% on the EW

sample and ∼ 13% on the QCD sample. A constant scale was also varied by a factor of two up

and down as a cross-check, and yielded similar results.

To obtain the uncertainties on interferences, the cross sections of the EW, QCD and EW+QCD

samples were evaluated before and after a VBF phase space selection, as shown in Table 6.10. This

selection includes EmissT > 20 GeV, p`T > 15 GeV, m`` < 60 GeV, pjT > 25 GeV, mjj > 500 GeV,

|∆η(j, j)| > 2.8, and ∆R(j, j) > 0.5. The table demonstrates that even after these loose cuts, the

cross sections of these backgrounds are comparable to the VBF signal.

Channel σV BF (fb) σEW (fb) σQCD (fb) σEW+QCD (fb)
Before After Before After Before After Before After

eνeν 1.412 0.242 4.176 0.393 79.54 0.473 N/A
µνµν 1.412 0.241 4.189 0.401 79.57 0.462 85.50 0.685
eνµν 1.419 0.249 4.031 0.775 76.17 1.213 82.15 1.944

Table 6.10: Cross sections for VBF signal and WW + 2-jets EW, QCD and EW+QCD backgrounds
for mH = 125 GeV before and after loose VBF cuts. The cross section calculations were performed in
madgraph. Calculated by N.Ilic.

The uncertainties on the interference between EW and QCD background samples were calculated

by comparing the cross sections of the WW+2 jets EW and WW+2 jets QCD samples to the

cross section of the WW+2 jets QCD+EW sample:

(
σEW + σQCD − σEW+QCD

σEW+QCD

)
· 100. (6.41)

Using the cross sections before cuts in Table 6.10 resulted in a QCD-EW interference uncertainty

of 2% for all channels.

The interference between the EW background and Higgs boson was determined by generating this

background with and without a Higgs boson. The interference effects between the EW background

processes and Higgs processes were calculated by dividing the cross sections of these processes, as

shown below:

(
σEW without Higgs + σHiggs − σ EW with Higgs

σ EW with Higgs

)
· 100. (6.42)

The resulting uncertainties are shown in Table 6.11 for Higgs masses ranging from 125 to 600

GeV. Table 6.11 shows the Higgs interference uncertainties after the VBF like selection for the ee

channel, but similar results were obtained for the µµ and eµ channels. The uncertainty due to

the interference between the Higgs and the EW background is taken for a Higgs mass of mH =
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125 GeV before the VBF phase space cuts. There is no interference between the Higgs and the

WW+2 jets QCD sample.

The scale, generator and interference uncertainties are summarized in Table 6.12 for the WW + 2

jets EW and QCD samples.

Higgs Mass (GeV) Before Cuts After Cuts
125 1.17% 0.35%
150 6.44% 3.50%
300 0.27% 1.81%
600 0.72% 1.92%

Table 6.11: Uncertainties on the interference between the EW background and the Higgs boson signal,
before and after loose VBF cuts. The uncertainties are shown for the ee channel, but similar results for
the µµ and eµ channels were obtained. Calculated by N.Ilic.

Sample Source Normalization BDT Shape

EW WW+2j

Generator modelling - [16%, 12%, 10%]
QCD-EW interference 2% -
Higgs-EW interference (at mH = 125 GeV) 1.2% -
PDF 3% -
QCD scale 3% -

QCD WW+2j

Generator modelling - [-14%, -8%, 12%]
PDF 4% -
QCD Scale 13% -
Generator Overall Yield 27% -

Table 6.12: Summary of theory uncertainties for the WW + 2 jets EW and QCD backgrounds in the
VBF BDT analysis. Calculated by N.Ilic.

The scale uncertainty on the WW + 2 jets EW sample at mH = 125 GeV before VBF cuts,

interference uncertainty between the EW and QCD processes, and interference uncertainty between

the EW and Higgs processes are summed in quadrature and denoted by [QCDscale VV BDT 2j]

in Table 6.13. For the WW + 2 jets QCD sample, the scale uncertainty is already accounted for

in the modelling uncertainty.

Top Uncertainties in the 0-jet Channel The uncertainties on the top background in the 0-jet

channel are a combination of the uncertainties on αtop and fMC. Since the same samples are used to

calculate the uncertainties on αtop and fMC, there is a correlation between them. In order to account for

this, the uncertainty on the product of the two correction factors is calculated for each of the sources. The

uncertainties on the αtop × fMC due to scale, PDF, generator, hadronization/parton shower, variations

of the single-top cross section and interference between top samples are calculated. They are summed

in quadrature and referred to as [TOP SCALEF THEO 0j] in Table 6.13. The statistical uncertainty on

αtop×fMC is called [TOP SCALEEF STATS 0j] in Table 6.13. In addition the effect of non-top samples

on fMC is calculated and denoted by [TOP SCALENONTOP 0j] in Table 6.13. The calculation of each

uncertainty is described below.

1. Uncertainties on αtop: The top 0-jet background is predicted from a control region and thus

has uncertainties on the extrapolation factor αtop. The uncertainties on αtop are due to differences
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in PDFs, scale variations, generator and hadronization/parton shower models, variations in single

top cross section and interferences between single top and tt̄ processes.

The scale uncertainty is derived in mc@nlo by varying the scales from 1/2 to 2. The PDF un-

certainties are derived by comparing the ct10 PDF to mstw2008 and nnpdf2.3, as well as using

ct10 PDF eigenvectors. The generator and parton shower uncertainties are calculated by com-

paring mc@nlo+herwig to powheg+herwig samples, as well as alpgen+herwig samples to

mc@nlo+herwig.

In addition to the scale, PDF and PS uncertainties, the single top cross section is also varied by

±30% in order to evaluate its effect on αtop. These uncertainties are required since the single top

and tt̄ processes are estimated together, and they would otherwise be overlooked. The interfer-

ence between single top and tt̄ processes is calculated by using the diagram removal or diagram

subtraction scheme. When generating Wt events, the diagram removal scheme removes NLO Wt

diagrams that are doubly resonant, while the subtraction scheme modifies the NLO Wt cross sec-

tion by using a subtraction term that cancels the tt̄ contribution.

The shape of the top background does not change significantly when the variations described in

this section are made.

2. Uncertainties on fMC: Theoretical uncertainties are calculated on the MC correction factor

fMC =
PMC

2

(P b-tag, MC
1 )2

. The uncertainties are calculated in the same manner as the uncertainties on the

extrapolation factor. They take into account the PDF, scale, generator and hadronization/parton

shower model, the relative single top cross section variation, and the tt̄/Wt interference.

Top Uncertainties in the 1-jet Channel The uncertainties on the top contribution in the 1-jet

channel consist of uncertainties on the correction factor, fcorrection, and uncertainties on the extrapolation

factor, αtop. These uncertainties are described below.

1. Uncertainties on fcorrection: Since the correction factor is derived from MC simulation, there

are theoretical uncertainties associated with it. The uncertainties on the matrix element, PDF,

scale, parton shower, single top interference, and single top cross section are evaluated and added

in quadrature to give a final uncertainty on fcorrection. The procedure followed to obtain these

uncertainties is similar to the one used in the calculation of the top 0-jet uncertainties. The

uncertainty on the correction factor is referred to as [btag21j extrap] in Table 6.13.

2. Uncertainties on αtop: Since the top background is extrapolated into the same-flavour channels,

as well as the WW CR, there are four extrapolation factors calculated. The extrapolation uncer-

tainties are calculated by considering variations in the QCD scale, PDF, UEPS and matrix-element

calculations. The scale uncertainties are calculated by varying the scale in mc@nlo. The PDF un-

certainties are calculated by summing in quadrature the comparison of the nominal ct10nlo PDF

to mstw2008nlo and the variation of eigenvectors of the ct10nlo PDF. The UEPS uncertain-

ties are obtained by comparing powheg+herwig to powheg+pythia. The uncertainties on the

matrix-element calculations are obtained by comparing mc@nlo+herwig to powheg+herwig.

The uncertainties on extrapolation are shown in Table 6.13, and referred to as [TOP SCALE, TOP

PDF, TOP PS, TOP ME].
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Top Uncertainties in the ≥ 2-jet ggF Channel The top background in the ≥ 2-jet ggF channel

is estimated from a control region and thus the associated extrapolation uncertainties are calculated, as

described below.

1. Uncertainty on αtop: The top background in the ≥ 2-jet region is calculated from a control

region and has uncertainties on the extrapolation factor. The uncertainty on the extrapolation

factor is calculated by taking into account the scale, PDF, UEPS and generator differences. The

scale uncertainty is calculated by varying the scales in mc@nlo+herwig. The PDF uncertainty

is obtained from the sum in quadrature of ct10 eigenvectors and the difference between ct10

and mstw predictions. The UEPS uncertainty is obtained by comparing mc@nlo+herwig and

powheg+pythia. The generator uncertainty, which takes into account the matrix level differ-

ences, is obtained by comparing the mc@nlo and powheg generators. These uncertainties are

called [TOP Scale, TOP PDF, TOP PS, TOP ME] in Table 6.13.

Top Uncertainties in the ≥ 2-jet VBF Channel The top background in the ≥ 2-jet VBF channel

is estimated from a control region and thus the associated extrapolation uncertainties are calculated, as

described below.

1. Uncertainties on αtop: The uncertainties on the extrapolation factor are calculated to account

for differences in generators between matrix-element generation, QCD scale, parton shower and

PDF sets. Matrix-element-level uncertainties are obtained from an mc@nlo and alpgen compar-

ison. The PDF and shower uncertainties are neglected since they are smaller than the statistical

uncertainties of the MC sample. The sum in quadrature of these uncertainties is called [TOP

THEO BDT 2j] in Table 6.13.

DY Uncertainties in the 0- and 1-jet Different-Flavour Channels The Z → ττ process is the

dominant DY background in the DF channels and is estimated from a control region. Thus there are

extrapolation uncertainties calculated on it.

1. Uncertainties on αZ→ττ : The Z → ττ background is calculated from a control region in all

channels. Since there is DY contamination in the WW CR, the extrapolation uncertainties are

calculated there as well. The scale uncertainties are evaluated by varying the dynamic scale in

alpgen. The PDF uncertainty was calculated by comparing the nominal cteq6lo PDF set to

ct10, mstw2008, and nnpdf2.3, along with eigenvector variations in ct10. The UEPS uncer-

tainty is computed by comparing the alpgen generator showered with herwig to pythia 6, after

the samples are re-weighted to correct for p``T mis-modelling. In Table 6.13 the scale, PDF, and

UEPS uncertainties on the extrapolation factor are called [ZTAUTAU SCALE, ZTAUTAU PDF,

and ZTAUTAU MODELING], respectively.

In addition to the scale, PDF and UEPS uncertainties, the extrapolation factor also contains un-

certainties on the p``T weights. As explained in Chapter 4, the mis-modelling of the p``T spectrum in

alpgen is corrected for by applying weights derived from data to MC ratios in a Z peak region.

The weights depend on the cuts applied on m`` and MET. Thus the systematic uncertainty is

quoted as the effect of changing the m`` and MET cuts in the Z-peak region. These uncertainties

are called [ZTAUTAU PTZREW], and are shown in Table 6.13.

The uncertainty on p``T re-weighting is computed by comparing the distributions in alpgen+pythia 6
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Bkg Uncertainty on Source Reference Name Size (%)

All σ PDF pdf qq 0.3 - 0.4

WW

σ PDF pdf gg 0.4

αWW, 01j

scale QCDscale VV ACCEPT 0.71 - 3.2 vs SR

PDF pdf qq/gg ACCEPT 0.44 - 1.1 vs SR

EW correct WW EWCorr HWW 0.14 - 2.8 vs SR

αWW, 01j & generator WW MTSHAPEMATCHING 0.44 - 5.6 vs SR

mT,01j shape PSUE WW MTSHAPEPSUE 1.0 - 3.6 vs SR

mT, 01j shape scale WW MTSHAPESCALE < 20 vs SR/CR

αWW, 01j qq̄ to gg extrap ggWW XS 26

WW+2 j EW
modelling mT shape EW MODEL VV BDT 2j 16/12/10 vs SR

scale/int QCDscale VV BDT 2j 10

WW+2 j QCD
modelling mT shape QCD WW Modelling BDT 2j -14/-8/12 in vs SR

modelling QCDscale VV2in BDT 2j 27

top

αtop, 0j × fMC

scale/PDF/PS/int TOP SCALEEF THEO 0j 4.0 - 5.7 vs SR/CR

statistics TOP SCALEEF STATS 0j 2.3 vs SR/CR

non-top TOP SCALEEF NONTOP 0j 2.7 vs SR/CR

fcorr, 1j scale/PDF/PS/ btag21j extrap 0.8

αtop, 1j

scale TOP SCALE 0.6 - 1.1 vs SR/CR

PDF TOP PDF 0.08 - 0.12 vs SR/CR

generator TOP ME 2 - 2.4 vs SR/CR

PS TOP PS 1.8 - 3 vs SR/CR

αtop, 2j ggF

scale TOP Scale 0.6 - 1 vs SR/CR

PDF TOP PDF 0.08 - 0.3 vs SR/CR

UEPS TOP PS 1.2 - 3 vs SR/CR

generator TOP ME 2 - 3.2 vs SR/CR

αtop, VBF scale/PDF/gen. TOP THEO BDT 2j HWW 10 - 21 vs SR/CR

DY αZ→ττ, 012j

scale ZTAUTAU SCALE 1.6 - 10.3 vs SR/CR

PDF ZTAUTAU PDF 1.4 - 2.1 vs SR/CR

PS ZTAUTAU MODELLING 2 - 8 vs SR/CR

p``T weight ZTAUTAU PTZREW 16 - 19 vs SR/CR

MC statistics ZTAUTAU PYTHIAMCSTAT 16 - 19 vs SR/CR

Wγ∗

k-factor scale QCDscale VV 7.5

C scale

WgsJetBin0 6.5

WgsJetBin1 30

WgsJetBin2 26

acceptance PDF pdf Wgs ACCEPT HWW 3

mT shape scale Wgs MTscale –

Wγ

k-factor scale QCDscale VV 6.1

σ scale

QCDscale Wg ACCEPT0j 9

QCDscale Wg ACCEPT1j 53

QCDscale Wg ACCEPT2j 100

acceptance PDF pdf Wg ACCEPT HWW 3

Zγ∗/ZZ k-factor scale QCDscale VV 5

Table 6.13: The uncertainties on the backgrounds for the 8 TeV analysis. Many uncertainties depend on the
control and signal region they are applied to, which is denoted by vs SR/CR.
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and alpgen+pythia 8. This uncertainty is found to be smaller than the MC statistical uncer-

tainty on the sample. Thus the MC uncertainty is the only one applied and denoted by [ZTAUTAU

PYTHIAMCSTAT] in Table 6.13.

Uncertainties on non-WW Di-bosons The sum of non-WW di-boson backgrounds is normalized

using a same-charge control region. However theoretical uncertainties are not needed on the extrapolation

factor, αV V , since the same-charge control region and signal regions are created using the same selection

criteria. The only difference between the phase space of these two regions is that one contains same-

charge leptons, while the other contains opposite-charge leptons. The relative compositions of non-WW

di-boson backgrounds are taken from MC simulation, and thus MC-related systematic uncertainties

must be applied to each background. The MC-related systematic uncertainties are described for each

non-WW di-boson background below.

Uncertainties on Wγ∗ The theoretical uncertainties calculated on the Wγ∗ background include the

uncertainties on the k-factor, jet re-weighting, acceptance and mT shape.

1. k-factor: The Wγ∗ sample is generated in sherpa and corrected to NLO calculations with mcfm.

The scale uncertainty on the k-factor takes into account the cross section uncertainty, and is named

[QCDscale VV] in Table 6.13.

2. Jet re-weighting: The modelling of the jet multiplicity in the sherpa ≤ 1 parton sample can

be improved by re-weighting it to a Sherpa ≤ 2 parton sample. The jet re-weighting factors, C,

have uncertainties on them, which are calculated by varying the µF scales in each jet bin. The

uncertainties on C are referred to as [WgsJetBin0, WgsJetBin1, WgsJetBin2] in Table 6.13.

3. Acceptance: The acceptance uncertainties are negligible compared to the uncertainties on the jet-

reweighting. The PDF acceptance uncertainties on the k-factor have not been explicitly calculated

but are expected to be ∼ 3%, and are denoted by [pdf Wgs ACCEPT HWW] in Table 6.9.

4. mT shape: The uncertainties on the mT shape of the Wγ∗ samples are evaluated by varying the

scale, as well as by comparing the sherpa ≤ 1 parton and ≤ 2 parton samples. These uncertainties

are called [Wgs MTscale] in Table 6.13.

Uncertainties on Wγ The uncertainties on Wγ include the uncertainties on the k-factor, per bin

cross section and acceptance.

1. k-factor: The Wγ events are simulated by the LO generator, alpgen, and corrected to the NLO

generator mcfm. The uncertainty on the k-factor is calculated by varying the µF and µR scales

in mcfm. The scale uncertainty on the k-factor is referred to as [QCDScale VV] in Table 6.13.

2. Cross section uncertainties for each jet bin: The change in the cross section of Wγ due to

scale variations is calculated for each jet bin. The µF and µR scales are varied and the effect of the

acceptance on σ≥0 and σ≥1 jet bins is observed. Here, σ≥0 (σ≥1) is the cross section for processes

with ≥ 0- (1-) jets. This method is referred to as the Stewart-Tackman procedure and provides a

more reliable uncertainty estimate than scale variations on the total cross section [143]. These jet

bin scale uncertainties are calculated by assuming that uncertainties on inclusive multi-jet cross

sections are uncorrelated, and can be modelled by σ0 = σ≥0 − σ≥1 and σ1 = σ≥1 − σ≥2. Since
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mcfm is an NLO generator that is not able to calculate σ≥2, the individual sum of events with

up to five partons in the final state is used to estimate this cross section. These uncertainties

are called [QCDscale Wg ACCEPT0j, QCDscale Wg ACCEPT1j, QCDscale Wg ACCEPT0j] in

Table 6.13.

3. Acceptance: Most acceptance uncertainties are negligible compared to the jet bin uncertainties.

The acceptance uncertainties due to PDF variations are not explicitly calculated, but are expected

to be ∼ 3%, and appear as [pdf Wg ACCEPT WW] in Table 6.13.

Uncertainties on Zγ∗/ZZ The uncertainties on the Zγ∗/ZZ are due to uncertainties on the k-factor.

1. k-factor: The Zγ ∗ /ZZ sample was generated in sherpa and corrected to the cross section ob-

tained from mcfm. The uncertainties on the k-factor are calculated by performing scale variations

in mcfm. They are referred to as [QCDscale VV] in Table 6.13.

6.3.3 Uncertainties on Data-Driven Methods

The W+jets and Z → ee/µµ backgrounds are estimated using data-driven methods. The uncertainties

on these backgrounds are described in this section.

6.3.3.1 Fake Factor Uncertainties in W+jets and Multi-jet Estimate

The uncertainties on the fake factors are neither fully experimental nor theoretical uncertainties since the

multi-jet and W+jets estimations are partially derived from data. The fake factor uncertainties are due

to a combination of effects observed in data and MC simulation. The main sources of uncertainty are the

differences in the fake factors between the W+jets and Z+jets/multi-jet samples, the effects of pileup,

and the effect of real lepton contamination in the di-jet control sample. The statistical uncertainties on

the MC samples used in calculating the fake factors are also included. The MC simulation is used only

for the subtraction of backgrounds that are not estimated using the fake factor method, such as for the

electroweak background. The uncertainties on the fake factors are derived separately for electrons and

muons as a function of lepton pT .

Multi-jet Uncertainty (Di-jet Fake Factor) The uncertainties on the di-jet fake factor mostly

affect the multi-jet background estimate. These uncertainties include the differences between the di-jets

and Z+jets samples, the effects of pileup, the electroweak lepton contamination in the di-jet sample and

statistics of MC samples. These uncertainties are described below.

1. W+jets and di-jet difference: The di-jet fake factors are applied to the W+jets sample, and

the differences between the fake factors in the two samples are quoted as an uncertainty. The

differences originate from different jet kinematics and different heavy flavour fractions in the two

samples. This is estimated by comparing the fake factors in the pythia 8 di-jet sample and

alpgen+pythia 6 W+jets sample. The difference is evaluated as a function of lepton pT . The

electron fake factors differ by up to 60%, while the muon fake factors differ by up to 40%.

2. Pileup: The effects of pileup are accounted for by calculating the fake factor as a function of µ.

This uncertainty is calculated as a function of lepton η and pT and is less than 10%.
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3. Lepton contamination subtraction: The effects of leptons from W/Z bosons contaminating the

di-jet control sample is calculated as an uncertainty. This contamination is estimated by varying

the number of W/Z events that are subtracted from the di-jet sample. This uncertainty is derived

as a function of lepton pT .

Since the leading uncertainty on the di-jet fake factor is due to the differences between W+jets and

di-jets samples, the di-jet uncertainties on the multi-jet samples are grouped into three main categories,

neglecting differences between e and µ final states. The uncertainty due to the W+jets and di-jets sample

differences is called [FakeRateCorr QCD HWW], the uncertainty due to pileup and lepton contamination

subtraction is called [FakeRateOther QCD HWW], and the uncertainties due to MC statistics are called

[FakeRateStat QCD HWW]. These uncertainties are shown in Table 6.13.

W+jets Uncertainty (Z+jets Fake Factor) The biggest uncertainty on the W+jets contribution

is due to the uncertainty on the fake factor. The uncertainties on the fake factor are derived from the

differences in the W+jets and Z+jets sample, the effects of pileup, real W/Z lepton contamination in

the Z+jets sample, and statistics of MC samples. These uncertainties are described below.

1. Differences between the Z+jets and W+jets samples: The Z+jets fake factor is applied

to the W+jets sample. The ratio of the W+jets and Z+jets fake factor is calculated in alp-

gen+pythia, alpgen+herwig and powheg+pythia8. The largest lower and upper deviation

from unity is taken as the uncertainty on the W+jets fake factor. The opposite-charge and same-

charge fake factors need to be properly correlated since they are also used when estimating the

non-WW di-boson background in the same-charge control region. The opposite-charge and same-

charge factors are not fully correlated since the opposite-charge and same-charge samples do not

have the same composition; however they are also not uncorrelated since they contain the same pro-

cesses. Thus the uncertainty is split into correlated and uncorrelated components. The correlated

part describes the W + bb̄ processes that are similar between opposite-charge and same-charge

events, while the uncorrelated part describes the W + c processes, which mainly appear in the

opposite-charge sample.

2. Pileup: As with the uncertainty on the di-jet fake factor, the variation of the fake factor as a

function of µ is used as a pileup uncertainty.

3. Lepton contamination subtraction: The number of leptons from W/Z events subtracted from

the Z+jets sample is varied in order to obtain the uncertainty due to lepton contamination.

The uncertainties due to W+jets and Z+jets differences are called [FakeRate EL/MU Uncorrl OC,

FakeRate EL/MU Corrl OC, FakeRate EL/MU Uncorrl SC, FakeRate EL/MU Uncorrl SC], where for

example [FakeRate EL/MU Uncorrl OC] describes the uncorrelated component of the e/µ opposite-

charge fake factor. The uncertainties on the pileup and lepton contamination are called [FakeRate

EL/MU Other HWW]. The statistical uncertainties on the fake factors are called [FakeRate EL Stat].

All of the uncertainties depend on the lepton pT . These uncertainties are shown in Table 6.14.

6.3.3.2 Pacman Uncertainties in DY Estimate

The same-flavour channels use the Pacman method, which contains uncertainties on the cut efficiencies.

The εnon-DY and εnon-DY
Z -peak efficiencies are measured using different-flavour events and applied to same-
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Background Uncertainty on Source Reference Name Size (%)

multi-jet fdi-jet

sample diff. FakeRateCorr QCD < 60 (40) for e(µ)

pileup/` cont. FakeRateOther QCD 1.8-4.2

statistics FakeRateStat QCD 0.5-5.0 vs pT

W+jets

fe,Z+jets

sample diff.

FakeRate EL Uncorrl OC ∼ 16

FakeRate EL Uncorrl SC ∼ 30

FakeRate EL Corrl ∼ 11

pileup/` cont. FakeRate EL Other HWW included in?

statistics FakeRate EL Stat 5-8 for OC/SC

fµ,Z+jets

sample diff.

FakeRate MU Uncorrl OC ∼ 17

FakeRate MU Uncorrl SC ∼ 47

FakeRate MU Corrl ∼ 13

pileup/` cont. FakeRate MU Other HWW N/A

statistics FakeRate MU Stat 8-14 for OC/SC

DY pacman

εnon-DY SF/DF diff. PM EFF f recoil NDY SR 0.8-2.0 vs SR/CR

εnon-DY
Z-peak SF/DF diff. PM EFF f recoil NDY ZP 1.9-4.5 vs SR/CR

εDY high/low m`` diff. PM EFF f recoil DY 5.1-32 vs SR/CR

DY ABCD

BDT generator

ZLEPLEP ABCD BDT0 2j 4

ZLEPLEP ABCD BDT1 2j 10

ZLEPLEP ABCD BDT2 2j 60

2 BDT bins scale/PDF/PS QCDscale ZLEPLEP ABCD 2j 11

MET Cut statistics ZLEPLEP ABCD METEFF 2j 18

Table 6.14: The uncertainties for data-driven backgrounds for the 8 TeV dataset. The vs SR/CR
notation represents that many uncertainties depend on the signal and control region to which they are
applied. The diff and cont represent condensed notation for difference and contamination.



Chapter 6. The H →WW ∗ Search Strategy 132

flavour events. In order to account for the differences that might exist in the different- and same-flavour

events, uncertainties are calculated by comparing the two samples in MC simulation. The uncertainty

on εnon-DY is evaluated as the ratio of the efficiencies in non-DY same-flavour events to opposite flavour

events in the low-m`` region. The statistical uncertainty on the MC samples is also calculated and the

final systematic is denoted by [PM EFF f recoil NDY SR0j, PM EFF f recoil NDY SR1j] in Table 6.14.

Similarly, the uncertainty on εnon-DY
Z -peak is calculated by taking the ratio of the efficiencies of non-DY events

in same-flavour and opposite flavour samples in the Z-peak region. Together with the MC statistical

uncertainty, this term is called [PM EFF f recoil NDY ZP0j, PM EFF f recoil NDY ZP1j] in Table 6.14.

The uncertainty on εDY is also calculated in order to account for the extrapolation of the Z-peak

region to the low-m`` region. This uncertainty is evaluated by calculating the ratio between the frecoil

efficiencies in the Z-peak region and the low-m`` regions. The ratio is calculated in alpgen+herwig

and alpgen+pythia, and the larger of the two is taken as the uncertainty. Together with the MC

statistical uncertainty, these uncertainties are named [PM EFF f recoil DY0j, PM EFF f recoil DY1j] in

Table 6.14.

6.3.3.3 ABCD Method Uncertainties in DY Estimate

The uncertainties on the DY estimate in the ≥ 2-jet VBF channel are due to differences in the bin-by-bin

BDT shape distribution, as well theory uncertainties on the last two BDT bins. The ABCD method

is data-driven but theory uncertainties are needed since the last two BDT bins are normalized with

the same normalization factor. The theory uncertainties due to scale variations, parton shower, and

PDF sets are considered. These variations were performed in sherpa for the last two BDT bins. The

uncertainty in the most sensitive bin is applied, and is referred to as [QCDscale ZLEPLEP ABCD 2j] in

Table 6.14.

The differences in the BDT shape are calculated by comparing alpgen+herwig to alpgen+pythia.

These uncertainties are calculated for each BDT bin and denoted by [ZLEPLEP ABCD BDT0 2j, ZLE-

PLEP ABCD BDT1 2j, ZLEPLEP ABCD BDT2 2j] in Table 6.13. The statistical uncertainty on the

efficiency of the MET cut is also calculated and denoted by [ZLEPLEP ABCD METEFF 2j] in Table 6.14.

6.4 Modifications for 7 TeV Data Analysis

The treatment of the 7 TeV data contains several differences with respect to the 8 TeV data. The

two data sets are treated differently since they have different pileup conditions and different signal to

background ratios. The 0- and 1-jet channels in the 7 TeV data are treated the same as in the 8 TeV

data. One of the primary differences between the 7 and 8 TeV data is that in the 7 TeV data, the ≥2-jet

channel only considers VBF production. Using the 7 TeV data, the VBF different-flavour analysis uses

a BDT method, and uses a two bin BDT score as the final discriminant. The 7 TeV VBF same-flavour

analysis uses a cut-based analysis, similar to the 0- and 1-jet channel since there are not enough statistics

for a BDT method.

Other differences in the treatment of 7 and 8 TeV data include object definitions, kinematic selections

and background estimation techniques. Single leptons triggers were used to select the 7 TeV data. The

triggers use a muon pT cut of 18 GeV and electron cut of 20 or 22 GeV, depending on the data taking

period. The same muon identification criteria are used as for the 8 TeV analysis. The electrons are

identified using the tight cut-based selection without a GSF fit. Tighter isolation criteria are required
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since, due to lower statistics, it is more difficult to estimate backgrounds with mis-identified leptons in

the 7 TeV data. The jet identification and selection criteria are the same as for the 8 TeV data. However,

lower pileup levels in the 7 TeV data allow for the increase of the JVF cut to 0.75 in order to reject more

background while maintaining similar signal yields.

The lower pileup levels allow for looser selection criteria for the 7 TeV data than the 8 TeV data.

The EmissT cut in the same-flavour channel is lowered to 35 GeV, while the p
miss(trk)
T cut is not used.

The lower MET cuts are compensated for by a higher cut on p``T of 40 GeV in the 0-jet channel, and

the addition of a p``jT > 35 GeV cut in the 1-jet channel. The frecoil cut is reduced to 0.2 (0.5) in the 0-

and 1-jet channels.

There are a few differences in the background estimations between the 7 TeV and 8 TeV data. The

W+jets background estimation uses a multi-jet fake factor instead of a Z+jets fake factor. The non-WW

di-boson backgrounds are estimated from MC simulation since there is not a sufficient number of events

in the 7 TeV data to construct a same-charge control region.

The experimental uncertainties on the 7 TeV data are obtained using the same techniques as for the

8 TeV data. The uncertainties on the data-driven backgrounds are also calculated for the 7 TeV data

using the same methods as for the 8 TeV data. The theoretical uncertainties on the extrapolation factors

for WW , top and Z/γ∗ → ττ derived for 8 TeV data are applied to the 7 TeV data.
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Statistical Analysis Techniques

The data collected are tested against MC predictions the using frequentist statistical method. Tests

are performed to quantify the compatibility of the data and MC simulation by minimizing a profile

likelihood ratio [147]. The mT distribution and BDT score, in the case of the VBF analysis, are used

as the discriminating variables in the signal and control regions. The construction of the likelihood

ratio is described in Section 7.1, the definition of the test statistic and fitting procedure is described in

Section 7.2, the construction of the probability distribution function of the test statistic is explained in

Section 7.3, and the method for obtaining results and interpreting them is described in Section 7.4.

7.1 The Likelihood Definition

The likelihood function is defined as

L(µ̂, θ) =

flavours
jets∏

P (Nobs, µ̂N
sig
SR +Nbkg

SR )×
θ∏
N(θ̃|θ). (7.1)

In equation 7.1, P (Nobs, µ̂N
sig
SR+Nbkg

SR ) represents the information contained in the signal regions. It is the

Poisson probability of getting an observed number of events, Nobs, given that there are a µ̂N sig
SR number

of signal events, and Nbkg
SR number of backgrounds events in the signal region. The Nbkg

SR represents the

sum of the NWW
SR , N top

SR , N
V V
SR , NW+jets

SR , Nmulti-jet
SR , NZ→ττ

SR and N
Z→ee/µµ
SR values, which are predicted by

the estimation techniques described in Chapter 6. The µ̂ is a scaling factor that represents the strength

of the hypothesized signal of the theory being tested. It is called a parameter of interest and is extracted

from the fitting procedure. The Poisson probability is calculated for each jet multiplicity and lepton

flavour in the analysis and then a product is taken of these variables.

Each individual Poisson probability is a product of the Poisson probabilities calculated in each bin

of the analysis, as shown below:

P (Nobs, µ̂N
sig
SR +Nbkg

SR ) =

Nbins∏
i=1

(µ̂N sig
SR,i +Nbkg

SR,i)
ni

ni!
e−(µ̂Nsig

SR,i+N
bkg
SR,i). (7.2)

In the above equation Nbins is the number of bins and N sig
SR,i and Nbkg

SR,i are the number of signal and

background events, respectively, in each bin.

134
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The numbers of background and signal events are constrained by information extracted outside of

the signal region, such as control region measurements, theoretical calculations or detector performance

studies. Such measurements are called supporting, or auxiliary, measurements and are represented by

N(θ̃|θ) in equation 7.1. The nuisance parameters, given by θ, represent systematic uncertainties that

reflect the fact that the signal and background yields cannot be known with absolute certainty due to

theoretical and experimental limitations. The θ̃ variable is known as a global observable and represents

the events in the supporting measurement.

The functional form of N(θ̃|θ) depends on the type of systematic uncertainty it represents. There

are four general cases outlined below.

7.1.1 Control Region

One example of an auxiliary measurement involves using a control region to estimate the number of

background events in the signal region. In this case, the number of background events in the signal region

is estimated by normalizing the MC background to the data in the control region: Nbkg
SR = µ̂bkgN

bkg, MC
SR .

The normalization factor, µ̂bkg, is extracted by fitting the number of simulated background events,

Nbkg, MC
CR , to the number of data events observed in the control region, Nobs, CR. It represents the µ̂WW ,

µ̂top, µ̂V V and µ̂Z→ττ values, introduced in the background estimation section. The hat denotes the fact

that these normalization factors are obtained by fitting the data in the MC during the fitting procedure.

In this case N(θ̃|θ) has the Poisson distribution

N(θ̃|θ) = P (Nobs, CR|µ̂bkgN
bkg, MC
CR (µ̂bkg)) =

Mbins∏
j=1

(µ̂bkg,jN
bkg, MC
CR,j (µ̂bkg,j))

mj

mj !
e−µ̂bkg,jN

bkg, MC
CR,j (µ̂bkg,j).

(7.3)

The Poisson distribution is calculated for each bin in the control region and multiplied over all bins for

Mbins bins. In each bin, the number of MC events in a control region, Nbkg,MC
CR,j , is dependant on the

number of signal events in the control region, µ̂jN
sig
CR,j , the number of events targeted by the control

region, µ̂bkg,jN
bkg,MC
CR, target,j , and the number of events from other background contamination, Nbkg

CR, other,j ,

as shown below:

Nbkg, MC
CR,j (µ̂bkg) = µ̂jN

sig, MC
CR,j + µ̂bkg,jN

bkg, MC
CR, target,j +Nbkg

CR, other,j . (7.4)

The number of the other backgrounds in the control regions is obtained from the estimation techniques

described in the background section.

7.1.2 Normalization Uncertainties

When a systematic uncertainty affects only the normalization of the mT distribution, N(θ̃|θ) is described

by a unit Gaussian distribution, as shown below:

N(θ̃|θ) = G(θ̃|θ, 1). (7.5)

The parametrization of the uncertainty is chosen such that θ = 0 corresponds to the nominal value

of the uncertainty. The up and down variations of the systematic uncertainty are parametrized by

θ = ±1 and correspond to the ±1σ values of the Gaussian function. For example, if the source of the
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systematic uncertainty is the jet energy scale which is measured to within a ±3% uncertainty, θ = 0

would correspond to the simulated signal and background events with the nominal jet energy scale, while

θ = ±1 ,would correspond to the event yields when the jet energy scale is varied by ±3%.

The effects that the systematic uncertainties have on the expected number of signal and background

events are modelled by equations 7.6 and 7.7 respectively:

N sig, MC(
−→
θ ) = N sig, MC

0

Nsyst∏
k

(1 + εk)θk (7.6)

Nbkg, MC(
−→
θ ) = Nbkg, MC

0

Nsyst∏
k

(1 + εk)θk . (7.7)

In equations 7.6 and 7.7, N sig,MC
0 and Nbkg,MC

0 are the MC signal and background yields corresponding

to the nominal values of the nuisance parameters, assuming there is no systematic uncertainty on them.

The different members of the ~θ vector represent all of the different sources systematic uncertainties. In

order to obtain the changes in the yields when the systematic term is varied within its uncertainty, the

nominal values are varied by (1+ε)θ. A graphical representation of this is shown on the left of Figure 7.1.

The variations are performed for each systematic uncertainty k, for Nsyst uncertainties. The (1 + ε)θ

term is also known as the response function: ν(θ) = κθ. Each εκ is calculated by setting θ = ±1 and

rearranging equations 7.6 and 7.7, as shown in equations 7.8 and 7.9:

εk+
N sig, MC

0,k +Nbkg, MC
0,k

N sig, MC
k (1) +Nbkg, MC

k (1)
− 1 (7.8)

εk−
N sig, MC

0,k +Nbkg, MC
0,k

N sig, MC
k (−1) +Nbkg, MC

k (−1)
− 1. (7.9)

A few examples of normalization uncertainties include experimental uncertainties such as the jet

energy scale, jet energy resolution and electron/muon resolution.

7.1.3 Shape Uncertainties

When a systematic uncertainty changes the shape of the mT distribution, N(θ̃|θ) is described by a unit

Gaussian distribution, as shown in equation 7.5. The change to nominal signal and background yields

in all regions, N sig
0 and Nbkg

0 , due to the systematic uncertainties is described by

N sig(
−→
θ ) = N sig

0

Nsyst∏
k

(1 + εkθk) (7.10)

Nbkg(
−→
θ ) = Nbkg

0

Nsyst∏
k

(1 + εkθk). (7.11)

In the above equations, each εk is calculated by setting θ = ±1. The response function is different from

the one used for normalization uncertainties because of the historical evolution of the software frame-

work used for the statistical analysis: RooFit [148]. Previously RooFit could not properly perform the

integration required to normalize the (1 + ε)θ, so the (1 + εθ) approximation was adopted. The two
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schemes give equivalent results to first order when systematic uncertainties are small.

Most uncertainties, including those for the electron efficiency, b-tagging and trigger, have a shape

component as well as a normalization component. The only example of a shape-only systematic uncer-

tainty is the mT shape of the WW distribution.

7.1.4 Statistical Uncertainties

Statistical uncertainties are modelled by a Poisson distribution, as shown below:

N(θ̃|θ) = P (θ̃|θM). (7.12)

In equation 7.12, M is the nominal value of θ̃. For example, in the case of MC statistical uncertainties,

M is the number of MC events. The nominal signal and background yields are affected by the statistical

uncertainties, as shown in equations 7.13 and 7.14:

N sig, MC(
−→
θ ) = N sig, MC

0

Nsyst∏
k

θk (7.13)

Nbkg, MC(
−→
θ ) = Nbkg, MC

0

Nsyst∏
k

θk. (7.14)

7.2 The Test Statistic and Fitting Procedure

The likelihood on its own does not provide useful information since it is arbitrary up to a multiplicative

constant. Thus ratios of likelihoods are used to test one hypothesized theory against another. For

example, the likelihood ratio λ = L(N |H0)
L(N |H1) can be used to distinguish between the null hypothesis, H0,

and the alternative hypothesis, H1, given dataset N . The motivation for using a ratio of likelihoods,

as opposed to other functions of the data, is that the ratio has the highest statistical power according

to the Neyman-Pearson lemma [149]. In this case, separation power is defined as the probability of

rejecting the null hypothesis when the null hypothesis is false.

Two commonly used definitions of the likelihood ratio for LHC experiments are shown in equations

7.15 and 7.16:

λ(µ) =
L(µ,

ˆ̂
θ)

L(µ̂, θ̂)
(7.15)

λ̃(µ) =


L(µ,

ˆ̂
θ(µ))

L(µ̂,θ̂)
, µ̂ > 0

L(µ,
ˆ̂
θ(µ))

L(0,
ˆ̂
θ(0))

, µ̂ ≤ 0
. (7.16)

To compare two hypotheses, the data are fitted to the MC simulation by maximizing the likelihood

ratio. Instead of maximizing the likelihood ratio in equation 7.15, its logarithm is minimized since this

is mathematically equivalent but computationally easier. Thus the test statistic is defined as

tµ = −2 lnλ(µ) = −2 ln
L(µ,

ˆ̂
θ)

L(µ̂, θ̂)
. (7.17)
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Figure 7.1: Before the fit (left): A visual representation showing the boundaries in which the signal and
background yields are allowed to vary during the fitting procedure. The red line represents the nominal
signal yield, while the pink band represents the bounds in which the signal yield can vary to best fit the
black data points. The purple represents the background, and the yellow bands represent the bounds
within which the MC background yields can vary. After conditional fit (middle): The signal yield is
fixed, while the background varies within its statistical uncertainty (yellow band) to best fit the black
data points. After unconditional fit (right): The signal and background vary within their statistical
uncertainties (pink and yellow bands) to best fit the black data points.

The fit is performed twice, once in the numerator in equation 7.17, and once in the denominator. In

the numerator the value of the signal strength, µ, is kept fixed to the value being tested. The tested values

are usually 0, corresponding to the absence of a signal, and 1, corresponding to the signal predicted by the

SM. The signal and background MC predictions are allowed to float within their systematic uncertainties

in order to best fit the data points. Fixing the signal strength, while allowing other nuisance parameters

to float, is referred to as a conditional fit. After this fit is performed the nuisance parameters take on

new values,
ˆ̂
θ, which maximize L and are referred to as the conditional maximum-likelihood estimators

(MLEs). A visual representation of this is shown by the middle illustration of Figure 7.1. In this

illustration, the signal yield is fixed to its nominal value and the background yield is allowed to float

within its systematic uncertainties in order to best fit the data.

In the denominator the signal strength is allowed to float with the background yields within the

systematic uncertainties. This is called an unconditional fit and the resulting best fit values of the

nuisance parameters, µ̂ and θ̂, are unconditional MLEs. The µ̂ value is a parameter of interest for

this analysis as it quantifies the strength of the hypothesized SM signal. A visual representation of

an unconditional fit is shown in the right illustration in Figure 7.1. In this illustration, the number of

background and signal yields is adjusted within their systematic uncertainty in order to best fit the data.

7.2.1 Discovery Test Statistic

The test statistic used for the rejection of a null hypothesis, referred to as a discovery test statistic,

involves setting µ = 0, as shown below:

q0 =

{
−2 lnλ(0), µ̂ > 0

0, µ̂ ≤ 0
=

 −2 ln L(0,
ˆ̂
θ)

L(µ̂,θ̂)
, µ̂ > 0

0, µ̂ ≤ 0
. (7.18)

This test statistic is 0 when the fitted value of the signal strength satisfies µ̂ ≤ 0. This condition corre-

sponds to the case when the number of data events is less than or equal to the expectation corresponding

to the background-only hypothesis.
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In order to avoid losing information at q0 = 0, the test statistic is uncapped, meaning it is allowed to

take on negative values, as shown below:

q0 → r0 =

{
−2 lnλ(µ), µ̂ > 0

+2 lnλ(µ), µ̂ ≤ 0
=

 −2 ln L(0,
ˆ̂
θ)

L(µ̂,θ̂)
, µ̂ > 0

+2 ln L(0,
ˆ̂
θ)

L(µ̂,θ̂)
, µ̂ ≤ 0

. (7.19)

7.2.2 Upper Limit Test Statistic

When setting an upper limit on the signal strength, µ, the test statistic qu, shown in equation 7.20, is

used:

q̃µ =

{
−2 ln λ̃(µ), µ̂ < µ

0, µ̂ ≥ µ
=


−2 ln L(µ,

ˆ̂
θ(µ))

L(0,
ˆ̂
θ(0))

, µ̂ ≤ 0

−2 ln L(µ,
ˆ̂
θ(µ))

L(µ̂,θ̂)
, 0 < µ̂ < µ

0, µ̂ ≥ µ

. (7.20)

This test statistic takes into account three cases. The first case occurs when the signal strength satisfies

µ̂ ≤ 0, corresponding to the case when there are fewer events observed in the data than expected with

a background-only hypothesis. In this case the test statistic representing the background-only model

(µ = 0) is used in the denominator. The second case occurs when the number of events measured in

data is greater than the background-only hypothesis (0 < µ̂), but less than the signal hypothesis being

tested (µ̂ < µ). This case is consistent with the presence of the predicted signal, and thus a test statistic

with a floating signal strength in the denominator is used. In the third case, there are at least as many

events measured in data than the expected background plus signal events (µ̂ ≥ µ). In this case the test

statistic is 0, since an excess of events should not impact an upper limit that is meant to quantify a

deficit of events.

In order to avoid losing information at qµ = 0, the test statistic is uncapped and allowed to take on

negative values, as shown below:

q̃µ → r̃µ =

{
−2 ln λ̃(µ), µ̂ < µ

+2 ln λ̃(µ), µ̂ ≥ µ
=


−2 ln L(µ,

ˆ̂
θ(µ))

L(0,
ˆ̂
θ(0))

, µ̂ ≤ 0

−2 ln L(µ,
ˆ̂
θ(µ))

L(µ̂,θ̂)
, 0 < µ̂ < µ

+2 ln L(µ,
ˆ̂
θ(µ))

L(µ̂,θ̂)
, µ̂ ≥ µ

. (7.21)

7.3 PDFs of Test Statistics

The signal strength, µ̂, is obtained by fitting the MC prediction to the data for one experiment. If there

were many experiments performed and many datasets collected, one would obtain a distribution of µ̂

values, which are assumed to follow a Gaussian distribution with mean µ′ and variance σ:

f(µ̂|µ′) =
dP

dµ̂
=

1√
2πσ

e−
(µ̂−µ′)2

2σ2 . (7.22)

Figure 7.2 shows the distribution of µ̂, with mean µ′ and variance σ. Using the above equation it is

then possible to calculate the probability distribution of the test statistic, f(q̃µ, µ
′) or f(r̃µ, µ

′), under

many repeated experiments. The µ in q̃µ (r̃µ) refers to the value of the signal strength being tested,
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Figure 7.2: The distribution of µ̂ values if many experiments were performed. The mean value is µ′,
which is assumed to be the real value in the data. The variance is σ.

while the µ′ is the value of the signal strength that is assumed to exist in the data. The probability

distribution function for a single parameter of interest can be found for a data size, N , by using the

Wald approximation shown in equations 7.23 and 7.24:

−2 lnλ(µ) =
(µ− µ̂)2

σ2
+O(1/

√
N) (7.23)

−2 ln λ̃(µ) =

{
−2 lnλ(µ), µ̂ > 0

−2 lnλ(µ) + 2 lnλ(µ), µ̂ ≤ 0
= O(1/

√
N) +

{
(µ−µ

′

σ )2, µ̂ > 0

(µσ )2 − 2µµ′

σ2 , µ̂ ≤ 0
. (7.24)

The O(1/
√
N) term can be neglected in the large sample limit. The probability distribution for the

uncapped test statistic is given by

f(r̃µ, µ
′) =

dP

dr̃µ
=
dP

dµ̂

dµ̂

dr̃µ
. (7.25)

The dP
dµ̂ term is the probability distribution of µ̂ obtained from equation 7.22, while dµ̂

dr̃µ
is obtained by

rearranging and differentiating the Wald equation in the large sample limit. The probability distribution

function for the uncapped test statistics is then obtained, as shown below [150]:

f(r̃µ|µ′) =


1
2

1√
2π

1
(µ/σ)e

− 1
2

(
r̃µ−(µ2−2µµ′)/σ2

2µ/σ

)2
, r̃µ ≥ (µ−µ

′

σ )2

1
2

1√
2πr̃µ

e−
1
2

(√
r̃µ−µ−µ

′
σ

)2
, 0 < r̃µ < (µ−µ

′

σ )2

1
2

1√
−2πr̃µ

e−
1
2

(
−
√
−r̃µ−µ−µ

′
σ

)2
, r̃µ ≤ 0

. (7.26)

The cumulative distribution function is obtained by integrating over the phase space of the PDF, as

shown in equation 7.27:

F (r̃µ|µ′) =


Φ
( r̃µ−(µ2−2µµ′)/σ2

2µ/σ

)
, r̃µ ≥ (µσ )2

Φ
(√

r̃µ − µ−µ′
σ

)
, 0 < r̃µ < (µσ )2

Φ(−
√
−r̃µ − µ−µ′

σ ), r̃µ ≤ 0

(7.27)
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where

Φ(x) =

∫ x

−∞
e−

t2

2 dt. (7.28)

For the discovery test statistic, where the µ = 0 hypothesis is being tested, the simplified equations

for the PDF and cumulative PDF are given by [150]:

f(r0|µ′) =

 1
2

1√
2πr0

e−
1
2 (
√
r0−µ−µ

′
σ )2 , r0 > 0

1
2

1
−
√

2πr0
e−

1
2 (−√r0−µ−µ

′
σ )2 , r0 ≤ 0

(7.29)

F (r0|µ′) =

{
Φ
(√
r0 − µ−µ′

σ

)
, r0 > 0

Φ(−√−r0 − µ−mu′
σ ) r0 ≤ 0

. (7.30)

In order to evaluate the probability density functions in equations 7.26 - 7.30, the variance (σ2) is re-

quired. This value can be obtained analytically, or with an Asimov dataset, which is less computationally

demanding. These two methods are described below.

7.3.1 Obtaining σ Analytically

In the large sample limit (when the O(1/
√
N) term is neglected), the standard deviation, σ, of µ̂ can be

obtained from the covariance matrix of the nuisance parameters, Vij = cov[θ̂i, θ̂j ], where θ̂i represents µ̂

and the nuisance parameters. For a large sample, the inverse of the covariance matrix can be written as

V −1
ij

∂2 lnL
∂θi∂θj

. (7.31)

The standard deviation is obtained by evaluating the covariance matrix at θ0 = µ : σ2 = V00. This

can be done by performing many repeated experiments.

7.3.2 Obtaining σ using Asimov Data

The previous method requires generating MC simulations for repeated experiments, which is computa-

tionally time consuming. The σ value can also be estimated by using a representative dataset, called an

Asimov dataset, that suppresses the statistical fluctuations in the µ̂ distribution [147]. This is achieved

by generating the Asimov data using values of µ and θ that are expected in the data. This means setting

the maximum likelihood estimators to their expected values, µ̂ = µ′ and θ̂ = θ. The Asimov dataset is

then used to evaluate the Asimov likelihood, LA, and corresponding profile likelihood ratio, λA:

λA(µ) =
LA(µ,

ˆ̂
θ)

LA(µ̂, θ̂)
=
LA(µ,

ˆ̂
θ)

LA(µ′, θ)
. (7.32)

The variance, σ2, can then be obtained by fitting the MC simulation to the Asimov data to obtain

the test statistic qµ,A = −2 lnλA(µ). The Asimov test statistic can then be used in the rearranged Wald

equation to obtain σ2:

σ2 =
(µ− µ′)2

qµ,A
. (7.33)

Thus using the Asimov dataset, σ can be obtained. It is then used to calculate the test statistics and

PDFs. The test statistics and PDFs can then be used to obtain final statistics results explained in the
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next section.

7.4 Statistics Results

The fitting of MC to data simulation is performed on the profile likelihood ratio in order to obtain

information about the discrepancy between the data and the predicted theory. The p-value, significance

(Z) and confidence-level plots showing the upper limits on the signal strength are used to quantify this

discrepancy. These values are obtained using the PDFs described in the previous section.

7.4.1 p values

The definitions of test statistics imply that 0 ≤ λ ≤ 1, with higher λ values corresponding to better

agreement between data and the hypothesized value of µ. The p-value is used to quantify the discrepancy

between the data and the hypothesis. It represents the probability of obtaining a measured test statistic

that is more discrepant than the one observed, under the assumption that the signal strength in the

data is given by µ′. Mathematically this is obtained by integrating the probability density function of

the test statistic.

In the case of a discovery, one is interested in quantifying how many more events exist in the data than

are predicted by the background-only hypothesis. In this case, it is assumed that there is no signal in the

data, µ′ = 0, and that the p0 value is calculated by integrating the discovery test statistic, q0 (r0), from

the observed value r0,obs to infinity (equation 7.34). The expected p0, p0,exp, is obtained by integrating

under the same distribution, but from the expected test statistic value, r0,exp to infinity (equation 7.35).

The r0,exp value is obtained from the median of f(r0, 1), which describes the distribution of r0 under

the assumption that the predicted signal exists in the data (µ′ = 1) (equation 7.36). The p values can

also be expressed in terms of the cumulative PDFs, as shown in the second line of the equations below:

p0 =

∞∫
r0,obs

f(r0|µ′ = 0, θ̂(0))dr0

= 1− F (r0|0) = 1− Φ(
√
r0)

(7.34)

p0,exp =

∞∫
r0,exp

f(r0|µ′ = 0, θ̂(0))dr0, (7.35)

where

r0,exp = med[r0|µ′ = 1, θ̂(1)]. (7.36)

When trying to find an upper limit on the signal strength, the p-values are obtained from the r̃µ, as

shown in 7.37. For limit setting, r̃µ,exp, is the integral of the r̃µ test statistic assuming there is no signal

in the data, µ′ = 0 (equation 7.38):
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Figure 7.3: The visual representation of the p-value as the integral over the PDF of the test statistic
(left). The relationship between the p-value and significance, Z (right) [147].

pµ =

∞∫
r̃µ,obs

f(r̃µ|µ, θ̂µ)dr̃µ

= 1− F (r̃µ|µ) = 1− Φ(
√
r̃µ)

(7.37)

pµ,exp =

∞∫
r̃µ,exp

f(r̃µ|µ, θ̂µ)dr̃µ (7.38)

where

r̃µ,exp = med[r̃µ|µ′ = 0, θ̂(0)]. (7.39)

In order to define the limit, it is necessary to define the pb value:

pb =

r̃µ,obs∫
−∞

f(r̃µ, µ
′ = 0, θ̂(0))dr̃µ

= F (r̃|0).

(7.40)

The graphical representation of pµ is shown in the left diagram of Figure 7.3.

7.4.2 Significance

The significance, Zµ, is the number of σ the tested µ is away from the assumed µ′ in the data. The

p-value can be converted into a significance using

Zµ = Φ(−1)(1− pµ) =
√
r̃µ. (7.41)
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Figure 7.4: The upper limit on µ and its associated ±1(2) σ error band in green (yellow) (left). The
upper limit on µ as a function of different mass points (right) [147].

When using the discovery test statistic, equation 7.41 simplifies to

Z0 =
√
r0. (7.42)

A graphical representation of the relationship between the significance and p value is shown on the right

in Figure 7.3.

7.4.3 Confidence Level Plots

The confidence level is defined as CLs =
pµ

1−pb . The motivation for including the power of the test, 1−pb,
in the denominator is to avoid the rejection of µ values for large downward fluctuations of the data. For

upward fluctuations, pb goes to 0 as CLs goes to pµ. The PDFs f(r̃µ|µ′ = 0) and f(r̃µ|µ′ = 1) are

scanned over different µ values until two are found that satisfy the condition CLs =
pµ

1−pb = 0.05. The

0.05 value is chosen by convention. It is then possible to solve for µ and quote this value as the upper

limit on the signal strength with a 95% certainty. The upper limit on µ is called µup.

The expected statistical variation on µup can be represented by error bands that show±Nσ deviations

from µup. The error bands are denoted as µup+N . They can by obtained by generating many pseudo-

experiments. However this is computationally demanding, and thus an estimation method utilizing the

Asimov dataset is used to obtain these values. The error bands are the N th quantile of the f(µup|0)

distribution. These can be obtained by finding the N th quantile of f(µ|0), and then mapping the f(µ|0)

distribution to the f(µup|0) distribution. The exact steps are described below [150].

1. The N th quantile of the f(µ̂|0) distribution is obtained. Using the Wald approximation and the

expression for significance (equation 7.41), it follows that N(µ, 0) =
√
−2 ln qµ,A. Here the Asimov

dataset used for qµ,A is generated at µ′ = 0.

2. A mapping from the f(µ̂|0) to the f(µup|0) distribution is created. Using the expression in step 1,

µNA for an Asimov dataset generated for the N th quantile (AN ) is obtained. Similarly, the other

nuisance parameters for AN (θNA ) are extracted by performing a fit in the numerator of qµ,A(µNA ).

The Asimov dataset is then constructed using µNA and θNA .
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3. The AN is then used to solve the CLs = 0.05 equation for µup+N .

The left illustration in Figure 7.4 shows µup, along with its µup+N error bands for one mass point.

The error bands are calculated for N = ±1 in green, and N = ±2 in yellow. When this plot is made as

a function of many mass points, the right plot in Figure 7.4 is obtained.

7.4.4 Pull Plots and Uncertainty on µ̂

The systematic uncertainties are often calculated within a very general phase space whose definition

depends on the uncertainty under consideration. For example, when calculating the b-tagging uncer-

tianties, an inclusive phase space containing top events is selected. After performing an unconditional

fit, the uncertainties take on new values, given by the MLEs. The MLEs are values that are within the

original systematic uncertainties of the nuisance parameters. The MLEs are better suited to the analysis

given the specific phase space that is being investigated. The change in the systematic uncertainty from

its nominal value (θ0) to its MLE value (θ̂) is called a pull, defined as θ̂/∆θ. Here, ∆θ is the change of

the nuisance parameter from θ0 to θ̂. The pull is visually demonstrated on the left side of Figure 7.5. In

this figure the nuisance parameter, θ, is parametrized by a Gaussian function. The nominal value of the

nuisance parameter is set to zero (θ0 = 0). The ±σ lines represent the uncertainties within which the

nuisance parameter is allowed to float during the fitting procedure. The red line is the MLE, representing

the value that nuisance parameter takes on after an unconditional fit is performed.

The pulls are also shown in the pull plot on the right in Figure 7.5. The pull is shown by the black

line, and the amount it deviates from 0 is read off from the bottom axis. The pull plot also shows the

impact of each systematic uncertainty on the µ̂ value before and after an unconditional fit is performed.

Before the fit, the impact on µ̂ is calculated by inputting ±1σ uncertainties and observing how µ̂ changes.

After the fit is performed, the impact on µ̂ is evaluated as

∆µ̂i = |µ̂(θallfree)− µ̂(θi,fixed = θ̂ ± σ)|. (7.43)

Equation 7.43 shows that first a fit is performed letting all nuisance parameters float and obtaining

µ̂(θallfree). Then a fit is performed in which the nuisance parameter of interest is set to its ±1σ values

and µ̂(θi,fixed = θ̂ ± σ) is obtained. The two µ̂ values are subtracted from each other to obtain the

impact of the fixed nuisance parameter on µ̂.
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Figure 7.5: The representation of a pull as the change in the value of the systematic uncertainty from
its nominal value to its MLE value after an unconditional fit (left). The pulls plot, where the pulls
are shown by the black lines and their values are read off from the bottom axis (right). The impact of
uncertainties on µ̂ before and after the unconditional fit are shown by the blue and red hashed lines and
read off from the top axis in the same plot on the right.



Chapter 8

Results

This chapter presents the results obtained in the search for the H →WW ∗ → `ν`ν process. The results

are quoted when testing a signal hypothesis of a Higgs mass at mH = 125.36 ± 0.41 GeV. This choice

was motivated by the results of the Higgs search in the ZZ∗ → `` and γγ decay modes [151]. Included

in the signal process is associated Higgs production, in which a Higgs is produced together with a W

and Z boson. The associated production, referred to as VH production, is grouped with the VBF signal

assuming the SM value for the ratio σV BF /σV H . The H → ττ contribution is also treated as the signal,

assuming SM branching ratios. The VH and H → ττ production together account for ≤ 1% of the

signal.

The final mT and BDT score distributions, along with the number of signal and background events

contained in them, are shown in Section 8.1. The normalization factors for the various backrounds are

also shown in this section. The exclusion limits on the Higgs mass are presented in Section 8.2. The

discovery significance for the H →WW ∗ signal is shown in Section 8.3. The Higgs couplings to fermions

and bosons are presented in Section 8.6, and the cross section measurement is described in Section 8.7.

8.1 Event Yields and Distributions

The normalization factors obtained for various backgrounds are shown in Table 8.1. The mT distribution

in the ggF analysis, and BDT score in the VBF analysis are used as the discriminating variable in the

statistical procedure. All of the normalization factors, except the µtop in the 0-jet channel, are obtained

by fitting the data to the MC in the control regions. The µtop in the 0-jet channel is not a free parameter

in the statistical fit, but is calculated independently and used as input.

The number of signal and background events contained within the mT distributions is shown in

Table 8.2 for the 8 TeV data and Table 8.3 for the 7 TeV data. The distributions used in the fitting

procedure are split by m`` and p`2T for different-flavour events in the 0- and 1- jet regions. However, this

splitting is not performed in the Tables in order to reduce the number of tables that would be required

to display the same information. The actual distributions used in the statistical procedure for the 8 TeV

data are shown in Figure 8.1 for the different-flavour 0- and 1-jet events, Figure 8.2 for same-flavour

0- and 1-jet events, Figure 8.3 for ≥ 2-jet ggF events and Figure 8.4 for ≥ 2-jet VBF events. The mT

distribution for the 7 TeV data in the 0- and 1-jet channels is shown in Figure 8.5. The 7 TeV VBF

analysis has a low sensitivity and is not shown. Figure 8.6 shows the mT distribution for the same-

147
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Category µ̂WW µ̂top µ̂V V µ̂Z→ττ
8 TeV data
nj = 0 1.22± 0.03 1.08± 0.02 0.92± 0.07 1.00± 0.02
nj = 1 1.05± 0.05 1.06± 0.03 0.96± 0.12 1.05± 0.04
nj ≥ 2, ggF – 1.05± 0.03 – 1.00± 0.09
nj ≥ 2, VBF bin 1 – 1.58± 0.15 –

0.90± 0.30
nj ≥ 2, VBF bins 2-3 – 0.95± 0.31 –

7 TeV data
nj = 0 1.09± 0.08 1.12± 0.06 – 0.89± 0.04
nj = 1 0.98± 0.12 0.99± 0.04 – 1.10± 0.09
nj ≥ 2, VBF bins 1-3 – 0.82± 0.29 – 1.52± 0.91

Table 8.1: The normalization factors obtained for each of the backgrounds. The uncertainties are due
to the limited number of events available in the MC samples.

flavour and different-flavour 0- and 1-jet channels for all the m`` and p`2T regions. The bottom panel of

this figure shows the data, from which the background is subtracted, compared to the MC simulation of

the Higgs signal. A large peak is observed in a wide mass range. Examples of the signal candidates are

shown in Figure 8.7.

8.2 Exclusion Limits

The exclusion limits are computed using the modified frequentist method, CLS , as described in Chapter 7.

The expected and observed exclusion limits for a Higgs boson as a function of the Higgs mass are shown

on the left of Figure 8.8. The dashed line in this figure shows that if the Higgs did not exist, the

H → WW ∗ → `ν`ν analysis could exclude it down to a mass of 114 GeV at a 95% confidence level.

The observed exclusion, shown by the solid line, is only for 132 < mH < 200 GeV. This suggests that a

signal could be present for masses below 132 GeV. Based on the findings in the γγ and ZZ∗ channels,

an expected exclusion plot is also drawn for mH = 125.36 GeV, and matches the observed limits.

8.3 Higgs Observation in the WW ∗ → `ν`ν Decay Mode

The p0 and Z0 values quantify the agreement of data and MC assuming the Higgs does not exist (µ = 0).

The p0 plot as a function of the Higgs mass mH is shown on the right of Figure 8.8. The expected p0

is calculated by fitting the MC simulated background to the Asimov dataset, generated assuming the

signal does not exist (µ = 0). The observed p0 is calculated by fitting the data to the MC simulation.

The expected and observed results agree within the 1 σ uncertainty band. The observed minimum of

the p0 value occurs at mH = 130 GeV and corresponds to a significance of 6.1 σ. For a Higgs mass of

mH = 125.36, the observed (expected) significance is 6.1 (5.8) σ. This is above the 5 σ required to claim

the observation of signal in the H → WW ∗ → `ν`ν channel. The expected and observed significances

in the different channels are shown in Table 8.4.

8.4 Evidence for Vector Boson Fusion Production

Since the ggF contamination is significant in the VBF channel, the ggF contribution is evaluated by

fitting the ggF signal regions as well. To obtain the VBF significance, the parameter of interest is set to
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Channel
Summary Background Composition

Nobs Nbkg
SR N sig

SR NWW
SR N t

SR N tt̄
SR NW+jets

SR Nmulti-jets
SR NV V

SR NDY
SR

nj = 0 3750 3430 ± 90 310± 50 2250 ± 95 112 ± 9 195 ± 15 360±60 16 ± 5 420 ± 40 78 ± 21

eµ 1430 1280 ± 40 132 ± 20 830 ± 34 41 ± 3 73 ±6 149 ± 29 10.1 ± 3.6 167 ± 21 14 ±2.4

µe 1212 1106 ± 35 100 ± 15 686 ± 29 33 ± 3 57 ± 5 128 ± 31 3.8 ± 1.5 184 ± 23 14 ± 2.4

ee/µµ 1108 1040 ± 40 29 ± 15 740 ± 40 39 ± 3 65 ± 5 82 ± 16 2 ± 0.5 68 ± 7 50 ± 21

nj = 1 1596 1470 ± 40 119 ± 26 630 ± 50 150 ± 10 385 ± 20 108 ± 20 8.2 ± 3.0 143 ± 20 51 ± 13

eµ 621 569 ± 19 53 ± 12 241 ± 20 58 ± 4 147 ± 7 51 ± 11 5.7 ± 2.0 53 ± 10 13.8 ± 3.3

µe 508 475 ± 18 41 ± 9 202 ± 17 45 ± 3 119 ± 6 37 ± 9 2.3 ± 0.9 60 ± 10 9.3 ± 2.5

ee/µµ 467 427 ± 21 25 ± 6 184 ± 15 46 ± 4 119 ± 10 19 ± 4 0.2 ± 0.1 31 ± 4 28 ± 12

nj ≥ 2, ggF eµ 1017 960 ± 40 55 ± 11 138 ± 28 56 ± 5 480 ± 40 54 ± 25 62 ± 22 56 ± 18 117 ± 21

nj ≥ 2, VBF 130 99 ± 9 29 ± 4 11 ± 3.5 5.5 ± 0.7 29 ± 5 4.7 ± 1.4 2.8 ± 1.0 4.4 ± 0.9 38 ± 7

eµ bin 1 37 36 ± 4 8.2 ± 1.3 5.0 ± 1.5 3.0 ± 0.6 15.6 ± 2.6 3.2 ± 1.0 2.3 ± 0.8 2.3 ± 0.7 3.6 ± 1.5

eµ bin 2 14 6.5 ± 1.3 6.3 ± 0.8 1.7 ± 0.7 0.3 ± 0.4 2.0 ± 1.0 0.4 ± 0.1 0.3 ± 0.1 0.7 ± 0.2 0.6 ± 0.2

eµ bin 3 6 1.2 ± 0.3 4.2 ± 0.8 0.3 ± 0.1 0.1 ± 0.0 0.3 ± 0.1 – – 0.1 ± 0.0 0.2 ± 0.1

ee/µµ bin 1 53 46 ± 6 4.2 ± 0.7 3.1 ± 1.0 1.7 ± 0.3 10.1 ± 1.6 0.9 ± 0.2 0.2 ± 0.1 1.0 ± 0.3 28 ± 5

ee/µµ bin 2 14 8.4 ± 1.8 3.6 ± 0.5 0.9 ± 0.3 0.3 ± 0.2 1.2 ± 0.5 0.2 ± 0.1 – 0.3 ± 0.1 5.2 ± 1.7

ee/µµ bin 3 6 1.1 ± 0.4 2.3 ± 0.4 0.1 ± 0.1 0.1 ± 0.0 0.2 ± 0.1 – – – 0.5 ± 0.3

Table 8.2: The 8 TeV data signal and background event yields in the signal regions after the fitting
procedure is performed. The eµ (µe) notation denotes that the electron (muon) is the leading lepton.
To reduce the table size, the event yields for the 0- and 1-jet channels are not split in m`` and p`2T . The
signal yields include the signal due to ggF and VBF production. The Z → ττ and Z → ee/µµ events
have been merged into one category labelled, NDY

SR . The top events are split by the number of single top
and tt̄ events denoted by N t

SR and N tt̄
SR, respectively. The precision is up to the first decimal place on

all of the values.

Channel
Summary Background Composition

Nobs Nbkg
SR N sig

SR NWW
SR N t

SR N tt̄
SR NW+jets

SR Nmulti-jets
SR NV V

SR NDY
SR

nj = 0 594 575 ± 24 51.8 ± 8 339 ± 24 20.5 ± 2.1 38 ± 4 74 ± 15 1.3 ± 0.6 79 ± 10 23 ± 6

eµ 185 186 ± 8 19 ± 3 116 ± 8 7 ± 1 14 ± 2 19 ± 5 – 24 ± 3 4.8 ± 1

µe 195 193 ± 12 15 ± 2 95 ± 7 5.3 ± 0.5 10 ± 1 37 ± 9 1.1 ± 0.5 41 ± 6 4 ± 0.9

ee/µµ 214 196 ± 11 16 ± 3 128 ± 10 8 ± 1 14 ± 2 18 ± 4 0.2 ± 0.1 14 ± 2 14 ± 5

nj = 1 304 276 ± 15 19.4 ± 4 104 ± 15 22 ± 2 58 ± 6 20 ± 4 3.2 ± 1.6 32 ± 8 38 ± 7

eµ 93 75 ± 4 6.9 ± 1.6 33 ± 5 7 ± 1 18 ± 2 5 ± 1 – 9 ± 2 2.7 ± 0.4

µe 91 76 ± 5 5.4 ± 1.3 28 ± 4 6 ± 1 16 ± 2 10 ± 2 0.7 ± 0.3 14 ± 4 2.3 ± 0.7

ee/µµ 120 125 ± 8 6 ±2 43 ± 8 9 ± 2 24 ± 6 5 ± 1 2.5 ± 1.2 9 ± 1 33 ± 6

nj ≥ 2, VBF 9 7.8 ± 1.8 3.6 ± 0.4 1.2 ± 0.4 0.3 ± 0.1 1.6 ± 0.8 0.4 ± 0.1 0.1 ± 0 0.5 ± 0.2 3.4 ± 1.5

eµ bin 1 6 3 ± 0.9 1 ± 0.2 0.5 ± 0.2 0.2 ± 0.1 0.9 ± 0.5 0.1 ± 0 0.1 ± 0 0.3 ± 0.1 0.8 ± 0.6

eµ bin 2-3 0 0.7 ± 0.2 1.3 ± 0.2 0.2 ± 0.1 – 0.3 ± 0.2 – – – –

ee/µµ bins 1-3 3 4.1 ± 1.3 1.2 ± 0.2 0.5 ± 0.2 0.1 ± 0 0.4 ± 0.3 0.3 ± 0.1 – 0.2 ± 0.1 2.5 ± 1.1

Table 8.3: The 7 TeV data signal and background event yields in the signal regions after the fitting
procedure is performed. The signal yields include the signal due to ggF and VBF production. The
precision is up to the first decimal place on all of the values. To reduce the table size, the event yields
for the 0- and 1-jet channels are not split in m`` and p`2T .
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Figure 8.1: The transverse mass distribution, mT , for the 8 TeV data in the 0- and 1-jet, eµ ggF signal
regions, split by m`` and p`2T after the fit is performed. The signal is scaled by the fitted signal strength,
µ̂, and the background is scaled by the normalization factor µ̂bkg [141].

Sample Z0, exp Z0, obs

Nj = 0 3.71 4.09
Nj = 1 2.61 2.49
Nj ≥ 2j ggF 1.20 1.44
Nj ≥ 2j VBF 3.38 3.84

Table 8.4: The expected and observed significances in the different channels. To obtain the VBF
significance, the ggF process is treated as a background.
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Figure 8.2: The transverse mass distribution, mT , for the 8 TeV data in the 0- and 1-jet, ee/µµ ggF
signal regions after the fit is performed. The signal is scaled by the fitted signal strength, µ̂, and the
background is scaled by the normalization factor µ̂bkg [141].
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Figure 8.3: The transverse mass distribution, mT , for the 8 TeV data in the ≥ 2-jet, eµ ggF signal regions
after the fit is performed. The signal is scaled by the fitted signal strength, µ̂, and the background is
scaled by the normalization factor µ̂bkg [141].
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Figure 8.4: The BDT score distribution (left) and transverse mass, mT (right), for the 8 TeV data in
the ≥ 2-jet, eµ and ee/µµ VBF signal regions after the fit is performed. The signal is scaled by the
fitted signal strength, µ̂, and the background is scaled by the normalization factor µ̂bkg [141].
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Figure 8.5: The transverse mass, mT , distribution for the 7 TeV data in the 0- and 1-jet, eµ and ee/µµ
ggF signal region for specific m`` and p`2T ranges after the fit is performed. The signal is scaled by the
fitted signal strength, µ̂, and the background is scaled by the normalization factor µ̂bkg [141].
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Figure 8.6: The transverse mass distribution, mT , for the 7 and 8 TeV data in the 0- and 1-jet, eµ+ee/µµ
ggF signal regions, split by m`` and p`2T after the fit is performed. The signal is scaled by the fitted
signal strength, µ̂, and the background is scaled by the normalization factor µ̂bkg [141]. The lower plot
compares the MC simulation to background subtracted data.
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Figure 8.7: Event displays of the H → WW ∗ → eνµν candidate in the 0-jet (top) and ≥ 2-jet VBF
channels (bottom). The electron is represented by the red rectangle, the muon is denoted by the blue
lines, the jets are shown by the blue cones, and the MET, representing the neutrino energy is represented
by the dotted white lie. The event in the top panel contains the properties: peT = 33 GeV, pµT = 24 GeV,
m`` = 48 GeV, ∆φ`` = 1.7, pmissT = 37 GeV and mT = 98 GeV. The event in the bottom panel contains

the properties: peT = 51 GeV, pµT = 15 GeV, m`` = 21 GeV, ∆φ`` = 0.1, pj1T = 67 GeV, pj2T = 41 GeV,
mjj = 1.4 TeV, ∆yjj = 6.6, pmissT = 59 GeV, and mT = 127 GeV [141].
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the ratio of the VBF and ggF signal strengths, µV BF /µggF . Minimizing the likelihood with respect to

this ratio yields

µV BF
µggF

= 1.25+0.79
−0.52. (8.1)

The likelihood value at µV BF /µggF = 0 is equivalent to testing the µV BF = 0 hypothesis. This can

thus be interpreted as the observed significance of VBF production. The observed significance, evaluated

at mH = 125.36 GeV, is 3.2 σ. This matches the expected significance of 2.7 σ, and establishes evidence

for VBF production. This is different from the value obtained in Table 8.4, since the ggF process is

treated as a signal in the statistical fit, whereas it was treated as a background to obtain the values in

the table.

8.5 Signal Strength

In order to quantify the compatibility of the data with the MC simulation, the signal strength is ex-

tracted by fitting the data to the MC simulation. This fitted signal strength, denoted by µ̂, is shown as

a function of mH in the left of Figure 8.9. The signal strength depends on the Higgs mass because the

WW ∗ branching fraction depends on the Higgs mass. The observed value of µ̂ matches the expected.

The µ̂ value is zero for mH > 160 GeV, and goes to one for Higgs masses around 125 GeV. The large

value of µ̂ for masses below 125 GeV is explained by the fact that a Higgs signal at mH = 125.36 GeV

is assumed.

The two dimensional likelihood contours are shown as a function of µ̂ and mH in the right of Fig-

ure 8.9. The value of mH = 125.36 GeV is well within the 68% CL contour.

The expected and observed fitted value of the combined signal strength for the VBF and ggF signal

is
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µ̂ = 1.08+0.16
−0.15 (stat.)

+0.08
−0.07 (expt.)

+0.13
−0.11 (theo.) ± 0.03 (lumi.)

= 1.08+0.16
−0.15 (stat.)

+0.16
−0.13 (syst.)

= 1.08+0.22
−0.20

(8.2)

In equation 8.2, stat refers to the statistical uncertainty on the number of observed events in the

signal and control regions. The expt part represents the experimental systematic uncertainties as

well as statistical uncertainties on the MC samples from the control regions not in the statistics fit,

and extrapolation factors on the W+jets estimate. The theo term represents the theoretical un-

certainty on the signal acceptance, cross section, and background extrapolation factors. The lumi

term represents the uncertainty on the luminosity. The observed value matches the expected value

of µ̂exp = 1.00+0.16
−0.15 (stat.)

+0.15
−0.13 (syst.) = 1.00+0.22

−0.21.

In order to verify the relative production of the VBF and ggF processes, the signal strength for the

two processes is separated into µ̂V BF and µ̂ggF . It is possible to perform a simultaneous fit for these

two different parameters of interest since the µ̂ggF value will mostly be affected by the regions optimized

for ggF production, while the µ̂V BF values will mostly be affected by the regions optimized for VBF

production. The production of a Higgs boson in association with a W or Z boson is also included and

assumed to scale with the VBF production. The two signal strengths are measured together, so that

µ̂V BF also represents VH production. The likelihood scan of µ̂ggF and µ̂V BF is shown in Figure 8.5.

The fitted ggF and VBF signal strengths, which correspond to the central values in Figure 8.5, are

µ̂ggF = 1.01± 0.19 (stat.)
+0.20
−0.17 (syst.)

= 1.01+0.27
−0.25

µ̂V BF = 1.27+0.44
−0.40 (stat.)

+0.29
−0.21 (syst.)

= 1.27+0.53
−0.45.

(8.3)

These values are in agreement with the expected values of µ̂ggF, exp = 1.00+0.28
−0.25, and µ̂V BF, exp =

1.00+0.51
−0.42. The contribution of various groupings of systematic uncertainties to the uncertainty on µ̂,
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µ̂ggF and µ̂V BF is shown in Table 8.5. The W+jets uncertainties are mostly due to the uncertainties

on the fake factors. The Z/γ → ee/µµ uncertainties are mostly due to the uncertainties on the frecoil

variable. The muon and electron uncertainties include uncertainties on the energy scale, momentum

correction, trigger efficiencies and isolation efficiencies. The jet uncertainties include the jet energy

scale, jet energy resolution and b-tagging efficiencies. The detailed breakdown of the uncertainties on

the combined ggF and VBF µ̂ is shown in Table 8.5. The largest uncertainties on µ̂ before and after the

fit, and their associated pulls are shown in Figure 8.11.

The observed signal strengths and their uncertainties for all the search categories individually are

summarized in Table 8.7. The expected signal strength is always one, and the expected uncertainties

are summarized in the same table.
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Source
µ̂ µ̂ggF µ̂V BF

+ - + - + -

Data statistics 0.16 0.15 0.19 0.19 0.44 0.40

Signal Regions 0.12 0.12 0.14 0.14 0.38 0.35

Profiled CR 0.10 0.10 0.12 0.12 0.21 0.18

Profiled SR – – 0.03 0.03 0.09 0.08

MC Statistics 0.04 0.04 0.05 0.06 0.05 0.05

Theoretical Syst. 0.13 0.11 0.17 0.14 0.22 0.16

Signal H →WW ∗ BR 0.05 0.04 0.05 0.03 0.07 0.04

Signal ggF normalization 0.06 0.05 0.09 0.06 0.03 0.03

Signal ggF acceptance 0.05 0.04 0.06 0.05 0.07 0.07

Signal VBF normalization 0.01 0.01 – – 0.07 0.04

Signal VBF acceptance 0.02 0.01 – – 0.15 0.08

Bkg. WW 0.06 0.06 0.08 0.08 0.07 0.07

Bkg. top 0.03 0.03 0.04 0.04 0.06 0.06

Bkg. W+jets 0.05 0.05 0.06 0.06 0.02 0.02

Others 0.02 0.02 0.02 0.02 0.03 0.03

Experimental Syst. 0.07 0.06 0.08 0.07 0.18 0.14

Bkg. W+jets 0.03 0.03 0.04 0.04 0.02 0.01

Bkg. Z/γ∗ → ee/µµ 0.02 0.02 0.03 0.03 0.01 0.01

Muons and electrons 0.04 0.04 0.05 0.04 0.03 0.02

EmissT 0.02 0.02 0.02 0.01 0.05 0.05

Jets 0.03 0.02 0.04 0.03 0.14 0.11

Others 0.03 0.02 0.03 0.03 0.06 0.06

Luminosity 0.03 0.03 0.03 0.02 0.05 0.03

Total 0.22 0.20 0.27 0.25 0.53 0.45

Table 8.5: The uncertainties on the signal strength for the inclusive Higgs production, ggF production,
and VBF production. The profiled SR (CR) denotes the uncertainty on the ggF (VBF) signal yield
when the parameters in these regions are allowed to float in the fit. The numbers are quoted assuming
a Higgs signal at mH = 125.36 GeV. The absence of an entry indicates that the uncertainty is smaller
than 0.01 or does not apply [141].
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Uncertainty + -
QCDscale ggH 0.065 0.048
WW MTSHAPEMATCHING 0.050 0.049
BR VV 0.051 0.038
FakeRate MU Uncorrl OC 2012 0.036 0.036
FakeRate EL Uncorrl OC 2012 0.032 0.032
TOP ME 0.029 0.029
pdf Higgs ggH 0.033 0.024
LUMI 2012 0.032 0.025
QCDscale VV ACCEPT 0.024 0.024
pdf Higgs ggH ACCEPT 0.027 0.020
MU ISO 0.024 0.021
QCDscale ggH ACCEPT 0.021 0.015
pdf qq ACCEPT 0.018 0.018
QCDscale ggH e1 0.019 0.016
EL ISO 0.018 0.015
BTag LEFF 0.018 0.015
EL EFF ID HIGHPT 2012 0.017 0.015
Matching ACCEPT 0.018 0.013
WW MTSHAPEPSUE 0.015 0.015
PM f recoil DY SR0j 2012 0.015 0.015
PM theta SR0j 2012 0.015 0.012
TRACKMET RESOPARASOFT12 0.014 0.012
HiggsVBF UEPS BDT 2j 0.014 0.012
FakeRate MU Stat 10 15 2012 0.013 0.013
QCDscale Wg ACCEPT2j 0.012 0.013
QCDscale Wg ACCEPT1j 0.012 0.012
FakeRate EL Stat GT25 2012 0.012 0.011
TOP Scale 0.012 0.012
FakeRate MU Flav 2011 0.012 0.011
TOP THEO BDT 2j 0.011 0.012
QCDscale VV2in BDT 2j 0.011 0.011
ZLEPLEP ABCD METEFF 2j 0.010 0.011
ZTAUTAU PTZREW 0.011 0.010
QCDscale ggH m12 0.011 0.009
FakeRate EL Stat 15 20 2012 0.010 0.010
pdf qq 0.010 0.010
WW EWCorr 0.010 0.010
VGammaShapeLepPt 0.010 0.010
MU 2012 TRIG 0.011 0.009
FakeRate MU Corrl 2012 0.010 0.010
JER 0.011 0.008
FakeRate MU Stat 15 20 2012 0.009 0.009
MU RESCALE 2012 0.011 0.008
EL EFF RECO CORR 2012 0.010 0.009
EL EFF ID CORRLOW 2012 0.009 0.009
FakeRate EL Uncorrl SC 2012 0.009 0.009
EL 2012 TRIG 0.009 0.008
FakeRate MU Other 2012 0.008 0.008
TRACKMET SCALESOFT 2012 0.008 0.008
pdf Higgs qqH 0.009 0.007

Uncertainty + -
QCDscale ggWW XS 0.008 0.008
FakeRateCorr QCD 0.008 0.008
JES Eta Modelling 0.007 0.008
FakeRate MU Uncorrl SC 2012 0.008 0.007
FakeRate EL Flav 2011 0.007 0.007
TRACKMET RESOPERPSOFT12 0.007 0.007
VBF Higgs MODEL BDT 2j 0.008 0.006
EL EFF RECOID 15 25 2012 0.007 0.006
ZTAUTAU BDT0 2j 0.006 0.007
BTag B6EFF 2012 0.006 0.007
TOP SCALEF THEO 0j 0.006 0.006
HiggsGGF UEPS BDT 2j 0.007 0.006
FakeRateOther QCD 0.006 0.006
ZTAUTAU MODELING 0.006 0.006
ZTAUTAU PYTHIAMC SR 2j 0.006 0.006
FakeRate EL Stat 10 15 2012 0.006 0.006
FakeRate MU Other 2011 0.006 0.006
TOP SCALEF NONTOP 0j 0.006 0.005
QCDscale qqH ACCEPT 0.006 0.005
QCDscale ggH ptH m01 0.006 0.005
QCDscale VV 0.005 0.005
ZLEPLEP ABCD BDT2 2j 0.005 0.006
QCDscale ggH m23 0.006 0.005
FakeRate EL Other 2012 0.005 0.005
PM f recoil DY SR1j 2012 0.005 0.004
EL EFF RECO CORR 2011 0.004 0.004
QCDscale Wg ACCEPT0j 0.004 0.004
FakeRate MU Stat 20 25 2012 0.004 0.004
BTag B3EFF 2012 0.004 0.004
FakeRate MU Stat GT25 2012 0.004 0.004
FakeRate EL Stat 20 25 2012 0.004 0.004
TOP PS 0.004 0.004
LUMI 2011 0.004 0.004
PM theta SR1j 2012 0.004 0.003
PM f recoil NDY SR0j 2012 0.004 0.004
TOP SCALEF STATS 0j 2012 0.004 0.004
JES FlavComp other 0.004 0.003
EL EFF RECOID 15 25 2011 0.004 0.004
FakeRate EL Corrl 2012 0.004 0.004
MU MS RES 0.004 0.003
FakeRate EL Other 2011 0.003 0.003
FakeRate MU Stat 10 15 2011 0.003 0.003
WgsJetBin2 0.003 0.003
WgsJetBin1 0.003 0.003
QCD WW Modelling BDT 2j 0.003 0.003
BTag Herwig LEFF 0.003 0.003
PM f recoil DY SR0j 2011 0.003 0.003
pdf Wg ACCEPT 0.003 0.003
PM f recoil NDY ZP0j 2012 0.003 0.003
BTag B4EFF 2012 0.002 0.003

Table 8.6: The observed uncertainties on µ̂. Many uncertainties contain a 2011 or 2012 in the name
denoting the data set for which they are evaluated. The Fake Rate uncertainties depend on p`T , and the
numbers after the name correspond to the p`T range the uncertainty applies to, where, for example, 10
15 indicates a range of 10 GeV < p`T < 15 GeV. The remaining uncertainties are smaller and are not
shown. Made by N.Ilic.
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Figure 8.11: The uncertainty on µ̂ before and after the fit is performed, and associated pulls. Made by
N.Ilic.
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Sample
∆µ̂exp ∆µ̂obs µ̂obs

+ - + -

Nj = 0 0.32 0.29 0.34 0.30 1.14

Nj = 1 0.44 0.40 0.45 0.40 0.96

Nj ≥ 2 ggF 0.90 0.84 0.91 0.84 1.20

Nj ≥ 2 VBF 0.42 0.36 0.45 0.36 1.20

Table 8.7: The observed signal strength and its total uncertainty, as well as the uncertainty on the
expected signal strength. The expected signal strength is one in all cases. Made by N.Ilic.

8.6 Coupling of Higgs Boson to Fermions and Gauge Bosons

In order to confirm that the Higgs boson has the properties predicted by the SM, the strengths of the

Higgs coupling to fermions and bosons is measured. The production rate of processes is proportional to

their couplings squared, g2. The measured couplings can be parametrized in terms of the expected SM

couplings by defining κ = g/gSM , where g is the measured coupling and gSM is the SM expectation.

The branching ratios and cross sections can then be expressed in terms of κ. To test the values of µ̂ggF

and µ̂V BF , the fermionic (bosonic) couplings are assumed to be the same for all fermions (bosons) and

are denoted by κF (κV ). The ggF production cross section is proportional to the fermionic coupling,

while the VBF production cross section is proportional to the bosonic coupling. The Higgs to WW ∗

branching fraction is proportional to κ2
V and inversely proportional to a combination of κ2

F and κ2
V . The

signal strengths can be written as [13]

µggF =
σ ·BR(gg → H →WW ∗)

σSM (gg → H) ·BRSM (H →WW ∗)
∝ κ2

F · κ2
V

κ2
H

µV BF =
σ ·BR(qq → H →WW ∗)

σSM (gg → H) ·BRSM (H →WW ∗)
∝ κ2

V · κ2
V

κ2
H

.

(8.4)

In equation 8.4, the κH factor represents the total Higgs width and can be written as (BRH→ff̄ +

BRH→gg)κ
2
F + (BRH→V V )κ2

V , where the small Higgs to γγ branching ratio, which depends on the

fermion and boson couplings, is excluded. Since the branching ratio of Higgs to fermions and gluons

is approximately 0.75, the κ2
F term dominates in the denominator. Thus for the ggF process the κ2

F

approximately cancels, and this process remains sensitive to κ2
V . In this approximation, the VBF rate

is proportional to κ4
V /κ

2
F , providing more sensitivity to κF than ggF production.

Figure 8.12 shows the likelihood scan as a function of κV and κF . The best fit values are observed

at

κF = 0.92+0.31
−0.23

κV = 1.04+0.10
−0.11.

(8.5)

These values are consistent with the SM expectation of one, within their uncertainties. The correla-

tion between these values is obtained from the covariance matrix which contains the second-order mixed

partial derivatives of the likelihood. The correlation is found to be ρ = 0.21.
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Figure 8.12: Likelihood scan as a function of κV and κF , showing the 1, 2 and 3 σ deviation contours.
Made by N.Ilic.

Selection nj = 0 nj = 1

Preselection

p
`1(2)
T > 22(10) GeV

Opposite Charge

m`` > 10 GeV

pννT > 20 GeV

nj-dependant

∆φ``,νν > π/2 m`
T > 50 GeV

p``T > 30 GeV mττ < 66 GeV

m`` < 55 GeV m`` < 55 GeV

∆φ`` < 1.8 radians ∆φ`` < 1.8 radians

Table 8.8: The fiducial region defined for the calculation of fiducial cross sections. The fiducial region
is selected using eµ events. The events in which a W decays to τν is excluded from the fiducial region,
but present in the reconstructed region [141].

8.7 The Higgs Boson Production Cross Section

The cross section times branching ratio, σ ·BR(H →WW ∗), is evaluated using the signal strength for a

Higgs mass of mH = 125.36 GeV. In order to calculate the cross section of the H →WW ∗ process, it is

necessary to define a region containing MC events which is as close to the signal region as possible. This

region is called the fiducial region and is defined using generator level kinematic information. Thus the

cuts on MET are replaced by cuts on the momenta of the neutrino system (pννT ), and the reconstructed

lepton momenta is replaced by the generator level four-momentum which is corrected to include FSR

by adding the four-momenta of the surrounding photons. The jet momenta are defined after the parton

showering and hadronization, but before the detector simulation. The fiducial region is not split in m``

and p`2T since a single fiducial cross section measurement is preferred. The exact cuts made on the fiducial

region are shown in Table 8.8.

8.7.1 Inclusive Cross Section

The inclusive cross section is evaluated for the 7 TeV and 8 TeV data separately. The observed cross

section is given by the product of the expected cross section multiplied by the fitted signal strength, as

shown below:
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(σ ·BRH→WW∗)obs =
(Nsig)obs

A · CBRH→`ν`ν
· 1∫

Ldt

= µ̂ · (σ ·BRH→WW∗)exp.

(8.6)

In equation 8.6, (Nsig)obs is the number of observed signal events which is extracted from the fit

((Nsig)obs = µ̂(Nsig)MC). The kinematic acceptance, A, is the number of events in the fiducial re-

gion divided by the number of events in the MC sample. The correction factor, C, is the number of

events passing the signal region divided by the number of events in the fiducial region. The 7 and 8 TeV

signal strengths for µ̂ggF and µ̂V BF are

µ̂7 TeV
ggF = 0.57± 0.52 (stat.)

+0.35
−0.33 (syst.)

+0.13
−0.01 (sig.)

µ̂8 TeV
ggF = 1.09± 0.20 (stat.)

+0.18
−0.16 (syst.)

+0.13
−0.08 (sig.)

µ̂8 TeV
V BF = 1.45+0.48

−0.43 (stat.)
+0.37
−0.22 (syst.)

+0.11
−0.06 (sig.)

(8.7)

where sig denotes the cross section and branching ratio uncertainties on the signal yield. Using these

values the inclusive cross sections are then given by

σ7 TeV
ggF ·BRH→WW∗ = 1.9± 1.7 (stat.)

+1.2
−1.1 (syst.) = 1.9+2.1

−2.0 pb

σ8 TeV
ggF ·BRH→WW∗ = 4.6± 0.9 (stat.)

+0.8
−0.7 (syst.) = 4.6± 1.1 pb

σ8 TeV
V BF ·BRH→WW∗ = 0.51+0.17

−0.15 (stat.)
+0.13
−0.08 (syst.) = 0.51+0.22

−0.17 pb.

(8.8)

The measured cross section values match the expected values of the significance of 3.3 ± 0.4, 4.2 ± 0.5

and 0.35± 0.02 pb, within the uncertainties.

8.7.2 Fiducial Cross Section

A cross section measured in the fiducial region minimizes the amount of theory uncertainties required

since they do not need to be applied to MC events outside the fiducial region. The fiducial cross section

is defined as

σfid =
(Nsig)obs

C · 1∫
Ldt

= µ̂ · (σ ·BRH→WW∗→eνµν)exp · A
(8.9)

This cross section is calculated using eµ events in the 0- and 1-jet regions in order to minimise the

dependence on the type of signal. The values obtained are

σggFfid, 0j = 27.5+5.4
−5.3 (stat.)

+4.3
−3.7 (syst.) = 27.5+6.9

−6.5 fb

σggFfid, 1j = 8.4+3.1
−3.0 (stat.) ± 1.9 (syst.) = 8.4± 3.6 fb.

(8.10)

These values match the expected values of 19.9± 3.3 fb and 7.3± 1.8 fb, within their uncertainties.
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Conclusions and Outlook

The search for the Higgs boson produced through gluon fusion and vector boson fusion and decaying to

WW ∗ → `ν`ν was presented. For the analysis, 25 fb−1 of data, collected in
√
s = 7 TeV and

√
s = 8 TeV

proton-proton collisions, was used. The Higgs boson was observed with a local significance of 6.1 σ at

the Higgs mass around mH = 130 GeV, but within a broad mass range. The significance is the same at

a Higgs mass of mH = 125.36 GeV, which is the Higgs mass measured by the H → γγ and H → ZZ∗

searches. The ratio of the expected and observed cross section times branching ratio was found to be

µ̂ = 1.08+0.22
−0.20 at mH = 125.36 GeV. These values agree with the expected significance of 5.8 σ, and

expected signal strength of 1.00+0.22
−0.21. Evidence of vector boson fusion was observed with a significance

of 3.2 σ and µ̂V BF = 1.27+0.53
−0.45. These match the expected values of the significance, Zexp = 2.7 σ, and

signal strength, µ̂V BF,exp = 1.00+0.51
−0.42. The coupling of the Higgs boson to fermions and gauge bosons

was determined and found to agree with the SM expectation. The inclusive and fiducial cross sections

are calculated for the 7 TeV and 8 TeV data. All of the measurements are consistent with the SM

predictions within their systematic uncertainties.

After the LHC restarts in 2015, it will provide more data and further possibilities to validate the

predictions of the SM, and search for theories that provide solutions to its shortcomings. During the

current LHC upgrades, the ATLAS detector is making upgrades to the tracking system. When the LHC

restarts, it will operate for three years at
√
s = 13−14 TeV, gathering 100 fb−1 of data. In 2018 the LHC

will shut down for upgrades, during which time ATLAS will make improvements to the trigger system

in order to deal with higher trigger rates. After restarting in 2019, the LHC will operate for three years

at
√
s = 14 TeV and collect 300 fb−1 of data. The final LHC shut down will be in 2023, during which

time ATLAS will install a new, higher granularity, more radiation-hard inner tracker. A new triggering

scheme, as well as improvements to the muon and calorimeter electronics, will be made. The upgraded

High-Luminosity LHC (HL-LHC) will start in 2025, after which the collider is expected to collect 3000

fb −1 of data. Due to the large increase in the number of interactions, one of the biggest challenges in

the future will be reconstructing objects in the detector with the same accuracy. The average number

of interactions per bunch crossing is expected to increase from < µ >= 20− 30 at 8 TeV to < µ >= 140

at 14 TeV.

The new datasets will allow for more precise Higgs measurements needed to further validate the

predictions of the SM. Despite the larger branching ratio of Higgs decaying hadronically, most 2010-2012

searches have focused on leptonic Higgs decays, which are easier to separate from their backgrounds.
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Process Value Current 300 fb−1 3000 fb−1

H → γγ ∆µ̂/µ̂ 20% – ≤ 10%

H → ZZ∗ → 4` ∆µ̂/µ̂ 27% 15% 13%

H →WW ∗ → `ν`ν ∆µ̂/µ̂ 30% 17% 15%

H → ττ → 2`4ν Z 4.1 σ 6.9 σ –

/`τhad + 3ν ∆µ̂/µ̂ 31% 15% –

H → bb̄
Z 0 3.9 σ 8.8 σ

∆µ̂/µ̂ 100% 25% 14%

H → µµ
σ – 2.3 σ 7 σ

∆µ̂/µ̂ – 46% 21%

H → Zγ
Z – 2.3 σ 3.9 σ

∆µ̂/µ̂ – – 30%

Table 9.1: The significance and uncertainty on µ̂ during the 2010-2012 operational period, as well as
the predictions for the 300 fb−1 and 3000 fb−1 data sets. The values are shown for a Higgs mass of
∼ 125 GeV [152, 153, 154, 155, 156, 157, 158].

The decay modes that have been explored are H → γγ, H → ZZ∗ → 4`, H → WW ∗ → `ν`ν,

H → ττ → 2`4ν/`τhad + 3ν, and H → bb̄. Most of these decay channels were considered in all of the

Higgs production modes: gluon fusion, vector boson fusion, associated production and tt̄ fusion. The

H → WW ∗ → `ν`ν search did not consider Higgs production in association with tt̄, and the H → bb̄

channel only included W/Z bremsstrahlung due to the difficulty associated in separating these two

processes from other hadronic final states. The current search results are summarized in the Current

column of Table 9.1. In all of the searches performed the signal strength is close to one. The signal

strength quantifies the deviation of the measurement from the predicted value. Thus, the measured

signal strength is consistent with the Standard Model prediction within the theoretical and experimental

uncertainty. However, the uncertainty on the µ̂ value, denoted by ∆µ̂/µ̂, is still quite large, as shown

in the first column of Table 9.1. Reducing this uncertainty with the 300 fb−1 and 3000 fb−1 datasets

is essential in confirming the properties of the Higgs boson and observing deviations from the Standard

Model prediction. Table 9.1 shows that with 300 fb−1 the uncertainty will be reduced by approximately

a factor of two, in most of the channels, due to the larger statistics. With the 3000 fb−1 dataset, the

improvement is somewhat smaller since the uncertainties are dominated by theoretical sources rather

than due to lack of statistics. Table 9.1 shows that the significances in the H → ττ , and H → bb̄ channels

will also drastically increase with a larger dataset. The significances for the H → γγ, H → ZZ∗ and

H → WW ∗ channels are not shown since they will be much larger than the discovery significance of

5 σ. The large improvement in the H → bb̄ measurement with the 3000 fb−1 data is due to multi-variate

analysis techniques, and the predicted improvements in identifying jets originating from b-quarks.

Along with improvements to the current Higgs analyses, several new searches will be within reach

with the new datasets. A search for the Higgs boson produced via all production modes and decaying to

µµ final states will allow for the possibility to probe the Higgs coupling to second-generation fermions

for the first time. The expected sensitivity of these searches is shown in Table 9.1. Another new search

within reach is the production of the Higgs boson through gluon fusion and vector boson fusion followed

by its decay to Zγ, where Z → ee/µµ. This final decay state is particularly interesting since it happens

via a loop interaction and is thus sensitive to new particle couplings which can enter through the loop.
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Figure 9.1: The uncertainties on the coupling measurements for the 300 fb−1 and 3000 fb−1 datasets [152].

The expected search results are shown in Table 9.1.

In order to confirm that the observed Higgs boson has the properties predicted by the Standard

Model, the strengths of couplings of different particles to each other will also be measured to higher

precision. If no assumption is made on the total Higgs width, then it is only possible to measure

the ratio of couplings, denoted by λ. Figure 9.1 shows the uncertainties on the ratio of couplings of

different particles to each other. The hashed lines on the bars represent the contributions from the

current theoretical uncertainties. There is a factor of three improvement in the precision of coupling

measurements obtained in going from the 300 fb−1 dataset, represented by the green bars, to the 3000

fb−1 dataset, represented by the blue lines. This figure demonstrates that for the 3000 fb−1 dataset, it

is possible to determine λ to within 3-10% for bosons, gluons and fermions coupling to the Higgs boson.

The Zγ couplings are the only ones with larger (30%) uncertainties. For the results used in Figure 9.1,

the latest results on H → bb̄ were not available, and thus these inputs were fixed based on the H → ττ

measurement [158].

The discovery of the Higgs boson has validated the predictions of the SM. Its observation in the

H → WW ∗ channel was a crucial factor in confirming the Higgs boson’s decay properties. Despite

these successes, much of the laws governing the universe lie outside the realm of the SM and continue

to elude scientists. Future measurements will allow for more precise determination of predicted Higgs

boson properties. The datasets collected after the LHC restarts will further test SM predictions and

possibly detect beyond SM physics that can lead to further insight into the functioning of the universe.



Bibliography

[1] A. Christin, A History of Writing: From Hieroglyph to Multimedia. Flammarion, 2002.

[2] H. Eves, An Introduction to the History of Mathematics. The Saunders series, Saunders College

Pub., 1990.

[3] E. McMullin, The Concept of Matter in Greek and Medieval Philosophy. Notre Dame Papers,

University of Notre Dame Press, 1965.

[4] “Standard Model.” http://en.wikipedia.org/wiki/Standard$_$Model, 2014. [Online; accessed

29-Oct-2014].

[5] P. Higgs, “Broken Symmetries and the Masses of Gauge Bosons,” Phys.Rev.Lett., vol. 13, pp. 508–

509, 1964.

[6] F. Englert, R. Brout, “Broken Symmetry and the Mass of Gauge Vector Mesons,” Phys.Rev.Lett.,

vol. 13, pp. 321–323, 1964.

[7] G. Guralnik, C. Hagen, T. Kibble, “Global Conservation Laws and Massless Particles,”

Phys.Rev.Lett., vol. 13, pp. 585–587, 1964.

[8] S. Weinberg, “A Model of Leptons,” Phys.Rev.Lett., vol. 19, pp. 1264–1266, 1967.

[9] http://en.wikipedia.org/wiki/Search_for_the_Higgs_boson, 2014. [Online; accessed 29-

Oct-2014].

[10] ATLAS Collaboration, “Observation of a New Particle in the Search for the Standard Model Higgs

Boson with the ATLAS Detector at the LHC,” Phys.Lett., vol. B716, pp. 1–29, 2012.

[11] S. Chatrchyan, et al., “Observation of a New Boson at a Mass of 125 GeV with the CMS Experiment

at the LHC,” Phys.Lett., vol. B716, pp. 30–61, 2012.

[12] J. Beringer et al., “Particle Data Group,” Phys. Rev. D86, 010001, 2012.

[13] S. Heinemeyer et al., “Handbook of LHC Higgs Cross Sections: 3. Higgs Properties: Report of the

LHC Higgs Cross Section Working Group,” arXiv:1307.1347. CERN-2013-004, 2013.

[14] J. Maxwell, “A Dynamical Theory of the Electromagnetic Field,” Phil.Trans.Roy.Soc.Lond.,

vol. 155, pp. 459–512, 1865.

[15] A. Einstein, “On the Electrodynamics of Moving Bodies,” Annalen Phys., vol. 17, pp. 891–921,

1905.

167



Bibliography 168

[16] P. Dirac, “The Quantum Theory of Electron,” Proc.Roy.Soc.Lond., vol. A117, pp. 610–624, 1928.

[17] H. Georgi, Lie algebras in particle physics; 2nd ed. Frontiers in Physics, Cambridge: Perseus, 1999.

[18] C. Anderson, “The Apparent Existence of Easily Deflectable Positives,” Science, vol. 76, pp. 238–

239, 1932.

[19] O. Chamberlain, E. Segre, C. Wiegand, T. Ypsilantis, “Observation of Anti-protons,” Phys.Rev.,

vol. 100, pp. 947–950, 1955.

[20] B. Cork, G. Lambertson, O. Piccioni, W. Wenzel, “Anti-neutrons Produced From Anti-protons in

Charge Exchange Collisions,” Phys.Rev., vol. 104, pp. 1193–1197, 1957.

[21] C. Fox, An Introduction to the Calculus of Variations. Courier Dover Publications, 1987.

[22] J. Thompson, Angular Momentum: An Illustrated Guide to Rotational Symmetries for Physical

Systems. No. Bd. 1, Wiley, 1994.

[23] W. Lamb, R. Retherford, “Fine Structure of the Hydrogen Atom by a Microwave Method,”

Phys.Rev., vol. 72, pp. 241–243, 1947.

[24] F. Close, Neutrino. OUP Oxford, 2010.

[25] J. Chadwick, “Possible Existence of a Neutron,” Nature, vol. 129, p. 312, 1932.

[26] F. Wilson, “Fermi’s Theory of Beta Decay,” Am. J. Phys, vol. 36, p. 1150, 1968.

[27] C. Wu, E. Ambler, R. Hayward, R. Hoppes, R. Hudson, “Experimental Test of Parity Conservation

in Beta Decay,” Phys.Rev., vol. 105, pp. 1413–1414, 1957.

[28] M. Goldhaber, L. Grodzins, A. Sunyar, “Helicity of Neutrinos,” Phys.Rev., vol. 109, pp. 1015–1017,

1958.

[29] J. Christenson, J. Cronin, V. Fitch, R. Turlay, “Evidence for the 2π Decay of the K0
2 Meson,”

Phys.Rev.Lett., vol. 13, pp. 138–140, 1964.

[30] M. Kobayashi, T. Maskawa, “CP Violation in the Renormalizable Theory of Weak Interaction,”

Prog.Theor.Phys., vol. 49, pp. 652–657, 1973.

[31] S. Glashow, J. Iliopoulos, L. Maiani, “Weak Interactions with Lepton-Hadron Symmetry,”

Phys.Rev., vol. D2, pp. 1285–1292, 1970.

[32] C. Yang, R. Mills, “Conservation of Isotopic Spin and Isotopic Gauge Invariance,” Phys.Rev.,

vol. 96, pp. 191–195, 1954.

[33] S. J.Goldstone, A. Salam, “Broken Symmetries,” Phys.Rev., vol. 127, pp. 965–970, 1962.

[34] P. Anderson, “Plasmons, Gauge Invariance, and Mass,” Phys.Rev., vol. 130, pp. 439–442, 1963.

[35] G. Guralnik, C. Hagen, T. Kibble, “Global Conservation Laws and Massless Particles,”

Phys.Rev.Lett., vol. 13, pp. 585–587, 1964.



Bibliography 169

[36] W. de Boer, “The Discovery of the Higgs Boson with the CMS Detector and its Implications for

Supersymmetry and Cosmology,” arXiv:1309.0721v1, 2013.

[37] G. Arnison et al., “Experimental Observation of Isolated Large Transverse Energy Electrons with

Associated Missing Energy at
√
s = 540-GeV,” Phys.Lett., vol. B122, pp. 103–116, 1983.

[38] G. Arnison et al., “Experimental Observation of Lepton Pairs of Invariant Mass Around 95-GeV/c2

at the CERN SPS Collider,” Phys.Lett., vol. B126, pp. 398–410, 1983.

[39] A. Pickering, Constructing Quarks: A Sociological History of Particle Physics. University of

Chicago Press, 1999.

[40] T. Nakano, K. Nishijima, “Charge Independence for V-particles,” Prog.Theor.Phys., vol. 10,

pp. 581–582, 1953.

[41] M. Gell-Mann, “Symmetries of Baryons and Mesons,” Phys.Rev., vol. 125, pp. 1067–1084, 1962.

[42] “Eightfold Way (physics).” http://en.wikipedia.org/wiki/Eightfold_Way_(physics), 2014.

[Online; accessed 29-Oct-2014].

[43] J. Friedman, H. Kendall, “Deep Inelastic Electron Scattering,” Ann.Rev.Nucl.Part.Sci., vol. 22,

pp. 203–254, 1972.

[44] O. Greenberg, “Spin and Unitary Spin Independence in a Paraquark Model of Baryons and

Mesons,” Phys.Rev.Lett., vol. 13, pp. 598–602, 1964.

[45] K. Wilson, “Confinement of Quarks,” Phys.Rev., vol. D10, pp. 2445–2459, 1974.

[46] https://espace.cern.ch/liu-project/default.aspx, 2014. [Online; accessed 29-Oct-2014].

[47] http://anim3d.web.cern.ch/content/equipement, 2014. [Online; accessed 29-Oct-2014].

[48] O. Bruning, P. Collier, P. Lebrun, S.Myers, R. Ostojic, J. Poole, P. Proudlock, “LHC Design

Report,” CERN-2004-003-V-1, 2004.

[49] ATLAS Collaboration, “Improved Luminosity Determination in pp Collisions at
√
s = 7 TeV Using

the ATLAS Detector at the LHC,” Eur.Phys.J., vol. C73, p. 2518, 2013.

[50] ATLAS Collaboration, “ATLAS Detector and Physics Performance: Technical Design Report 1,”

ATLAS TDR 14 ; CERN/LHCC 99-14, 1999.

[51] ATLAS Collaboration, “ATLAS Magnet System: Technical Design Report 1,” CERN-LHCC-97-

018, 1997.

[52] ATLAS Collaboration, “Alignment of the ATLAS Inner Detector and its Performance in 2012,”

ATLAS-CONF-2014-047, 2014.

[53] ATLAS Collaboration, “Basic ATLAS TRT Performance Studies of Run 1,” ATL-INDET-PUB-

2014-001, 2014.

[54] M. Aleksa et al., “ATLAS Liquid Argon Calorimeter Phase-I Upgrade Technical Design Report,”

ATL-COM-GEN-2013-007, 2013.



Bibliography 170

[55] P.Krieger, “The ATLAS Liquid Argon Calorimeter Construction, Integration, Commissioning and

Performance from Selected Particle Beam Test Results,” no. 2005 IEEE Nuclear Science Sympo-

sium Conference Record, 2005.

[56] M. Aharrouche et al., “Energy Linearity and Resolution of the ATLAS Electromagnetic Barrel

Calorimeter in an Electron Test-Beam,” Nucl. Instrum. Methods Phys. Res., A, vol. 568, pp. 601–

623, 2006.

[57] H. Bartko, “Performance of the Combined ATLAS Liquid Argon End-Cap Calorimeters in Beam

Tests at the CERN SPS,” ATL-LARG-2004-007, 2003.

[58] M. Aleksa, M. Delmastro, M. Fanti, M, R. Lafaye, W. Lampl, S. Laplace, D. Prieur, F. Tarrade,

I. Wingerter-Seez, “ATLAS Combined Testbeam: Computation and Validation of the Electronic

Calibration Constants for the Electromagnetic Calorimeter,” ATL-LARG-PUB-2006-003. ATL-

COM-LARG-2006-003, 2006.

[59] H. Abreu, et al., “Performance of the Electronic Readout of the ATLAS Liquid Argon Calorime-

ters,” JINST, vol. 5, p. P09003, 2010.

[60] ATLAS Collaboration, “Monitoring and Data Quality Assessment of the ATLAS Liquid Argon

Calorimeter,” JINST, vol. 9, p. P07024, 2014.

[61] ATLAS Collaboration, “Monitoring and Data Quality Assessment of the ATLAS Liquid Argon

Calorimeter,” J. Instrum., vol. 9, p. P07024. 39 p, 2014.

[62] V. Grassi, “The ATLAS Liquid Argon Calorimeter at the CERN Large Hadron Collider: General

Performance and Latest Developments of the High Voltage System,” ATL-LARG-PROC-2013-013,

2013.

[63] N. Berger, L. Tran, J. De Vivie, “Improved Q-factor Definition Using Pulse Shape Residuals,”

ATL-LARG-INT-2014-002, 2014.

[64] F. Tang et al., “Design of the Front-End Readout Electronics for ATLAS Tile Calorimeter at the

sLHC,” IEEE Trans.Nucl.Sci., vol. 60, pp. 1255–1259, 2013.

[65] ATLAS Collaboration, “Readiness of the ATLAS Tile Calorimeter for LHC Collisions,”

Eur.Phys.J., vol. C70, pp. 1193–1236, 2010.

[66] ATLAS Collaboration, “ATLAS Muon Spectrometer: Technical Design Report,” ATLAS-TDR-10;

CERN-LHCC-97-022, 1997.

[67] Y. Arai et al., “ATLAS Muon Drift Tube Electronics,” JINST, vol. 3, p. P09001, 2008.

[68] G. Cattani, “The Resistive Plate Chambers of the ATLAS Experiment: Performance Studies,”

J.Phys.Conf.Ser., vol. 280, p. 012001, 2011.

[69] ATLAS Collaboration, “ATLAS First Level Trigger: Technical Design Report,” CERN-LHCC-98-

14, ATLAS-TDR-12, 1998.

[70] ATLAS Collaboration, “Performance of the ATLAS Muon Trigger in pp Collisions at
√
s = 8 TeV,”

CERN-PH-EP-2014-154, 2014.



Bibliography 171

[71] ATLAS Collaboration, “Electron Performance Measurements with the ATLAS Detector Using the

2010 LHC Proton-Proton Collision Data,” Eur.Phys.J., vol. C72, p. 1909, 2012.

[72] http://www.bw-grid.de/projekte/2012/05/11/monte-carlo-generator-for-the-lhc/,

2014. [Online; accessed 29-Oct-2014].

[73] G. Altarelli, G. Parisi, “Asymptotic Freedom in Parton Language,” Nucl.Phys., vol. B126, p. 298,

1977.

[74] G. Boroun, “Evolution of the Longitudinal Structure Function at Small x,” Eur.Phys.J.Plus,

vol. 129, p. 19, 2014.

[75] V. Fadin, L. Lipatov, “Next-to-leading Corrections to the BFKL Equation from the Gluon and

Quark Production,” Nucl.Phys., vol. B477, pp. 767–808, 1996.

[76] A. Martin, W. Stirling, R. Thorne, G. Watt, “Parton Distributions for the LHC,” Eur.Phys.J.,

vol. C63, pp. 189–285, 2009.

[77] J. Pumplin et al., “New Generation of Parton Distributions with Uncertainties from Global QCD

Analysis,” JHEP, vol. 0207, p. 012, 2002.

[78] S. Forte, L. Garrido, J. Latorre, A. Piccione, “Neural Network Parametrization of Deep Inelastic

Structure Functions,” JHEP, vol. 0205, p. 062, 2002.

[79] G. Watt, R. Thorne, “Study of Monte Carlo Approach to Experimental Uncertainty Propagation

with MSTW 2008 PDFs,” JHEP, vol. 1208, p. 052, 2012.

[80] V. Sudakov, “Vertex Parts at Very High-Energies in Quantum Electrodynamics,” Sov.Phys.JETP,

vol. 3, pp. 65–71, 1956.

[81] B. Andersson, G. Gustafson, G. Ingelman, T. Sjostrand, “Parton Fragmentation and String Dy-

namics,” Phys.Rept., vol. 97, pp. 31–145, 1983.

[82] B. Webber, “A QCD Model for Jet Fragmentation Including Soft Gluon Interference,” Nucl.Phys.,

vol. B238, p. 492, 1984.

[83] D. Amati, G. Veneziano, “Preconfinement as a Property of Perturbative QCD,” Phys.Lett.,

vol. B83, p. 87, 1979.

[84] T. Sjostrand, S. Mrenna, P. Skands, “PYTHIA 6.4 Physics and Manual,” JHEP, vol. 0605, p. 026,

2006.

[85] T. Gleisberg et al., “SHERPA 1. Alpha: A Proof of Concept Version,” JHEP, vol. 0402, p. 056,

2004.

[86] G. Corcella et al., “HERWIG 6: An Event Generator for Hadron Emission Reactions with Inter-

fering Gluons (Including Supersymmetric Processes),” JHEP, vol. 0101, p. 010, 2001.

[87] J. Butterworth, J. Forshaw, “Photoproduction of Multi - jet Events at HERA: A Monte Carlo

Simulation,” J.Phys., vol. G19, pp. 1657–1663, 1993.



Bibliography 172

[88] S. Frixione, P. Nason, C. Oleari, “Matching NLO QCD Computations with Parton Shower Simu-

lations: the POWHEG Method,” JHEP, vol. 0711, p. 070, 2007.

[89] M. Mangano, M. Moretti,F Piccinini, R. Pittau, A. Polosa, “ALPGEN, a Generator for Hard

Multiparton Processes in Hadronic Collisions,” JHEP, vol. 0307, p. 001, 2003.

[90] B. Kersevan, E. Richter-Was, “The Monte Carlo Event Generator AcerMC Versions 2.0 to 3.8 with

Interfaces to PYTHIA 6.4, HERWIG 6.5 and ARIADNE 4.1,” Comput.Phys.Commun., vol. 184,

pp. 919–985, 2013.

[91] T. Binoth, M. Ciccolini, N. Kauer, M. Kramer, “Gluon-induced w-boson pair production at the

lhc,” JHEP, vol. 0612, p. 046, 2006.

[92] S. Frixione, F. Stoeckli, P. Torrielli, B. Webber, C. White, “The MC a©NLO 4.0 Event Generator,”

CAVENDISH-HEP-10-12, CERN-TH-2010-216, IPPP-10-62, DCPT-10-124, 2010.

[93] J. Campbell, R. Ellis, “MCFM for the Tevatron and the LHC,” Nucl.Phys.Proc.Suppl., vol. 205-

206, pp. 10–15, 2010.

[94] S. Agostinelli et al., “GEANT4: A Simulation Toolkit,” Nucl.Instrum.Meth., vol. A506, pp. 250–

303, 2003.

[95] S. Fleischmann, “FATRAS - A Novel Fast Track Simulation Engine for the ATLAS Experiment,”

ATL-INDET-PROC-2010-010, 2010.

[96] ATLAS Collaboration, “The Simulation Principle and Performance of the ATLAS Fast Calorimeter

Simulation FastCaloSim,” ATL-PHYS-PUB-2010-013, 2010.

[97] H. Lai et al., “New Parton Distributions for Collider Physics,” Phys.Rev., vol. D82, p. 074024,

2010.

[98] A. Sherstnev, R. Thorne, “Parton Distributions for LO Generators,” Eur.Phys.J., vol. C55,

pp. 553–575, 2008.

[99] C. Anastasiou, R. Boughezal, F. Petriello, “Mixed QCD-electroweak Corrections to Higgs Boson

Production in Gluon Fusion,” JHEP, vol. 0904, p. 003, 2009.

[100] J. Baglio, A. Djouadi, “Higgs Production at the LHC,” JHEP, vol. 1103, p. 055, 2011.

[101] D. de Florian, M. Grazzini, “Higgs Production Through Gluon Fusion: Updated Cross Sections at

the Tevatron and the LHC,” Phys. Lett., vol. B674, p. 291, 2009.

[102] S. Catani, D. de Florian, M. Grazzini, P. Nason, “Soft-gluon Re-summation for Higgs Boson

Production at Hadron Colliders,” JHEP, vol. 0307, p. 028, 2003.

[103] P. Bolzoni, F. Maltoni, S.-O. Moch, M. Zaro, “Higgs Production via Vector-boson Fusion at NNLO

in QCD,” Phys. Rev. Lett, vol. 105, p. 011801, 2010.

[104] O. Brein, A. Djouadi, R. Harlander, “NNLO QCD Corrections to the Higgs-strahlung Processes

at Hadron Colliders,” Phys.Lett., vol. B579, pp. 149–156, 2004.



Bibliography 173

[105] T. Han, S. Willenbrock, “QCD Correction to the pp → WH and ZH Total Cross-Sections,”

Phys.Lett., vol. B273, pp. 167–172, 1991.

[106] M. Ciccolini, S. Dittmaier, M. Kramer, “Electroweak Radiative Corrections to Associated WH

and ZH Production at Hadron Colliders,” Phys.Rev., vol. D68, p. 073003, 2003.

[107] D. de Florian et al.,, “Transverse-momentum Resummation: Higgs Boson Production at the Teva-

tron and the LHC,” JHEP, vol. 11, p. 064, 2011.

[108] M. Czakon, A. Mitov, “top++: A Program for the Calculation of the Top-Pair Cross-Section at

Hadron Colliders,” Comput.Phys.Commun., vol. 185, p. 2930, 2014.

[109] N. Kidonakis, “NNLL Resummation for s-Channel Single Top Quark Production,” Phys.Rev.,

vol. D81, p. 054028, 2010.

[110] N. Kidonakis, “Next-to-next-to-leading-order Collinear and Soft Gluon Corrections for t-Channel

Single Top Quark Production,” Phys.Rev., vol. D83, p. 091503, 2011.

[111] N. Kidonakis, “Two-loop Soft Anomalous Dimensions for Single Top Quark Associated Production

with a W− or H−,” Phys.Rev., vol. D82, p. 054018, 2010.

[112] S. Catani, L. Cieri, G. Ferrera, D. de Florian, M. Grazzini, “Vector Boson Production at Hadron

Colliders: a Fully Exclusive QCD Calculation at NNLO,” Phys.Rev.Lett., vol. 103, p. 082001, 2009.

[113] http://www.atlas.ch, 2014. [Online; accessed 29-Oct-2014].

[114] R. Fruhwirth, W. Waltenberger, P. Vanlaer, “Adaptive Vertex Fitting,” J.Phys., vol. G34, p. N343,

2007.

[115] ATLAS Collaboration, “Performance of the ATLAS Inner Detector Track and Vertex Reconstruc-

tion in the High Pile-Up LHC Environment,” ATLAS-CONF-2012-042, 2013.

[116] W. Lampl, S. Laplace, D. Lelas, P. Loch, H. Ma, S. Menke, S. Rajagopalan, D. Rousseau, S. Snyder,

G. Unal, “Calorimeter Clustering Algorithms: Description and Performance,” ATL-LARG-PUB-

2008-002. ATL-COM-LARG-2008-003, 2008.

[117] ATLAS Collaboration, “Improved Electron Reconstruction in ATLAS Using the Gaussian Sum

Filter-based Model for Bremsstrahlung,” ATLAS-CONF-2012-047, ATLAS-COM-CONF-2012-

068, 2012.

[118] ATLAS Collaboration, “Electron Efficiency Measurements with the ATLAS Detector Using the

2012 LHC Proton-proton Collision Data,” ATLAS-CONF-2014-032, 2014.

[119] ATLAS Collaboration, “Expected Electron Performance in the ATLAS Experiment,” ATL-PHYS-

PUB-2011-006, ATL-COM-PHYS-2010-990, 2011.

[120] ATLAS Collaboration, “Electron Performance Measurements with the ATLAS Detector Using the

2010 LHC Proton-proton Collision Data,” Eur.Phys.J., vol. C72, p. 1909, 2012.

[121] J. Alison, K. Brendlinger, S. Heim, J. Kroll, C. Lester, “Description and Performance of the

Electron Likelihood Tool at ATLAS using 2012 LHC Data,” ATL-COM-PHYS-2013-378, 2013.



Bibliography 174

[122] ATLAS Collaboration, “Electron and Photon Energy Calibration with the ATLAS Detector Using

LHC Run 1 Data,” Eur.Phys.J., vol. C74, p. 3071, 2014.

[123] ATLAS Collaboration, “Measurements of the Photon Identification Efficiency with the ATLAS

Detector Using 4.9 fb−1 of pp Collision Data Collected in 2011,” ATLAS-CONF-2012-123, 2012.

[124] S. Catani, Y. Dokshitzer, M. Olsson, G. Turnock, B. Webber, “New Clustering Algorithm for

Multi - jet cross-sections in e+e− Annihilation,” Phys.Lett., vol. B269, pp. 432–438, 1991.

[125] S. Catani, Y. Dokshitzer, M. Seymour, B. Webber, “Longitudinally Invariant KT Clustering Al-

gorithms for Hadron-hadron Collisions,” Nucl.Phys., vol. B406, pp. 187–224, 1993.

[126] M. Cacciari, G. Salam, G. Soyez, “The Anti-KT Jet Clustering Algorithm,” JHEP, vol. 0804,

p. 063, 2008.

[127] Y. Dokshitzer, G. Leder, S. Moretti, B. Webber, “Better Jet Clustering Algorithms,” JHEP,

vol. 9708, p. 001, 1997.

[128] M. Wobisch, T. Wengler, “Hadronization Corrections to Jet Cross-sections in Deep Inelastic Scat-

tering,” PITHA-99-16, 1998.

[129] ATLAS Collaboration, “Jet Energy Measurement and its Systematic Uncertainty in Proton-proton

Collisions at
√
s = 7 TeV with the ATLAS Detector,” CERN-PH-EP-2013-222, 2014.

[130] ATLAS Collaboration, “Jet Energy Measurement with the ATLAS detector in Proton-proton

Collisions at
√
s = 7 TeV,” Eur.Phys.J., vol. C73, p. 2304, 2013.

[131] E. Bergeaas, C. Issever, K. Jon-And, B. King, K. Lohwasser, D. Milstead, “Local Hadronic Calibra-

tion of Single Pion Data from the Combined ATLAS Testbeam of 2004,” ATL-CAL-PUB-2007-001.

ATL-COM-CAL-2007-002, 2007.

[132] ATLAS Collaboration, “Calibration of the Performance of b-tagging for c and Light-Flavour Jets

in the 2012 ATLAS Data,” ATLAS-CONF-2014-046, 2014.

[133] http://www-d0.fnal.gov/Run2Physics/top/singletop_observation/, 2009. [Online; accessed

5-Nov02-14].

[134] ATLAS Collaboration, “Identification of the Hadronic Decays of Tau Leptons in 2012 Data with

the ATLAS Detector,” ATLAS-CONF-2013-064, 2013.

[135] ATLAS Collaboration, “Determination of the Tau Energy Scale and the Associated Systematic

Uncertainty in Proton-proton Collisions at
√
s = 8 TeV with the ATLAS Detector at the LHC in

2012,” ATLAS-CONF-2013-044, 2013.

[136] S. Hassani et al., “A Muon Identification and Combined Reconstruction Procedure for the AT-

LAS Detector at the LHC Using the MUONBOY, STACO, MuTag Reconstruction Packages,”

Nucl.Instrum.Meth., vol. A572, pp. 77–79, 2007.

[137] ATLAS Collaboration, “Measurement of the Muon Reconstruction Performance of the ATLAS

Detector Using 2011 and 2012 LHC Proton-Proton Collision Data,” CERN-PH-EP-2014-151, 2014.



Bibliography 175

[138] ATLAS Collaboration, “Pile-up Suppression in Missing Transverse Momentum Reconstruction in

the ATLAS Experiment in Proton-Proton Collisions at
√
s = 8 TeV,” ATLAS-CONF-2014-019,

2014.

[139] ATLAS Collaboration, “Performance of Missing Transverse Momentum Reconstruction in Proton-

proton Collisions at 7 TeV with ATLAS,” Eur.Phys.J., vol. C72, p. 1844, 2012.

[140] R. Ellis, I. Hinchliffe, M. Soldate, J. Van Der Bij, “Higgs Decay to τ+τ−: A Possible Signature of

Intermediate Mass Higgs Bosons at the SSC,” Nucl.Phys., vol. B297, p. 221, 1988.

[141] ATLAS Collaboration, “Observation and Measurement of Higgs Boson Decays to WW ∗ with

ATLAS at the LHC,” 2014. ATLAS-CONF-2014-060.

[142] ATLAS Collaboration, “Background Estimation in the H → WW (∗) → `ν`ν Analysis with

20.7 fb−1 of Data Collected with the ATLAS Detector at
√
s = 8 TeV,” ATL-COM-PHYS-2013-

1630, 2013.

[143] I. Stewart, F. Tackmann, “Theory Uncertainties for Higgs and Other Searches Using Jet Bins,”

Phys.Rev., vol. D85, p. 034011, 2012.

[144] A. Banfi, G. Salam, G. Zanderighi, “NLL+NNLO Predictions for Jet-veto Efficiencies in Higgs-

boson and Drell-Yan Production,” JHEP, vol. 1206, p. 159, 2012.

[145] J. Alwall et al., “The Automated Computation of Tree-Level and Next-to-leading Order Differential

Cross Sections, and their Matching to Parton Shower Simulations,” JHEP, vol. 1407, p. 079, 2014.

[146] J. Alwall et al., “MadGraph 5 : Going Beyond,” JHEP, vol. 1106, p. 128, 2011.

[147] G. Cowan, K. Cranmer, E. Gross, O. Vitells, “Asymptotic Formulae for Likelihood-based Tests of

New Physics,” Eur.Phys.J., vol. C71, p. 1554, 2011.

[148] W. Verkerke, D. Kirkby, “The RooFit Toolkit for Data Modeling,” eConf, vol. C0303241,

p. MOLT007, 2003.

[149] A. Stuart, J. Ord, S.Arnold, Kendall’s Advance Theory of Statistics, Classical Inference and the

Linear Model 6th Ed, vol. 2A. Oxford Univ.

[150] A. Armbruster, “Discovery of the Higgs Boson with the ATLAS Detector,” CERN-THESIS-2013-

047, 2013.

[151] ATLAS Collaboration, “Measurement of the Higgs Boson Mass from the H → γγ and H →
ZZ∗ → 4` Channels in pp Collisions at Center-of-mass Energies of 7 and 8 TeV with the ATLAS

Detector,” Phys. Rev. D, vol. 90, p. 052004, Sep 2014.

[152] ATLAS Collaboration, “Projections for Measurements of Higgs boson Cross Sections, Branching

Ratios and Coupling Parameters with the ATLAS Detector at a HL-LHC,” ATL-PHYS-PUB-

2013-014, 2013.

[153] ATLAS Collaboration, “Prospects for the Study of the Higgs Boson in the V H(bb) Channel at

HL-LHC,” ATL-PHYS-PUB-2014-011, 2014.



Bibliography 176

[154] ATLAS Collaboration, “Search for the bb Decay of the Standard Model Higgs Boson in Associated

W/ZH Production with the ATLAS Detector,” ATLAS-CONF-2013-079, 2013.

[155] ATLAS Collaboration, “HL-LHC Projections for Signal and Background Yield Measurements of

the H → γγ when the Higgs Boson is Produced in Association with t Quarks, W or Z Bosons,”

ATL-PHYS-PUB-2014-012,, 2014.

[156] ATLAS Collaboration, “Measurements of Higgs Boson Production and Couplings in Diboson Final

States With the ATLAS Detector at the LHC,” Phys. Lett. B, vol. 726, pp. 88–119. 38 p, 2013.

[157] ATLAS Collaboration, “Update of the Prospects for the H → Zγ Search at the High-Luminosity

LHC,” ATL-PHYS-PUB-2014-006, 2014.

[158] ATLAS Collaboration, “Evidence of Higgs Boson Decays to the Tau Tau Final State with the

ATLAS Detector,” ATLAS-CONF-2013-108, 2013.


