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Abstract

Since the observation of a narrow mass resonance consistent with the Higgs

boson by ATLAS and CMS collaborations in 2012, a number of important

studies have been made in order to understand the properties of the newly

discovered particle. The most fundamental precision measurements include the

Higgs coupling to other particles and itself; properties that have a direct relation

with the total decay width. The theoretical total width of the Standard Model

(SM) Higgs boson is extremely small (4.2 MeV), making its direct measurement

by the LHC experiments non feasible due to the finite experimental detector

resolution. Recent publications have shown a novel way to set an indirect limit

on the total Higgs boson width by using measurements of both off-shell and

on-shell production. This thesis presents a determination of the off-shell Higgs

boson coupling, and a further interpretation of the Higgs total width in the

H → ZZ → 4` channel (` = e, µ). The results are based on pp collision data

collected by the ATLAS experiment at the LHC, corresponding to an integrated

luminosity of 20.3 fb−1 at a collision energy of
√
s = 8 TeV. Using the CLs

statistical method and assuming the same higher-order QCD corrections applied

for both signal and background processes, the observed 95% confidence level (CL)

upper limit on the off-shell signal strength is 7.3 (with the yields normalized to

the SM expectation). Similarly, the 95% CL upper limit on the Higgs total width

is 24.7 MeV.

The LHC will undergo its last big upgrade in 2021, in preparation for the high-
luminosity LHC Run (HL-LHC), with a luminosity increase of approximately
a factor of 5 beyond its nominal design rate. Raising the muon transverse
momentum threshold becomes a necessity in order to maintain a low online
selection rate with the existing trigger system, at the cost of a reduced efficiency
for the electroweak scale physics. An alternative to this approach is a proposed
design of a first-level hardware trigger that uses tracking information. Being
able to use tracking information at the first level of the ATLAS trigger in
the implementation of a muon isolation algorithm offers an extra handle for
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differentiating between signal and background. The second part of this thesis
presents studies on the performance of tracking-based muon isolation designed
for a first-level hardware trigger system. These studies demonstrate the improved
trigger performance of the muon isolation algorithm when compared to an
increase of the transverse momentum threshold of the muon candidates.
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Lay summary

The Standard Model (SM) of particle physics describes the interactions be-
tween elementary particles for the three out of four known forces of nature:
electromagnetism, weak, and strong force. The SM is constructed in terms of
underlying principles that relates the interactions of elementary particles with
the conservation of symmetries. The mathematically simplest way to ensure the
conservation of these symmetries is by using exclusively massless fundamental
particles. However, given that most of the fundamental particles have an
experimentally measured non-zero mass, this explanation is unsatisfactory.
Approximately 50 years ago a mechanism was proposed that explains the
generation of mass through the non-conservation of one of these SM symmetries,
by invoking a quantum field that permeates throughout the entire universe space.
This prediction was tested and confirmed in 2012 by the collaborations of two
independent experiments, ATLAS and CMS, at the Large Hadron Collider (LHC)
in Geneva, Switzerland with the discovery of a particle associated with this field:
the Higgs boson.

The LHC is a particle accelerator designed to accelerate protons to 7 TeV (energy
equivalent to more than 80 kg of TNT), an order of magnitude higher than
the previously most powerful accelerator, and smash them into each other.
With a designed rate of 800 million collisions per second, it is an extremely
harsh environment for the operation of the ATLAS and CMS detectors. The
collaborations of these detectors use an online selection mechanism that ensures
an intelligent filtering of potentially interesting events for permanent storage
and offline analysis. This mechanism is called the Trigger. The selected stored
information is used by several physics groups that analyse the data looking for a
specific signal process, like the Higgs boson.

The Higgs boson is an unstable particle that decays almost instantaneously
into other particles, which may decay further themselves. The experimental
observation of the Higgs boson is therefore not achieved directly, but via the
detection and reconstruction of the secondary particles, also known as the
final state. The experimentally cleanest final states are the ones that can be
reconstructed with photons, electrons or muons; however, the probability for the
Higgs boson to decay into one of these clean states is small. For example, the
production and further decay into one of the most distinguishable signatures, the
H → ZZ(∗) → 4` final state (where l is either a muon or an electron), occurs
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roughly only once for every 10 trillion (1015) proton-proton collisions.

After the experimental observation of the Higgs boson, a number of important
studies have been made in order to understand the properties of the particle.
The most fundamental measurement is the coupling to other particles and itself; a
property that has a direct relation with the particles total decay width. The total
width is defined as the particle’s decay probability per time unit, corresponding to
the reciprocal of its average decay lifetime. Unfortunately, the SM Higgs boson
has a narrow total width, approximately 1,000 times smaller than the current
detector resolution, making its direct measurement by the LHC experiments an
unfeasible task. Instead, in this thesis I employ a novel indirect-measurement
technique to set an exclusion limit on the total width by using non-resonant
Higgs boson events.

The main part of this thesis comprises the measurement of the Higgs boson
events above the on-shell mass peak with an indirect limit of the Higgs total
width in the H → ZZ(∗) → 4` channel. The measurement obtained with these
results constitutes a dramatic improvement over previous direct measurements,
constraining the Higgs total decay width to be smaller than 10 times the SM
value hypothesis. The measurement precision can be further improved with the
increase of the size of the data samples to be collected in the next years of the
LHC operation.

There are three upgrade periods for the LHC accelerator, with the last one,
the so-called high-luminosity LHC (HL-LHC) upgrade, scheduled for 2021. The
proton collision rate is going to increase approximately by a factor of 5 beyond
the design LHC operational point. This renders the implementation of additional
selection algorithms in the trigger system mandatory. The baseline proposal is to
restrict the muon selection by raising the kinematic threshold on its transverse
momentum, effectively resulting in a signal efficiency loss below this threshold.
An alternative proposal is an upgraded first-level hardware trigger that employs
tracking information. In order to refine the separation between signal and
background processes, one of the newly proposed selections is an algorithm
that characterises muons by measuring how separated (“isolated”) they are from
the rest of the collision activity by employing tracking information. The muon
isolation is quantified with the construction of a cone centred around the muon
candidate, and by requiring that only the track of the muon candidate is contained
within the cone and no other particle. In this thesis, I present studies that
demonstrate that the incorporation of a tracking-based muon isolation algorithm
at the trigger achieves a substantial improvement of the online signal selection
compared to the baseline proposal, by keeping a highly controlled background
event rate.
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Chapter 1

Introduction

The Standard Model (SM) [2, 3] of particle physics, developed in the middle of

the 20th century, describes the interactions of fundamental particles leading to the

understanding of the sub-atomic world. It is an extremely successful theory that

has been established via the experimental confirmation of all elementary particles

with great accuracy. It is described by a gauge invariant theory that explains the

particle interactions with three out of four forces of nature (electromagnetism,

weak, and strong force). However the theory was initially formulated to describe

massless particles in order to maintain the gauge invariance of their interactions.

By introducing spontaneous symmetry breaking to the theory, a mass generation

mechanism —commonly known as the Higgs mechanism [4–6]— explains that the

SM particles acquire mass via their interaction with the Higgs field. After almost

30 years of experimental searches of the particle associated with this field, on

the 4th of July 2012, the Higgs boson was discovered [7, 8] by the ATLAS and

CMS collaborations at the Large Hadron Collider (LHC), CERN. Following the

discovery, several measurements of the particle properties [1, 9–12] show strong

evidence that it corresponds to the Higgs boson predicted by the SM. Still, the

relative large uncertainty of the current measurements leaves enough room for

the discovered boson to be a Beyond the SM (BSM) particle with a behaviour

that is different than the SM predictions for the Higgs boson. Numerous precision

measurements of the Higgs boson are currently ongoing in order to reveal its true

nature.

The Higgs boson couples directly to elementary particles of the SM with a

coupling strength which is proportional to the mass of the particle. The coupling
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strength of the Higgs boson with the rest of the SM particles according to the

theory is directly linked to its production and decay rates. In order to verify the

full SM hypothesis, all possible channels need to be measured and compared to

the SM prediction. BSM physics can modify the Higgs coupling strength of a

given process, by introducing exotic particles in loops either in the production

or the decay processes. If these exotic particles have a substantial mass, their

impact in the coupling strength can be observed in the Higgs boson high-mass,

off-shell sector.

The main part of this thesis presents a measurement of the off-shell Higgs coupling

with a further interpretation of the Higgs total width in the H∗ → ZZ → 4` decay

channel.

Chapter 2 outlines the incorporation of the Higgs mechanism in a gauge

invariant SM theory to explain the mass of the fundamental particles. It

begins with a brief summary of the SM elementary particle content and its

interactions. An introduction of the symmetries of the SM is given using the

Euler-Lagrange method, showing the conservation of each continuous group

current. A description of the main characteristics of the SM interactions

(Electromagnetic, Strong, and Electroweak) is given explaining the mechanism

to obtain gauge invariance. The Goldstone theorem is explained in the context of

the spontaneous symmetry breaking in a scalar model, as an introduction to the

Higgs mechanism. This mechanism is defined first for a simple electromagnetic

model to identify the Higgs boson, and then it is expanded to the EW model. The

most important EW interactions with the Higgs boson are explained, including

decay couplings, mass and self-interaction terms. Following this, an overview of

the observation of the Higgs boson at the LHC, and the current measurements

of the main properties are given. The phenomenology of the Higgs boson at the

LHC is discussed, including production and decay modes. Lastly, a description

of the total decay width and the matrix element are covered as an introduction

to the tools used in the main analysis chapter.

Chapter 3 summarises the functionality and experimental setup of the LHC

and the ATLAS experiment. A description of each sub-system of the ATLAS

detector is given, explaining the mechanism for identifying and reconstructing

particles transversing its volume. A detailed explanation of the data recorded by

the ATLAS detector is given, following the interactions occurring after a proton-

proton collision. Finally, the mechanism for reconstructing the main physics

objects within the volume of the ATLAS detector is provided.
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There are three upgrade stages of the LHC that will allow the physics programme

to be significantly extended by increasing the centre-of-mass energy and the

collision rate. The last upgrade in 2021 will increase the collision rate by at

least a factor of five beyond the ATLAS detector design rate, with a centre-of-

mass energy of
√
s = 14 TeV. This period is known as HL-LHC [13] spanning ten

years of operation with the expectation to provide datasets with an integrated

luminosity 100 times larger than today’s datasets. The current ATLAS detector

and trigger systems will be unable to handle the data rates of the HL-LHC. It

has been proposed to increase the trigger thresholds of basic physics objecs, such

as leptons, in order to cope with the increased collision rate, thus compromising

the sensitivity for electroweak scale physics. An alternative method is to take

advantage of the upgraded components to be installed in the ATLAS detector,

and improve the online selection by employing tracking information earlier in the

filtering chain.

Chapter 4 examines the performance of a proposed improvement in the online

selection of muons using by isolation algorithms at an early triggering level. A

brief overview of the LHC and ATLAS upgrades is given, with details about the

new components to be installed. A feasibility study is presented that considers the

usage of tracking information at the first (hardware) level of the trigger (Level

1 Track trigger) and compares two isolation algorithms using calorimetric and

tracking information.

Chapter 5 describes the main features of the H → ZZ(∗) → 4` decay channel.

The kinematic observables that are involved in the multivariate analysis of the

next chapter are defined. A complete description of the event selection is given.

Lastly, the main backgrounds for this channel are described, and their impact on

the final event selection explained.

Chapter 6 presents the main analysis of this thesis that aims to measure the

couplings and the total width of the Higgs boson in the off-shell H(∗) → ZZ → 4`

decay channel. A theoretical overview is given that introduces an indirect method

to measure the total Higgs width by using both on- and off-shell couplings. A

detailed description of the simulated signal and background Monte Carlo samples

is given, including calculations of corrections and uncertainties. The overall

analysis strategy is presented, outlining the baseline selection method employing

a multivariate matrix element technique, with a secondary “square cut”-based

analysis used as a cross-check. The theoretical and experimental uncertainties

are calculated for both signal and background processes. A statistical method
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and the fit used to constrain the off-shell coupling and the total width of the Higgs

boson are detailed. Results are presented in the form of upper exclusion limits on

the off-shell signal strength, with a further interpretation on the Higgs total width.

Consistency checks are made with the cut-based analysis method. The statistical

significance of the result is calculated in combination with the ZZ → 2` 2ν and

WW → `ν `ν channels under different production modes assumptions.

Chapter 7 summarises the studies carried out in this thesis and the conclusions

that have been made.
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Chapter 2

The Standard Model and the Higgs

boson

The Standard Model (SM) of particle physics represents our current understand-

ing of the elementary particles and their interactions. It is implemented by

using Quantum Field Theory (QFT), and describes successfully experimental

observations at the subatomic level.

The following chapter gives an overview of the fundamental ingredients of the

Standard Model (SM) and the Higgs mechanism. A brief summary of the particle

content and the components of the full SM Lagrangian is given in Sect.2.1, with

a brief introduction of the symmetry groups involved in the theory in Sect.2.2.

A detailed explanation of the Higgs mechanism is then introduced in Sect.2.3,

including the necessary phenomenology and the status of the current experimental

measurements of the Higgs boson. It ends with a description of the matrix

element reconstruction process at the LHC (Sect. 2.4), as an introduction for the

discriminant tools used in the main analysis presented in Chapter.6. Historical

facts are introduced in several sections in order the give a better context for the

development of the theory.

2.1 Elementary particles and interactions

All known matter in the universe is formed by leptons and quarks. Both

particle categories are characterised by Fermi-Dirac statistics, having half-integer

5



intrinsic angular momentum (spin), a property of a broader group called fermions.

The interactions between them is mediated by the exchange of another type of

fundamental particle, referred to as gauge boson. These fundamental bosons,

which obey Bose-Einstein statistics, have an integer spin. The SM satisfactory

explains three out of four forces of nature (electromagnetism, weak, and strong

force) via the exchange of a specific gauge boson. Electromagnetism is mediated

by the photon (γ), the weak force by the vector bosons Z, W+, and W−,

and the strong force by eight gluons. While photon and gluons are massless

particles, the gauge bosons of the weak interaction are massive. Although not

yet experimentally confirmed, the graviton would be the corresponding force-

carrying particle of gravity. However, the renormalisable relativistic quantum

field theory, implemented by the SM to explain the sub-atomic world, is not

compatible with the general theory of relativity, used to explain the kinematics

of the macroscopic world. For the moment, it is impossible to fit both theories

into a single framework that would include the graviton. Nevertheless, when it

comes to the minuscule scale of particles, the effect of gravity is so weak as to be

negligible.

Each one of nature’s interactions has its own strength that indicates the intensity

with which the gauge boson couples to a quark or lepton (g1: strength of the

electromagnetic interaction, gs: strength of the strong interaction). For instance,

when two electrons exchange a photon, the amplitude of the interaction is

proportional to g2
1. The dimensionless quantity that characterises each force

interaction in the low energy limit (each constant changes according to the

energy of the process, as explained in Sec. 2.2.2), and its range of action are:

electromagnetic α ≈ 1
137

with infinite range, strong αs ≈ 0.12 with a 10−15 m

range (diameter of a medium size nucleus), weak αw ≈ 10−7 with a 10−18 m

range (0.1% diameter of a proton), and gravity αg ≈ 10−39 with infinite range.

The weak and the strong interactions are effective only over a very short range

but dominate at the subatomic particle level. As its name suggests, the weak

force is the weakest of the SM, but it is still much stronger that gravity.

An elementary particle can participate in a certain interaction, if it carries the

charge of the corresponding force. All electrically charged particles interact

through the electromagnetic force mediated by the massless photon with no

electric charge. Each one of these particles couples to the photon with a

slightly different intensity, although always proportional to the electromagnetic

interaction strength (e.g. −e: electron, +e: positron, +2/3e: up-type quarks,
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−1/3e: down-type quarks, 0: neutrino). The elementary fermions of the SM differ

in the way in which they interact with the strong force. All quarks carry colour

charge (red, green, or blue) and thus interact through the strong force mediated

by massless gluons. Gluons exist in eight different versions, each carrying a

combination of colour and anti-colour charge. Quarks only mix in such ways as

to form colourless objects, as explained in Sec. 2.2.2.

All particles have an intrinsic weak isospin which is a quantum number that

describes how a particle behaves in the weak interaction. Fermions have weak

isospin of either +1/2 for up-type quarks and neutrinos, or −1/2 for down-type

quarks and charged leptons. A combination of the electromagnetic and the weak

theories (electroweak theory) gives rise to another quantum property that relates

the electric charge of the particle and its weak isospin: the hypercharge. While

some particles have a weak isospin value of zero, all particles, except gluons, have

non-zero weak hypercharge. However, possibly the most noticeable effect of the

weak interaction is given by theW± boson that is responsible for flavour changing,

like in the case of the Beta decay. Since the W± is the only boson with a non-

zero electric charge, it couples pairs of particles which differ by one unit of electric

charge. In the case of leptons, it couples only to pairs of the same flavour (e.g.

electron and electron-neutrino). However, in the case of quarks, any exchange

between up-type and down-type quarks is allowed. The transition probabilities

between physical up-type quarks and down-type quarks are given by the Cabibbo-

Kobayashi-Maskawa (CKM) matrix [14, 15], which favours transitions within the

same quark “generation”.

The elementary fermions are grouped in three generations. The higher generation,

the larger the mass of the corresponding particles. All stable matter in the

universe is made of particles that belong to the first generation; any heavier

particle quickly decays to the lowest mass stable particle. The two additional

generations appear to be a copy of the first generation with heavier masses.

Each generation is organised in pairs of particles. The six quarks are paired as the

“up quark”and the “down quark”for the first generation, followed by the “charm

quark”and “strange quark”, then the “top quark”and “bottom quark”. The six

leptons are similarly arranged in three generations, organised as the “electron”and

the “electron neutrino”, the “muon”and the “muon neutrino”, and the “tau”and

the “tau neutrino”. The electron, muon and tau have a sizeable mass, whereas the

neutrinos are massless according to the SM. However, experimental observations

of neutrinos oscillations have demonstrated that neutrinos have mass. The
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elementary particles of the SM are summarized in Figure 2.1.

Figure 2.1 Standard model particle content [16]. The elementary particles are
composed by: three generations of leptons and quarks, four force
mediating gauge bosons and the Higgs boson

Even though anti-particles are not explictly mentioned in Figure 2.1, they are

an essential part of the SM. Each fundamental fermion has a corresponding

anti-particle (e.g. electron-positron). Following the Dirac interpretation, the

antiparticles have the same mass and spin as the particles, but opposite charge

and magnetic moment relative to the direction of the spin.

All quarks and leptons have spin 1/2, all gauge vector bosons have spin 1, while

the scalar Higgs boson has spin 0. The masses of the elementary particles of

the SM are acquired via the interaction with the Higgs field, with the minimal

excitation state associated with this field being represented by the massive Higgs

boson. The proposed mechanism for the generation of mass, Higgs mechanism,

is explained by the non-conservation of the vacuum symmetry.
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2.2 Symmetries

QFT is the basic mathematical language that is used to describe and analyse the

physics of elementary particles. It manages to explain the subatomic interactions

using a combination of Classical field theory (CFT), Quantum mechanics (QM)

and Special relativity (SR). The evolution of a physical system is described by

the solutions to the Euler-Lagrange equation of the system.

The Euler-Lagrange method is used also in simpler cases, as classical mechanics,

describing a dynamic system in terms of position coordinates and their time

derivatives. The classic action define how physical quantities, such as position

and momentum, change continuously in time, written as:

S =

∫ t2

t1

dtL (2.1)

The equations of motion (Euler-Lagrange) can be derived by minimizing the

action:

d

dt
(
∂L

∂q̇i
)− ∂L

∂qi
= 0 , (2.2)

which is equivalent to the Newton’s laws of motion that is invariant under any

system of generalised coordinates. In CFT there is an analogous equation for

the calculation of the system’s dynamics, with the important difference that the

object described is not a particle with a finite number of degrees of freedom,

but a continuous function of space and time with an infinite number of degrees

of freedom, called “field”. The lagrangian is thus generalised to a lagrangian

density:

L→
∫ x1

x0

dxL (2.3)

In the most general case, the lagrangian density is a function of the field φ and

its space-time derivatives (L = L(φ, ∂µφ)), with the action given by:

S =

∫
dxL (2.4)
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As before, the field equations are obtained from the minimization of the action:

∂L
∂φ
− ∂µ

( ∂L
∂(∂µφ)

)
= 0 (2.5)

Every local transformation of the fields leaving ∂S unchanged forms a continuous

group of CFT. In the SM (described by QFT), these continuous groups are called

gauge groups. QFT is a quantum generalisation of CFT, that introduced discrete

quantum field states defined by the Hilbert space.

2.2.1 Introduction of the symmetries in the SM

The SM introduces three different continuous gauge groups for the quantum

theories that describes a specific force of nature:

• The Electro Weak theory is used to describe the unification of the quantum

electrodynamics (QED) and Weak theory by using a combination of the

U(1) and SU(2) gauge group.

• Quantum chromodynamics (QCD) is used to describe the strong force by

using a SU(3) gauge group.

Gauge group invariance and Noether theorem

All the theories named above must be locally gauge invariant. A simple example

is introduced with the lagrangian of a free relativistic fermion field ψ(x):

LD = iψ̄γµ∂µψ −mψ̄ψ (2.6)

By solving the Euler-Lagrange equation the quantum mechanical field equations

are derived. In the case of a non-interacting fermion we end up with the

Dirac equation. Interactions appear by requiring local gauge invariance of the

lagrangian under the symmetry transformation of the group. For instance, the

local phase transformation of the U(1) symmetry of QED is defined by:

ψ(x)→ ψ
′
(x) = eiqχ(x)ψ(x) , (2.7)

where χ(x) is a scalar phase. The local gauge invariance can only be restored by

introducing additional fields with the dimension of the given symmetry, which
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can be identified with the force-mediating bosons. This is achieved by replacing

the derivative ∂µ with the covariant derivative Dµ. In the case of QED it is given

by:

∂µ → Dµ = ∂µ + ig1Aµ with: Aµ → A
′

µ = Aµ − ∂µχ , (2.8)

where Aµ is the photon field and g1 is the charge of the fermion. By adding a

kinetic term for the gauge bosons, the QED lagrangian that describes the full

dynamics including interactions becomes:

LQED = ψ̄(iγµ∂µ −m)ψ − 1

4
FµνF

µν + g1ψ̄γ
µψAµ , (2.9)

where Fµν = ∂µAν − ∂νAµ is the field strength tensor of QED. While the first

term of Eq. 2.9 is the same non-interacting term of the previous lagrangian of

Eq. 2.6, the last two terms include photon (second term) and fermion-photon

(third term) interactions.

According to Noether’s theorem, any continuous symmetry that leaves the action

invariant implies the existence of a conserved current Sµ, with ∂µS
µ = 0. For

QED, the conserved current is the electric charge, and its given by the third term

of Eq. 2.9: jµ = ψ̄γµψ.

The same procedure can be done for the Weak and QCD lagrangians in order

to obtain the corresponding conserved currents. But, while the generator of

the U(1) symmetry of QED is a scalar phase, the generators of SU(2) and

SU(3) are represented by the more complex non-commutative Pauli and Gell-

Mann matrices. As a consequence, the Weak and QCD symmetries lead to the

conservation of the weak isospin and colour charge, respectively.

In summary, the SM lagrangian is invariant under the unified local gauge

symmetry group SU(3) × SU(2) × U(1). Although not all three theories can

be described in a combined way yet, the electroweak (EW) theory by Glashow,

Salam and Weinberg [2] is a first succesful attempt at the unification of the

electromagnetic and weak interactions into the SU(2) × U(1) symmetry group

(as explained in Sec. 2.2.3). Consequently, the SM lagrangian can be written as

a combination of the EW and QCD interactions:

LSM = LQCD + LEW (2.10)
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Lorentz invariance

The SM implies a consistency of QFT with Einstein’s Special Relativity by the

conservation of the Lorentz symmetry group. According to SR, the laws of physics

stay the same in any inertial system. Thus, the equation of motion must be

invariant under rotations and boost velocity.
t
′

x
′

y
′

z
′

 =


cosh θ 0 0 − sinh θ

0 1 0 0

0 0 1 0

sinh θ 0 0 cosh θ



t

x

y

z

 (2.11)

where the boost B = v
c

is written as B = tanh θ, or γ = cosh θ. The most general

transformation that includes rotations and boosts is:

X
′µ = LµνX

ν (2.12)

Where the matrix Lµν forms the group called: Lorentz group. For example, the

space-time interval (∆s)2 = (∆t)2 − (∆x)2 − (∆y)2 − (∆z)2 between events xµ

and xµ + ∆xµ must be invariant under Lorentz transformations (∆s
′
)2 = (∆s)2.

Physical quantities that are invariant under Lorentz transformations are called

Lorentz scalars The only fundamental particle of the SM that is a scalar is the

Higgs boson. The Higgs mechanism keeps the SM lagrangian gauge invariant but

the vacuum is not, as explained in Sec. 2.3.2.

Discrete symmetries (CPT)

Apart from the continuous symmetries, three important discrete symmetries

that are involved in the SM are: parity, charge conjugation, and time re-

versal. The changes in these symmetry properties can be thought of as

“mirror”transformations under which some property of the particle (space,

charge, or time) is reflected or reversed. Parity refers to an operation which takes

the space position and reflects it through the origin x = (t, ~x) → xp = (t,−~x).

The operation that changes the sign of the charges is called charge conjugation,

and it turns a particle into its anti-particle. Both symmetries are conserved

in the strong and electromagnetic interactions, but according to experimental

observations [17, 18], they are not in the weak interactions. The combination of

the two asymmetries is known as CP violation, which, as we believe, is related
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to the observation that there is more matter than antimatter in the universe.

The time-reversal symmetry refers to the operation that changes the evolution

of the system making it move backwards in time x = (t, ~x) → xT = (−t, ~x).

The combination of these three symmetries, CPT , is observed to be an exact

symmetry of nature at the fundamental level. The SM is constructed to be

invariant under this symmetry, given that its violation implies the breaking of

Lorentz symmetry.

2.2.2 Strong interactions and Quantum chromodynamics

Approximately 60 years ago, many new particles were discovered, in particular

the four ∆ resonances, the six hyperons, and the four K mesons. Murray

Gell-Mann and Yuval Ne’eman succeeded in describing the new particles in a

symmetry scheme based on the SU(3) group, the group of unitary 3×3 matrices

with determinant 1 [19, 20]. The SU(3) symmetry is an extension of the isospin

symmetry, which was introduced in 1932 by Werner Heisenberg and is described

by the SU(2) group. Gell-Mann and Ne’eman theory is known as the “Eightfold

Way”(because of its organised subatomic baryons and mesons into octets) and

led to the subsequent development of the quark model.

However, it was not clear at the time why the members of the simplest SU(3)

representation, the triplet representation, were not observed in hadrons. In 1964,

Murray Gell-Mann and George Zweig (a PhD student of Richard Feynman)

proposed that baryons and mesons are bound states of a hypothetical triplet

particles [21]. Gell-Mann called the triplet particles “quarks”, using a word that

had been introduced by James Joyce in his novel Finnegans Wake. Since the

quarks form an SU(3) triplet, there must be three of them: a u quark (with

charge 2/3), a d quark (with charge −1/3), and a s quark (with charge −1/3).

For instance, the proton is a bound state of two u quarks and one d quark (uud).

A new problem of the quark model emerged from the observation of a bound state

made of three strange quarks (Ω−). The spatial wave function in this ground

state should be symmetric; but since fermions must follow the Pauli principle,

the wave function must be anti-symmetric at the same time. This issue was

solved in 1971 by Fritzsch and Gell-Mann [? ] who introduced a model of nine

quarks, as Han and Nambu proposed years earlier [22], but by assuming that

three quarks of the same type have a new conserved quantum number, called

“colour”. This colour symmetry is an exact symmetry. The wave functions of
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the hadrons were assumed to be singlets of the colour group. For instance, the

baryon wave functions are anti-symmetric in the colour indices, denoted by red,

green, and blue. Thus the wave function of a baryon changes if two quarks are

exchanged, as required by the Pauli principle. The introduction of colour helped

also to explain the experimental observation of the neutral pion into two photons.

The theory evolved to an interpretation of the colour group as a gauge group.

The resulting gauge theory is similar to QED.

The interaction between quarks is generated by an octet of massless colour gauge

bosons, which are the gluons. Due to the similarities of the gauge theory with

QED, the name adopted was quantum chromodynamics [23] because of the greek

word “chroma”( χρώµα, meaning colour) that is related to the theory of colour

change. The local gauge transformation of the SU(3) symmetry of QCD is defined

by:

q(x)→ U(x)q(x) = eigsαa(x)λaq(x) , (2.13)

where q(x) are the quark fields, gs is the QCD coupling strengh, λa are the eight

Gell-Mann matrices which correspond to the generators of the group, and αa(x)

is an arbitrary function of x on which the quark field depends. As in QED, the

local gauge invariance is restored by introducing additional fields by replacing the

derivative ∂µ with the covariant derivative Dµ:

∂µ → Dµ = ∂µ + itaAaµ , (2.14)

where Aµ is the gluon field and ta = λa/2. A complete description of the strong

interactions is given by the QCD lagrangian:

LQCD =
1

4g2
s

Ga
µνG

µν,a +
∑
j

q̄j(iγ
µDµ +mj)qj , (2.15)

where Ga
µν ≡ ∂µA

a
ν−∂νAaµ+ ifabcA

b
µA

c
ν . Here mj and qj are the mass and quantum

fields of the jth-flavour quark, and A is the gluon field, with spacetime indices µ

and ν, and colour indices a, b, c. The numerical coefficients f and t guarantee

the SU(3) colour symmetry. Aside from the quark masses, the coupling constant

gs is the only free parameter of the theory.

The non-abelian property of QCD leads to self-interaction terms of the gauge

bosons in the lagrangian. This direct gluon-gluon interaction is important since

leads to two different behaviors of the quarks according to how the running
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coupling constant, αs = gs/4π, changes with respect to the energy of the

process. These two features of QCD are known as: “asymptotic freedom”and

“confinement”.

• Asympotic freedom refers to the high-energy regime, in which the coupling

constant αs is reduced, leading to an asymptotically free theory [24]. Thus,

at high energies the quarks and gluons behave almost as free particles.

This leads to the approximate “scaling behaviour”of the cross-sections in

the deep-inelastic lepton-hadron scattering.

• Confinement refers to the low-energy regime, in which the interaction

becomes stronger, leading to the confinement of the quarks, such that no

free quarks can be observed. As a consequence, they form hadrons, either

consisting of quark-antiquark pairs (qq̄ or mesons) or a triplet of quarks or

antiquarks (baryons). Following the Pauli exclusion principle, the quarks

in a baryon differ in colour charge and hence quarks always form colorless

hadrons.

Considering a hypothetical theory of QCD with just one heavy quark Q, the

ground-state meson would be a quark-antiquark bound state. The effective

potential between the quark and its antiquark at small distances would be a

Coulomb potential proportional to 1/r, with r being the distance between the

quark and the antiquark. However, at large distances, the self-interaction of

the gluons becomes important. The gluonic field lines at large distances do not

spread out as in electrodynamics, instead, they attract each other. Therefore,

unlike electrodynamics, the force between the quark and the antiquark is constant,

leaving the quarks confined.

In high-energy interactions, virtual particles could produce a quark and an

antiquark, which would move away from each other at high speed. Because

of confinement, hadrons (referred to as jets) are created, moving roughly in the

same direction as the original quarks. The sum of the energies and momenta of

the particles in each jet should be equal to the energy of the original quark. QCD

predicts that high-energy gluons can be emitted from quarks, creating additional

jets. This process is known as “hadronisation”. In high-energy experiments, such

as those at the LHC, quarks and gluons are only identified by jets. From the

measurement of the jet characteristics the type of quarks from which the jets

were originated can be inferred with a level of confidence. However, the quark
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flavour and momentum inside high-energy hadrons are not fixed quantities, but

follow probability density functions.

It was observed in several deep-inelastic scattering (DIS) experiments that the

three-quark model made of valence quarks only was not enough to explain the

Bjorken scaling [25], leading to a solution based on Feynman’s Parton1 model.

In the parton model, partons (e.g. quarks) are defined with respect to a physical

scale. For instance, at low energies, a baryon contains three valence quarks

and a meson contains a quark and an antiquark. However, at higher energies,

observations show the existence of virtual sea (i.e. non-valence) quarks in addition

to valence quarks. The sea quarks are produced in pairs from energetic gluons.

The momentum distribution functions of the partons within the proton are called

Parton Distribution Functions (PDF). They represent the probability densities to

find a parton carrying a longitudinal momentum fraction x at a squared energy

scale Q2. Due to the inherent non-perturbative nature of QCD and its description

of parton interactions inside a hadron (besides the limitations in present QCD

calculations), PDFs are obtained from parametrisations of parton models to

experimental data collected from colliders and fixed target experiments (such

as DIS). The parametrisation of parton models comes from QCD predictions

related to the rate of parton distributions when the Q2 energy scale varies.

It is governed by QCD evolution equations for parton densities in the domain

where perturbative calculations can be applied, in the limit where the running

coupling constant is very small: αs(Q
2) � 1. The equations can be formulated

as an approximation, depending on the power of αs(Q
2) in the perturbative

expansion. They are usually referred to as Leading-Order (LO), i.e. first order

in αs(Q
2) , Next-to-Leading-Order (NLO) and Next-to-Next to Leading-Order

(NNLO). Experimentally determined parton distribution functions are available

from various groups worldwide. For example, the MSTW2008 PDF set is given

in Figure 2.2, where the PDF of different partons and momentums are shown

for two different fixed values of Q2 energy. DIS experiments have shown that

the number of partons increases at low x, and decreases at high x. At low Q2,

the three valence quarks become more dominant in the nucleon. At high Q2,

there are more quark-antiquark pairs which carry a low momentum fraction x,

corresponding to the sea quarks. A salient finding of the DIS experiments is

that the quarks and antiquarks only carry about half of the nucleon momentum,

with the remainder being carried by the gluons. The nucleon momentum fraction

1The name parton is a generic term describing any particle constituent within a hadron, and
is today referred to as quarks and gluons.
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carried by gluons increases with increasing Q2.
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Figure 2.2 NNLO parton distribution functions calculated from the MSTW2008
PDF set [26] for protons. The momentum fraction x is weighted by
its PDF value f(x,Q2) for two fixed values of Q2. The bands indicate
the 68%-coverage uncertainties.

In high-energy proton-proton collisions, such as at the LHC, the hard scattering

occurs between constituents of the proton. For example, in the production process

of a Higgs boson from a quark-antiquark pair, the partonic interaction would be

described by p1, the fraction of momentum of the first proton taken by the quark

q, and p2, the fraction of momentum of the second proton taken by the anti-quark

q̄. The cross section is then given by:

σ =
∑
q,q̄

∫
d(p1)d(p2)F1(p1, Q

2)F2(p2, Q
2)σ̂(qq̄ → H) , (2.16)

where F1(p1, Q
2) is the probability of finding a particular q quark with a

longitudinal momentum fraction p1 in the first hadron (and similarly for

F2(p2, Q
2)). F1(p1, Q

2) and F2(p2, Q
2) are commonly known as structure

functions, while σ̂(qq̄ → H) is the partonic cross section. The cross section

is calculated as the sum over all the possible quarks-antiquark interactions that

could occur inside the proton.
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2.2.3 Electroweak theory

The Electroweak (EW) theory is the unification of the electromagnetic and the

weak interactions into a single theory described by the SU(2) × U(1) symmetry

group.

The proposal of Feynman and Gell-Mann [27] and Sudarshan and Marshak [28]

with the development of the V-A theory was the first attemp at describing

the weak interactions. They took the original idea of the EM interactions and

replaced the photon with a spin-1 W± boson. This led Schwinger [29] to suggest

a gauge theory of weak interactions mediated by W+ and W−, even questioning

a possible unified theory of three spin-1 gauge bosons W+, W− and γ. However,

there were two main problems with this idea:

1. If there is a symmetry between the gauge bosons, it is clearly severely

broken, because there are major mass differences between them.

2. The weak interactions violate parity, whereas the electromagnetic interac-

tions are parity-conserving.

The latter problem was solved in 1961 by Glashow [2], who proposed an extended

model with a larger symmetry group, SU(2)×U(1), and a fourth gauge boson Z.

With this configuration, the two neutral un-physical gauge bosons, when mixed,

give rise to a boson (γ) with parity-conserving interactions and three that violate

parity: W+, W−, and Z. This model requires the implementation of a new

symmetry that combines the electric charge of the particle and its weak isospin,

known as hypercharge:

Q = I3 +
Y

2
, (2.17)

where the electric charge Q is expressed as a combination of the third component

of the isospin I3 and the hypercharge Y . All SM particles have non-zero weak

hypercharge, except for gluons.

Given that weak interactions distinguish between left-handed and right-handed

chiral2 particles, fermion fields are expressed differently. Left-handed and right-

handed fermion fields are represented by doublets and singlets, respectively (with

2Chirality is a special version of helicity that considers also massless particles.
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doublets containing particles with different flavour). For instance, leptons are

expressed as:

ψL,i =

(
νi
`i

)
L

, ψR,i = `R,i , (2.18)

where i is the lepton generation (i = 1, 2, 3), and L or R refers to the chirality

of the lepton. An interesting feature of the leptons in the SM is that, in order

to keep the neutrinos massless, there is no right-handed neutrino field. Quarks

follows the same nomenclature, with the difference that there is an extra singlet

for each generation. These fields transforms under the local SU(2)×U(1) gauge

symmetries as:

ψL → ψ
′

L = eiα(x)σk/2+iβ(x)Y/2ψL (2.19)

ψR → ψ
′

R = eiβ(x)Y/2ψR

where σk are the three Pauli matrices, which correspond to the generators of

the group. Since the lagrangian must be invariant under local SU(2) × U(1)

gauge transformations, gauge fields Bµ and Wµ are introduced in the covariant

derivative to keep the invariance under U(1) and SU(2), respectively.

Dµ = ∂µ +
i

2
g1Bµ +

i

2
g2W

k
µσ

k , (2.20)

where g1 and g2 are gauge couplings of U(1) and SU(2), respectively. There are

in total 4 gauge bosons: Bµ and W k
µ (k=1,2,3), one for each group generator.

The locally gauge invariant lagrangian for EW is defined as:

LEW = i
∑
f

ψ̄γµDµψ −
1

4
BµνB

µν − 1

4
W a
µνW

aµν , (2.21)

with W a
µν = ∂νW

a
µ−∂µW b

ν−g2εabcW
b
µW

c
ν and Bµν = ∂µBν−∂νBµ as the weak and

hypercharge gauge fields, respectively. The non-Abelian property of EW leads to

self-interaction terms of the gauge bosons in the lagrangian.

Physics gauge bosons are mixture of the gauge fields Bµ and W k
µ :

W±
µ =

1√
2

(W 1
µ ∓ iW 2

µ)

Aµ = cos θWBµ + sin θWW
3
µ (2.22)

Zµ = − sin θWBµ + cos θWW
3
µ
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the angle θW is known as weak angle or Weinberg’s angle, and it is given by:

tan θW =
g1

g2

(2.23)

Both neutral fields couple to the hypercharge gauge field Bµ and the third

component of the weak gauge field W 3
µ , leading to a linear combination of the

weak and electromagnetic currents. Unlike the W± boson, the Z boson couples

to the two chiralities as it has contributions from both the Bµ and W 3
µ fields.

Despite the successful description of a unified weak and electromagnetic theory,

the model still predicts massless W± and Z bosons. As mentioned before, one of

the main problems of the theory is that the symmetry between the gauge bosons

must be severely broken. The short range of the weak interaction indicates that

the force should be mediated by a massive particle. However, inserting mass terms

for the gauge bosons directly in the lagrangian would mean in a theory non-

renormalisable. The spontaneous symmetry breaking introduced by the Higgs

mechanism emerged as the proper solution to explain the mass generation of the

gauge fields while keeping the underlying theory gauge invariant.

2.3 The Higgs boson

An important theoretical physics breakthrough after the war period was the

development of renormalisation theory. In theories like quantum electrodynamics

(QED) this solved the problem of infinities (eliminating them), therefore enabling

calculations beyond the lowest order of approximation. The improved precision

in the calculations made QED one of the most accurately confirmed theories in

the history of physics. An outstanding example of this is the magnetic moment

of the electron that has a relative standard uncertainty of 2.6× 10−13.

It was natural to assume that the same methods could be used to construct

theories that describe the other fundamental interactions, i.e. the strong and the

weak forces. Since QED is a gauge theory, many people believed that the other

interactions should be described by gauge theories. The first such gauge theory

to be developed after QED was the Yang-Mills theory [30], proposed in 1954,

which was a theory based on the isospin SU(2) symmetry. The introduction of

this symmetry was a natural way to bring new spin-1 fields to the theory that

would explain the weak interactions. However, simply adding gauge fields would

20



break the symmetry and destroy many of the nice properties of gauge theories,

like renormalisation. Fortunately, a novel method to introduce gauge fields, while

maintaining the symmetry invariance, was develped using spontaneous symmetry

breaking (SSB).

2.3.1 Spontaneous symmetry breaking

The first idea of SSB related to particle physics was published in 1961 by

Y. Nambu and G. Jona-Lasinio [31][32]. In this study, they explained the

SSB of chiral symmetry using a four fermion interaction to describe weak

processes, requiring the existence of a zero mass pseudoscalar for symmetry

consistency. Months later, J. Goldstone published [33] a simpler illustration

of a SSB mechanism using a two component scalar field theory with a quartic

interaction, also requiring a zero mass particle. Considering this last publication,

the SSB is going to be explained as follows.

A simple lagrangian for a free complex scalar field can be written as:

L = ∂µφ∂
µφ† −m2φ†φ (2.24)

with the scalar field defined by two real scalar fields: φ = (φ1 + iφ2)/
√

2, and m

being the mass term for the field. It can be noticed that that the lagrangian is

invariant under the following U(1) gauge transformation:

φ
′

= e−iαφ (2.25)

The potential V = m2φ†φ is constrained from below if m2 > 0, having a minimum

energy state when φ = 0 that corresponds to the vacuum state (illustrated in

Fig. 2.3a). This specific choice would not be able to perturb the vacuum state

and give mass to particles. On the other hand, if m2 < 0, the potential is not

constrained from below, so the vacuum state is unstable. However, in this last case

the vacuum stability is recovered when a quartic interaction term is introduced

to the potential, as follows:

V (φ) = −m
2

2φ2
0

(φ†φ− φ2
0)2 (2.26)
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(a) (b)

Figure 2.3 (a) Potential with a single vacuum expectation value (b) Potential
with infinite vacuum expectation values, corresponding to a theory
with spontaneous symmetry breaking [34].

When V (φ) = 0 the vacuum state is:

|φ|2 = φ2
0

φ2
1 + φ2

2 = 2φ2
0

Now the potential has infinite minima, all located along a circumference in the

space defined by φ1 and φ2 (illustrated in Fig. 2.3b). It can be seen that in this

case the scalar field φ acquires a vacuum expectation value (vev).

The new lagrangian is invariant under the U(1) gauge symmetry but the vacuum

value is not, given that if a particular vacuum state is chosen a rotation would

change it. When the lagrangian is symmetric under a transformation but the

vacuum state is not, it is said that the symmetry has been spontaneously broken.

The vacuum state is the classical solution where there are no particles. Small

perturbations around the vacuum state represent the particles. To understand

their properties it is convenient to expand around the vacuum state:

φ = φ0 +
1√
2

(χ+ iψ) (2.27)
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where χ and ψ are scalar fields. The lagrangian takes the shape:

L = Lfree + Lint
Lfree =

1

2
∂µχ∂

µχ−m2χ2 +
1

2
∂µψ∂

µψ (2.28)

Lint = −
√

2m2

2φ0

χ(χ2 + ψ2)− m2

8φ2
0

(χ2 + ψ2)2

From the free lagrangian it can be noticed that χ is a scalar field of mass “m”and

ψ is a scalar with zero mass, known as Goldstone boson.

2.3.2 Higgs mechanism

In 1962 Goldstone, Salam and Weinberg [35] proved that the SSB of a

continuous global symmetry in a relativistic theory requires an associated zero-

mass excitation. Weinberg commented ‘Nothing will come of nothing, speak

again’, a quote from King Lear. This brought great disappointment to the particle

physics community, since the only zero-mass particle seen in nature is the photon

and there was no known mechanism to explain how the rest of the fundamental

particles could gain mass.

The goal was then to find a mechanism that makes it possible for SSB to be

a relativistic theory without producing massless particles. The answer to this

problem was solved independently by three different groups [4–6] that used the

electrodynamic lagrangian to provide an example of a gauge theory that yields

a massive spin-1 particle. The analysis and some conclusions were different in

these three studies. The Higgs approach (Abelian Higgs model) has been chosen

in the following.

We consider the same scalar Lagrangian from Eq.2.24) but with a local U(1)

gauge symmetry:

φ→ φ
′

= e−iqθ(x)φ (2.29)

As shown in Sect. 2.2.1 the local gauge invariance of the QED Lagrangian is

restored by introducing photonic fields Aµ in the covariant derivative Dµ. This
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leads to the following lagrangian:

L = Dµφ
†Dµφ− 1

4
FµνF

µν − V (φ†φ) (2.30)

where:

Fµν = ∂µAν∂νAµ

V (φ†φ) =
m2

2φ2
0

[φ†φ− φ2
0]2 (2.31)

Aµ → A
′

µ = Aµ + ∂µθ (2.32)

The minimum is obtained when Aµ = 0 and the vacuum state lies again in

a circumference defined by the φ1 − φ2 plane. If a particular vacuum state is

chosen, a rotation would change it, breaking the vacuum state symmetry. Since

the lagrangian was constructed to be invariant under U(1) gauge symmetry, there

is a SSB of the U(1) gauge symmetry.

We consider again small perturbations around the vacuum state in order to

interpret the new fields:

φ
′

= φ0 +
h(x)√

2
(2.33)

where h(x) is a real scalar field and φ is chosen to be real thanks to the gauge

freedom. This particular choice of gauge fixing is called unitary gauge [36] [37]

and has the property that the Goldstone boson dissapears from the theory. By

replacing the field in the lagrangian we obtain

L = Lfree + Lint
Lfree =

1

2
∂µh∂

µh−m2h2 − 1

4
FµνF

µν + g2
1φ

2
0AµA

µ (2.34)

Lint = g2
1AµA

µ(
√

2φ0h+
h2

2
)− m2h2

2φ2
0

(
√

2φ0h+
h2

4
)

and a mass term for the vectorial field (m2
A = 2g2

1φ
2
0) has appeared in Lfree. As a

consequence, the gauge boson has acquired mass. The total number of degrees of

freedom before and after SSB must be the same for both Lagrangians (Eq. 2.30

and Eq. 2.34, respectively). However, the allocation of the degrees of freedom in

the two cases depends on the existing fields.

• Without SSB:
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– massless Aµ: two states of polarization (2 degrees of freedom)

– complex field: φ = φ1+iφ2√
2

(2 degrees of freedom)

• With SSB:

– massive Aµ: three states of polarization (3 degrees of freedom)

– real scalar field: h (1 degree of freedom)

The field that dissapears is the Goldstone boson. It is usually said that in the

Higgs mechanism, the gauge boson acquires mass when it absorbs the Goldstone

boson.

2.3.3 The Higgs boson in the Electroweak model

As mentioned in Sect. 2.2.3, the Higgs mechanism is introduced in the EW theory

as a method to give mass to the weak vector bosons while keeping the theory

renormalisable.

The fundamental gauge symmetry of the Electroweak (EW) model is SU(2)×U(1).

The previous Lagrangian (Eq. 2.30) can be generalised to be invariant under this

new symmetry, but given the SU(2) 2×2 matrix representation, the scalar field

is constructed using two components.

φ =

(
φA
φB

)
(2.35)

where φA = φ1 + iφ2, φB = φ3 + iφ4 (4 real scalar fields).

The EW lagrangian, invariant under local SU(2)×U(1) gauge transformations,

and also including a scalar doublet φ is:

L = Lfree + Lint
Lfree = (Dµφ)†(Dµφ)− V (φ†φ) (2.36)

Lint = −1

4
BµνB

µν − 1

4
W 3
µνW

3µν − 1

2
W−
µνW

+µν

The potential takes the shape:

V (φ†φ) =
m2

2φ2
0

(φ†φ− φ2
0)2 (2.37)
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where the vacuum fulfils:

φ2
1 + φ2

2 + φ2
3 + φ2

4 = φ2
0 (2.38)

The scalar field φ transforms under SU(2):

φ→ φ
′
= Uφ0

U = eiα
kσk = cosα1 + i sinα(α̂~σ) (2.39)

The SU(2) matrix U has three generators represented by the Pauli matrices σk.

Therefore, there are three degrees of freedom available for the field φ. In order

to simplify the vacuum state these can be fixed (φ
′
1 = φ

′
2 = φ

′
4 = 0). Then, in the

chosen gauge the vacuum becomes:

〈φ〉 =

(
0

φ0

)
(2.40)

Under this transformation the vacuum breaks the SU(2)×U(1) symmetry but the

Lagrangian remains invariant, leading to a SSB of the EW theory. We consider

again small perturbations around the vacuum state in order to interpret the fields:

φ =

(
0

φ0 + h√
2

)
(2.41)

where h is a real scalar field.

The interactions between the Higgs field and the gauge bosons appear after the

multiplication of the scalar field with the covariant derivative. The mass terms

for the gauge bosons are:

m2
γ = 0

m2
Z =

1

2
(g2

1 + g2
2)φ2

0 (2.42)

m2
W =

1

2
g2

2φ
2
0

The photon remains massless, while the Z and W± bosons acquire a non-zero

mass that is related through the coupling dependence. This parameter ρ is useful

for distinguishing quantum corrections in the theory (i.e. deviations from the
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tree-level value of 1):

ρ =
m2
W

cos2 θWm2
Z

(2.43)

Then, by replacing the physical fields in the lagrangian of Eq. 2.36) we obtain:

L = Lfree + Lint
Lfree =

1

2
∂µh∂

µh−m2h− 1

4
ZµνZ

µν +
1

2
φ2

0(g2
1 + g2

2)ZµZ
µ − 1

4
AµνA

µν

− 1

2
[(DµW

+
ν )∗(DνW

+
µ )∗][DµW+ν −DνW+µ] +

1

2
g2

2φ
2
0W

−
µ W

+µ

Lint = [
1

4
h2 +

1√
2
hφ0][g2

2W
−
µ W

+
µ +

1

2
(g2

1 + g2
2)ZµZ

µ]− m2

√
2φ0

h3 − m2

8φ2
0

h4

+
1

4
g2

2(W−
µ W

+
ν −W−

ν W
+
µ )(W−µW+ν −W−νW+µ)

+
i

2
g2(Aµν sin θW + Zµν cos θW )(W−µW+ν −W−νW+µ)

− g2
2 cos θW [(ZµW

−
ν − ZνW−

µ )(DµW+ν −DνW+µ)

− (ZµW
+
ν − ZνW+

µ )(DµW+ν −DνW+µ)∗]

where:

DµW
+
ν = (∂µ + ig2 sin θWAµ)W+

ν (2.44)

Besides the already identified mass terms for the gauge bosons, there is a

quadratic term in the free lagrangian (m2h) that corresponds to the mass of

the Higgs boson:

mH =
√

2m (2.45)

Since the variable m is a free parameter of the SM, there is no direct prediction

of the Higgs boson mass. However, if the mass is measured and the vev is known,

statements about the stability of the Higgs potential can be made.

Within the interacting Lagrangian, the physical Higgs field h interacts with itself,

generating self-interaction terms in the form of triplet and quartic couplings. The

couplings are defined as a function of the Higgs boson mass and its vev:

ghhh =
3m2

H√
2φ0

, ghhhh =
3m2

H

2φ2
0

(2.46)
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Since these couplings only depend on the Higgs boson, the measurement of this

single property can precisely determine the true nature of the Higgs boson. The

possible existence of an extended scalar sector or the presence of new dynamics

at higher scales should modify the Higgs self-couplings, yielding different values

than the SM predictions. Information on the triple and quartic Higgs coupling

can be directly obtained from final states featuring at least two and three Higgs

bosons, respectively. However, the cross sections corresponding to these processes

are much smaller than those from single Higgs production, due to the suppression

induced by a heavier final state and an additional weak coupling. Even with the

highest LHC centre-of-mass energy and the event statistics to be collected by

the end of the LHC era, any meaningful extraction of quartic Higgs coupling

is impossible, but the prospects to observe double-Higgs production with a

further determination of the triplet Higgs coupling seems feasible under optimistic

assumptions.

The interacting Lagrangian contains triple and quartic interaction terms between

the Higgs field and the vector bosons. The couplings are defined as a function of

the vector bosons mass and the Higgs vev.

ghV V =
m2
V√

2φ0

, ghhV V =
m2
W

2φ2
0

(2.47)

There is a particular interest in the first coupling ghV V , since it is the coupling

of the decay channel that has been used in the study presented in this thesis

(H → ZZ).

So far the Higgs mechanism has provided a method to give mass to the vector

bosons of the EW theory, but fermions still remain massless.

2.3.4 Fermion mass term

The Higgs field is implemented in the fermion sector by introducing Yukawa

terms. These terms are included in the Higgs-fermion interacting lagrangian:

LY f = −gf (ψ̄LφψR + ψ̄Rφ
†ψL) (2.48)

where gf is the dimensionless Yukawa coupling for a given fermion, and ψL, ψR

are the left-handed doublet and right-handed singlet fermion fields, respectively.

Using the unitary gauge to expand the Higgs potential around the minimum, we
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obtain:

LY f = −gf (ψ̄LψR + ψ̄RψL)(φ0 +
h(x)√

2
)

LY f = −gfφ0(ψ̄LψR + ψ̄RψL)− gfh(x)√
2

(ψ̄LψR + ψ̄RψL) (2.49)

The first term represents the fermion mass mf = gfφ0, and the second term the

interaction between the fermion and the Higgs boson, known as Yukawa term.

The same method holds for leptons and quarks.

2.3.5 The observation of the Higgs boson at the LHC

The Higgs boson was discovered in 2012, by two independent experiments,

ATLAS [7] and CMS[8], at the Large Hadron Collider (LHC). After the

observation, a number of important studies have been made in order to

understand the properties of the particle: mass, spin and parity, total decay

width, and couplings to the SM particles. These are detailed as follows:

1. Mass: the Higgs boson mass is a free parameter of the theory, but in order

to achieve stability in the vacuum state, it is delimited by the SM in a wide

mass range. The combined measurement of the Higgs boson mass, by the

ATLAS and CMS collaborations [9] using the proton-proton collision data

collected in 2011 and 2012, gives mH = 125.09 ± 0.21(stat.) ± 0.11(syst.)

GeV. This value is within the mass range permitted by the SM, while

also being favoured by beyond SM (BSM) theories such as super-symmetry

(SUSY).

2. Spin and parity: the SM Higgs boson is a scalar particle (spin 0) with

CP -even parity (JP = 0+). The ATLAS [38] and CMS [10] collaborations

excluded several alternative spin and parity hypotheses in favour of the SM

Higgs boson predictions at a higher than 99.9% confidence level.

3. Total decay width: the Higgs boson is an unstable particle that decays

almost instantaneously into other particles. The total decay width is

defined as the particle decay probability per unit time, corresponding to the

reciprocal of its average decay lifetime. The SM Higgs boson has a narrow

total width, approximately 1,000 times smaller than the current detector

resolution. The ATLAS Collaboration [11], using data collected in 2011
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and 2012, excluded values of approximately 3,000 times the SM prediction.

However, by employing a novel indirect-measurement technique to set an

exclusion limit on the total width by using non-resonant Higgs boson events,

the ATLAS and CMS collaborations have improved the measurement by

constraining the total decay width to be smaller than 10 times the SM

value hypothesis [1]. This study is the main topic of this thesis and is going

to be discussed in Chapter 6.

4. Couplings: the Higgs boson couples to the rest of the SM elementary

particles with a strength proportional to their masses. The ATLAS and

CMS collaborations performed independent measurements of the Higgs

couplings to vector bosons and fermions. The results of these measurements

were combined in [12] this year. The couplings with vector bosons are found

to be compatible with those expected from the SM within an approximate

10% uncertainty, while in the case of the heavier SM fermions (the top

and bottom quarks, and the τ lepton) the uncertainty is of the order

15-20%. The precision of the current measurements therefore still leaves

room for deviations of the Higgs boson couplings to the vector bosons and

fermions from the SM predictions, and BSM scenarios can only be weakly

constrained.

So far, the measurements of the properties of the new particle have strengthened

the assumption that the observed particle is indeed the Higgs boson predicted

by the SM. For instance, Figure 2.4 shows the agreement of the SM prediction

with respect to the strength of the couplings between the Higgs boson and gauge

bosons and fermions. The coupling strength of the Higgs boson with the rest

of the SM particles is predicted by the theory by looking at the production and

decay modes. In order to fully verify the SM hypothesis, all possible channels

need to be measured and compared against the SM predictions. The Higgs

boson couples directly to all massive SM particles, with a coupling strength

that is proportional to the mass of the particle. Couplings to massless gluons

and photons are only possible with the help of intermediate loops that contains

virtual massive particles. The coupling strength for gauge bosons and fermions

scales linearly and quadratically, respectively.

gHV V ∝
m2
V

φ0

, gHff ∝
mf

φ0

(2.50)
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Figure 2.4 The Higgs boson coupling strength scale factors to bosons and
fermions as a function of the particle mass, assuming a SM Higgs
boson with a mass of 125.36 GeV by the ATLAS Collaboration [39].
The dashed line indicates the theoretical predictions of the mass
dependence for the SM Higgs boson, and the data points correspond
to the experimental measurements. The couplings κF and κV are
defined as event yields for fermions and vector bosons, respectively,
normalized to the SM predictions.

Therefore, the Higgs boson production cross section depends mostly on the

heaviest particles, such as the top quark. However, even if the mass of the

decaying particle plays a strong role in the decay rate, it is not the only kinematic

ingredient that contributes to the process.

2.3.6 Higgs boson production

There are four production mechanisms of the SM Higgs boson that dominate at

the LHC. These are represented by the Feynman diagrams of Figure 2.5. The

production cross section of these processes in proton-proton collisions for a Higgs

boson of mass mH = 125 GeV at a centre-of-mass energy range relevant for the

LHC is shown in Figure 2.6a, with the relative fractions of these contributions at

a centre-of-mass energy of 8 TeV illustrated in Figure 2.6b.

The Higgs boson is mainly produced via the gluon-gluon fusion (ggF) production
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Figure 2.5 Feynman diagrams of the dominant Higgs boson production
mechanisms at the LHC.

mode at the LHC (Figure 2.5a). This process consists of two merging gluons that

interact via a quark loop, resulting in the creation of a Higgs boson. Given that

the cross section is proportional to the squared Yukawa coupling, the production

is mainly mediated by virtual top quark loops, while other quarks are highly

suppressed. The production cross section of 19.47 ± 2.01 pb at
√
s = 8 TeV is

know with a NNLO precision [40].

The sub-leading production mode is the vector boson fusion (VBF), that occurs

approximately one order of magnitude less often than ggF, with a cross section

of 1.6± 0.04 pb at
√
s = 8 TeVwith a NNLO precision [40]. This process consists

of two scattered quarks that radiate two vector bosons (W± or Z) which merge

and create a Higgs boson (Figure 2.5b). The scattered quarks undergo a large

momentum transfer, forming two hard jets in the forward and backward regions

of the detector, while gluon radiation in the central region is highly suppressed.

This distinct property is useful for the identification of the process in a clean way.

The Higgs boson can also be produced in association with a W or Z boson

(V H), also know as “Higgs-strahlung”, being the third most likely production

mode at the LHC. The production cross sections for the mediated W± and Z

bosons are 0.7± 0.02 and 0.42± 0.02, respectively, at
√
s = 8 TeV with a NNLO

precision [40]. A vector boson (W± or Z) is produced through qq̄ annihilation
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which then radiates a Higgs boson (Figure 2.5c). This production mechanism is

suppressed with respect to the previous processes because of energy conservation

requirements related to the production of a stable massive intermediate vector

boson, relatively weak production coupling, and the fact that the anti-quark is

originated from a lower interaction probability sea quark. However, due to the

advantage of the clear experimental signature of a leptonically decaying vector

boson, a further analysis of Higgs decaying to high-statistics and high-background

channels (such as a pair of bottom quarks) becomes feasible.

Finally, the Higgs boson can be produced in association with a top quark (ttH)

and bottom quark (bbH) pairs. These processes are suppresed by two orders

of magnitude compared to ggF. The ttH and bbH production cross sections are

0.13± 0.02 and 0.2± 0.03 at
√
s = 8 TeV with a NLO precision [40], respectively.

The cross section is surprisingly higher for the bbH production mode, given that

the probability of producing a smaller mass particle is higher. However, the

bbH production is overwhelmed by low-energy multijet background, which is

the reason that this channel has not being studied experimentally so far. Both

production modes comprise a quark (top or bottom) pair production through

gluons and a Higgs boson boson radiated from a virtual quark (Figure 2.5d).

The ttH cross section has the strongest dependence on the centre-of-mass energy,

as seen in Figure 2.6a, leading to almost five times larger value at
√
s = 14 TeV.

Measuring the ttH mode is of particular interest because only this production

process allows for a direct measurement of the top quark Yukawa coupling to the

Higgs boson. As with the V H production mode, the distinct signature of the tt̄

decay provides a relatively clean environment for the identification of the Higgs

boson in high-statistics but high-background decay channels.

The contribution of each production mode to the total cross section is illustrated

in Figure 2.6b.

2.3.7 Higgs boson decay

The Higgs boson is an unstable particle that decays in several modes known

as “decay channels”. The probability for a Higgs boson to decay into a specific

channel is called branching fraction or branching ratio. Although the Higgs boson

mass is not predicted by the theory, the branching fractions are predicted as a

function of the Higgs boson mass. The mass region where the Higgs boson has

been observed has a rich contribution from several decay modes. The relevant

33



 [TeV] s
6 7 8 9 10 11 12 13 14 15

 H
+

X
) 

[p
b]

   
 

→
(p

p 
σ

2−10

1−10

1

10

210 M(H)= 125 GeV

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

01
6

 H (NNLO+NNLL QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→pp 

 ZH (NNLO QCD + NLO EW)

→pp 

 ttH (NLO QCD + NLO EW)

→pp 

 bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

→pp 

 tH (NLO QCD)

→pp 

(a)

ggF

86.4%

VBF

7.1% WH

3.1% ZH
1.9% ttH0.6% bbH0.9%

(b)

Figure 2.6 (a) Production cross section of a SM Higgs boson with mass mH =
125 GeV as a function of the centre-of-mass collision energy [40] (b)
Relative fractions of various channels in the production cross section
of a SM Higgs boson with mass mH = 125 GeV at

√
s = 8 TeV.

branching fractions for Higgs boson masses between 120 GeV and 130 GeV are

shown in Figure 2.7a, while the branching fractions for a Higgs boson with mass

mH = 125 GeV is illustrated in Figure 2.7b.

The predominant decay mode of the Higgs boson is to a pair of bottom quarks,

with a branching fraction of roughly 57%. However, since the final state is

affected by an overwhelming multijet background which can easily mimic the

signal, this decay channel is extremely challenging to reconstruct. Therefore, we

search for H → bb̄ produced in association with vector bosons, which provide a

clean signature through their leptonic decays. This decay channel has not been

found yet.

The sub-leading decay mode is to a pair of opposite-charge W± bosons. Given

that the Higgs boson invariant mass is smaller than 2mW , one of the W± bosons

is produced off-shell, and the process is called an off-shell Higgs decay. The

W± boson is not a stable particle either, so experimental analyses reconstruct

it through its decays into QCD jets, leptons and neutrinos. Although the H →
W±W∓ decay mode did not contribute to the 2012 Higgs boson discovery, the

ATLAS collaboration announced a 6.5σ observation [41] last year, and the CMS

collaboration reported a clear evidence of 4.7σ [42] for this decay.

Since the tau is the most massive lepton, the main Higgs leptonic decay mode

is to a pair of taus, reaching roughly a branching fraction of 6.3%. This decay
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Figure 2.7 (a) Branching fractions of SM Higgs boson decays for a mass range
between 120 GeV and 130 GeV [40] (b) Branching fractions of SM
Higgs boson decays with mass mH = 125 GeV.

mode is also the most promising channel for the measurent of the Higgs boson

coupling to fermions, so establishing this measurement is essential. Like the W±

boson, the τ lepton is not a stable particle but it decays to lighter leptons and

hadrons (mostly pions). The experimental reconstruction involves hadronic and

leptonic final states. The first evidence of this channel has been reported by the

LHC experiments [42, 43].

Despite the relatively small branching fractions of the ZZ and γγ decay modes

of 2.6% and 2.3%, respectively, the search in these two channels comprised the

leading contribution to the Higgs boson discovery [7, 8]. The very clean signature

and excellent mass resolution of pairs of photons in H → γγ and four leptons

in H → ZZ∗ → 4` led to the discovery and precision measurement of the Higgs

properties. Just like in the W±W± channel, one of the Z bosons has to be

produced off-shell. The H → ZZ∗ → 4` is the so-called “golden” channel with

a signal to background ratio two orders of magnitude higher than the H → γγ

channel. More details about the H → ZZ∗ → 4` channel are given in Chapter 5,

which comprises the main topic of this thesis.

Finally, the Zγ and µµ are the two decay modes with smaller branching fractions

of approximately 0.02%. However, since the signature of both channels is

extremely clean (especially in the µµ case), it is expected under optimistic

assumptions that they are going to be experimentally acessible during the LHC

era.
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2.3.8 Total decay width

The lifetime τ of a particle is not a discrete variable, given that the decay is a

probabilistic process. The probability per time unit of a particle to decay is called

decay width Γ, and it is given by the decay golden rule:

dΓ =
|M|2
2m1

(2π)4δ(4)(p1 − p2 − . . .− pn)
d3p2

(2π)32E2

d3p3

(2π)32E3

· · · d3pn
(2π)32En

(2.51)

providing the probability of a particle to decay by taking into account the

kinematics of the decaying particle and its final decay channels. In general, a

particle can decay in several modes. For each one of these modes the partial

decay width can be calculated using the previous equation. The total decay

width is equals to the sum of the partial decay widths.

Γtotal = Γbb̄ + Γττ + . . . (2.52)

The decay lifetime τ corresponds to the reciprocal of the decay width Γ; the faster

the particle decays, the larger its decay width.

τ =
1

Γ
(2.53)

For stable particles (like the electron) the lifetime is infinite, while for particles

like the Higgs boson the lifetime is relatively small because there are many decay

channels available. If the lifetime of a particle is small, the Heisenberg principle

states that its mass m is uncertain:

∆t×∆m ∼ h

2π
1

Γ
×∆m ∼ h

2π
(2.54)

∆m ∼ Γ

The Heisenberg principle is able to relate the uncertainty on the mass with the

decay width Γ of the particle. For example, the Z boson has a mass of ∼91.2 GeV

and a width of ∼2.5 GeV, whereas the Higgs boson has a mass of ∼125.5 GeV

and a width of ∼4.2 MeV. These numbers shows that the Higgs boson decays

∼500 times slower than the Z boson, hence its mass is much better defined.
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2.4 Matrix Element

Experimental analyses try to utilise as much information as possible from the

final state under study by using multivariate methods (MVA), such as the matrix

element method [44]. These MVAs use the full kinematic information of the

event to calculate the probability that an observed event is originated from a

specific hard scattering process, and decays to a certain final state described by

the transition matrix element.

The procedure involves the calculation of the probability density function (pdf)

of an event measured in the detector to be consistent with a certain theoretical

hypothesis. The pdf for a given event, assuming that its kinematics (Y ) has

been perfectly measured, is given by integrating over the normalized differential

cross-section: ∫
Y ∈Φ

pdfi(y)dy =
1

σi

∫
σi(Y )

dσi(y) (2.55)

where it is assumed that Y is contained from the parton-level phase space of the

initial and final states y with volume Φ =
∫
dy. Then, the pdf pdfi(y) is defined

as follows:

pdfi(y)dy =
1

σi

dσi(y)

dy
(2.56)

In a more realistic scenario, all the physics objects are measured in an experiment

with a finite detector resolution that must be taken into account. The detector

resolution and bias of the observed kinematics is folded in the calculation by

using transfer functions W (y|x) to convolute the differential cross-section. Each

object related to a detector component response has an expected value x given

the parton level description y:

pdfi(x) =

∫
pdfi(y)W (y|x)dy

=
1

σi

∫
dσi(y)W (y|x) (2.57)

In order to optimise the identification of the kinematic process under study, the

initial and final state particles must be well defined. At the LHC, partons are

responsible for the initial state interactions. The phase space of a hard-scattering

process is defined by the four-momentum of the two initial partons, q1 and q2,
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and the four-momentum pi of the final state N particles.

y = (q1, q2; p1, p2, . . . , pN) (2.58)

Given that the flavour and momentum of the parton inside the colliding proton

cannot be predicted directly, due to the non-perturbative nature of QCD, the

parton distribution functions PDFs (explained in Section 2.2.2) for the initial

state partons, f(p1, Q
2) and f(p2, Q

2) (where q1 and q2 are the fractions of

longitudinal momentum of the proton carried by each parton), must be included

in the full integration:

pdfi(x) =
1

σi

∑
flavours

∫
dq1dq2f(q1, Q

2)f(q2, Q
2)dσ̂i(y)W (y|x) (2.59)

The differential cross-section could depend on several parameters αj of the

theoretical model of interest, as well as the transfer functions can depend on

model parameters βk of instrumental nature. These parameters are included in

Equation 2.59, taking also a specific quark color:

pdfi(x|αj, βk) =
1

σi(αj)

∫
dq1dq2f(q1)f(q2)dσ̂i(y|αj)W (y|x, βk) , (2.60)

where the experimental and theoretical parameters are modeled by a Gaussian

shape when the resolution is non negligible.

The partonic cross section σ̂i is calculated from the matrix element of the hard

scattering process according to Fermi’s Golden Rule.

σ̂ =
(2π)4

4[(pq1 · pq2)2 −m2
q1
m2
q2

]1/2

∫
|Mfi|2dΦN , (2.61)

with:

dφN(q1 + q2; p1, p2, . . . , pN) = δ4(q1 + q2 −
N∑
i=1

pi)
N∏
i=1

δ(p2
i −m2

i )
d4pi

(2π)3
(2.62)

where Mfi is the transition matrix element that describes the fundamental

physics from the initial and final state particles, while ΦN is the density of

states that contains the kinematics and momentum conservation considered in

the process. The differential partonic cross-section is directly proportional to the

squared Lorentz-invariant transition matrix element of the process and can be
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calculated by using:

dσ̂i(y|α) =
(2π)4

4[(pq1 · pq2)2 −m2
q1
m2
q2

]1/2

∫
|Mi(y|α)|2dΦN(y), (2.63)

Finally, this can be included in Equation 2.60 in order to integrate numerically

over the entire phase space of the initial and final state particles to obtain the

pdf:

pdfi(x|αj, βk) =
(2π4)

σi(αj)

∫
dΦN(y)f(q1)f(q2)

· |Mi(y|αj)|2
4[(pq1 · pq2)2 −m2

q1
m2
q2

]1/2
W (y|x, βk), (2.64)

The pdf pdfi(x|αj, βk) includes kinematic information, such as masses and angular

distributions, in addition to the parametrisation of the detector resolution and the

event selection uncertainty. The distribution of the pdf pdfi(x|αj, βk) for signal

and background events are different. Therefore a discriminant can be develop

to increase the sensitivity to signal events. This powerful method has been used

in the main analysis of this thesis (Sect. 6) with the introduction of a matrix

element discriminant.
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Chapter 3

The ATLAS detector and the LHC

The main objective of a hadron collider, such as the LHC, is to discover new

physics by colliding beams against each other at high energies. For instance, one

of the main motivations for designing and building the LHC was to enable the

discovery of the predicted Higgs boson for masses up to 1 TeV. A rich research

programme is being carried out by seven detectors along the beam circle. There

are two general-purpose detectors: ATLAS [45] (A Toroidal LHC Apparatus)

and CMS [46] (Compact Muon Solenoid), a heavy flavour physics detector

LHCb [47] (Large Hadron Collider beauty), a heavy ion detector ALICE [48]

(LArge Ion Collider Experiment), a detector that measures the neutral particle

flux in the forward region LHCf [49] (LHC forward), a detector that measures

the total proton-proton cross section TOTEM [50] (TOTal Elastic and diffractive

cross section Measurement), and a detector that looks for magnetic monopoles

MoEDAL [51] (Monopole and Exotics Detector at the LHC).

The analysis presented in this thesis is based on collision data collected by the

ATLAS detector. The data is used to reconstruct the particles emerging from

the proton-proton collisions, taking place at the centre of the ATLAS detector.

Six different subdetectors arranged in layers around the collision point record the

paths, momentum, and energy of the particles, allowing them to be individually

identified. A strong magnetic system bends the paths of charged particles so that

their momentum can be measured.

The following chapter describes the main characteristics of the LHC and the

ATLAS detector. Each component of the ATLAS detector is discussed, with

an explanation of its role in identifying the the stable particles in the events of
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interest for this thesis

3.1 The Large Hadron Collider

The Large Hadron Collider [52] is the most powerful and largest particle collider in

the world. It is located at CERN, on the French-Swiss countryside near Geneva.

It is a circular proton and heavy ion collider with a 27 km circumference, which

was built in the former tunnel of the Large Electron-Positron Collider (LEP) [53],

approximately 100 m underground. Is is designed to collide proton beams at a

centre of mass energy of
√
s = 14 TeV and lead-ions at

√
s = 2.76 TeV. To

achieve such high collision energies, the LHC depends on a long pre-accelerator

chain which is schematized in Figure 3.1.

Figure 3.1 Diagram of the LHC accelerator complex, where the smallest rings
are used in a chain to help boost the particles for their injection to the
LHC. The main four experiments are shown in the LHC ring [54].

In proton-proton colliding mode, hydrogen atoms are stripped of their electrons,

with the remaining protons getting accelerated in the Linear Particle Accelerator

(LINAC2) to an energy of 50 MeV. The protons are then injected into the circular
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Proton Synchrotron Booster (PSB) which increases their energy to 1.4 GeV. The

protons are passed to the Proton Synchroton (PS) and Super Proton Synchroton

(SPS) reaching an energy of 25 GeV and 450 GeV, respectively. In a last step, the

two beams of proton are injected into the two beam pipes of the LHC in opposite

directions. Inside these beam pipes there is an ultra-high vacuum of 10−10 mbar

in order to avoid contamination from gas particles. The beams are accelerated by

radio frequency cavities along the beam pipes to energies up to 7 TeV per beam.

The proton beams are kept on their circular trajectory by 1232 superconducting

dipole magnets with field strengths of up to 8.4 T. The beams are focused and

stabilised in their trajectory by 400 superconducting quadrupole magnets and

their shapes are maintained without distortions by higher order magnets. The

superconducting state is achieved by cooling down the structure to 1.9 K by more

than 96 tonnes of superfluid helium.

3.2 The ATLAS Detector

The ATLAS detector is one of the two multipurpose detectors located at the

LHC. It is designed to search for multiple physics signatures, being suitable for

both discoveries of new particles and precision studies of known processes. It can

identify a large spectrum of transversing particles, measuring tracks and energies

with high precision. Due to the high interaction rate of LHC proton collisions, the

ATLAS detector was constructed to to deal with high track multiplicities in a very

challenging environment. Its design follows the common onionskin structure of

particle detectors at colliders, covering almost the full solid angle using cylindrical

nested arrangements around the interaction point, and a symmetric forward-

background end-cap. ATLAS is the largest detector at the LHC, around 45 m

long, with a 25 m height, and a weight of approximately 7000 tonnes. The

main components are the sub-detectors, arranged according to the cylindrical

“barrel”and endcaps configuration and the magnets, as illustrated in Figure 3.2.

3.2.1 The ATLAS coordinate system

The ATLAS detector is described by a right-handed cartesian coordinate system

(x, y, z) with its origin at the nominal interaction point (IP). The x-axis is

42



Figure 3.2 Schematic drawing of the ATLAS detector and its components [45].

defined pointing towards the centre of the LHC ring, the y-axis points upwards

looking from the beam axis, and the z-axis is defined along the beam direction.

Spherical coordinates (r, θ, φ) are used to describe the transverse plane, where

φ is the azimuthal angle defined in the x–y plane and the beam z-axis while θ

is the longitudinal angle defined in the r–z plane with r =
√
x2 + y2. Highly

relativistic particles are conveniently described by the pseudorapidity η, which is

defined in terms of the longitudinal angle:

η = − ln
[

tan
(θ

2

)]
(3.1)

The pseudo rapidity is a measure of the longitudinal angle against the beam line,

that is related to the momentum of the outgoing particle. The relation between

η and φ is illustrated in Figure 3.3. A particle with a large value of η is going

to be found close to the beam line (also known as “forward direction”). The

coordinates φ and η define a phasespace element that is invariant under Lorentz

transformation, with the 2D distance given by:

∆R =
√

∆η2 + ∆φ2 (3.2)

There are observables labelled as “transverse” that are projected into the x–y

plane, such as the transverse momentum. The transverse momentum of a particle,

pT , is used to define objects which are likely to have originated from interactions
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Figure 3.3 Relation between the coordinates η and θ.

with high momentum transfer, and it is defined as:

pT =
√
p2
x + p2

y = |p| sin θ , (3.3)

where px and py are the momentum components in the x and y direction,

respectively, and |p| is the magnitude of the 3D momentum vector.

3.2.2 The magnet system

The magnet system consists of one solenoid and three toroid superconducting

magnets, as seen in Figure 3.4.

The central solenoid magnet surrounds the inner detector tracking system

covering a distance of 5.8 m, providing a 2 T axial magnetic field along the beam

axis. It has been built by design with the minimal amount of material since it is

located in front of the ATLAS calorimeter and it shares the same cooling cryostat

with the calorimeter, in order to minimise the energy loss of tranversing particles.

The toroidal magnet system provides the magnetic field for the muon spec-

trometer and it is composed by one large magnet in the barrel region and two

smaller magnets in each end-cap region. Each toroid is constructed using 8 coils,

assembled radially with an eight-fold symmetry, which generate strongly varying

magnetic fields with a strength of up to 4.1 T.

Both magnets systesm are cooled down by liquid helium to a temperature of 4.5
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Figure 3.4 Drawing of the ATLAS magnet system [45].

K in to achieve superconductivity conditions.

3.2.3 Inner Detector

The Inner Detector (ID) is the part of the detector closest to the interaction

point, contained within a cylinder of length 7 m and radius 1.15 m. The

function of this subdetector is to enable the track reconstruction of charged

particles, and therefore to provide an excellent momentum resolution and precise

pattern recognition. The primary and secondary vertices are build from the

tracks reconstruced in the ID. The momentum and charge of the particle can be

determined by the curvature of its path, bent by the magnetic field produced by

the surrounding solenoid magnet. The particle tracks are reconstructed from

individual hits from many layers of the ID. A precise measurement of their

tracks requires a fine granularity1 system. The more precise, higher granularity

detectors, should be located near the interaction point. Lower granularity sensors

can be located, farther from the interaction point where the track density is lower.

This is achieved by a three-component system consisting of the Pixel detector,

the Semiconductor Tracker (SCT) and the Transition Radiation Tracker (TRT)

1Granularity refers to the relative size of the detector material “granule”which defines the
level of detail
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(a) longitudinal section (b) layers of the ID

Figure 3.5 Drawing of the ATLAS Inner Detector configuration, showing the
beam pipe and the ID subsystems: Pixel Detector, Silicon Strup
Detector (SCT), and the Transition Radiation Tracker (TRT) [45].

as illustrated in Figure 3.5.

The Pixel detector is the innermost component of the ID that consists of: three

cylindrical barrel layer parallel to the beam, and three disks perpendicular to

the beam lying in the forward and backward endcap regions. It has the finest

granularity of the ID, having 80 million channels (or pixels) that are arranged

into 1744 pixel modules sensors. Each module is a silicon wafer sectioned into

pixel which is around 250 µm thick and consists of 47232 readout channels. The

pixel system is cooled down to -10°C in order to reduce the thermal noise and

to obtain an optimal intrinsic spatial resolution. During the first long shutdown

of the LHC, a new beam pipe layer with smaller radius and an additional pixel

layer was inserted into the detector [55]. This new Insertable B-layer (IBL) is

placed at a distance of 25.7 mm to the beam line and it significantly improve the

reconstruction efficiency of secondary vertices caused by heavy flavour decays.

Lying immediately outside the pixel detector is the semiconductor tracker (SCT),

which consists of four cylindrical double strip layers parallel to the beam axis

and nine endcap disks with radially oriented strips. The double strip layers are

considerably further away from the beam line (299-514 mm), and half of their

modules are arranged with respect to each other with a small stereo angle of 40

mrad to improve the spatial resolution. Each of the 15912 strip sensors has a

length of 6.4 cm, bringing the SCT to a total of 6.3 million readout channels.

Both detectors are based on semiconductor sensors and cover the |η| < 2.5 region.
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(a) conducting spheres (b) charge particle interaction

Figure 3.6 Illustration of the pixel modules with its conducting spheres
(Figure 3.6a), and interaction of a charged particle in the pixels
(Figure 3.6b) [56].

The hybrid detector consist of silicon sensors connected to electronics readout

by bump bonding, illustrated in Figure 3.6a. When a charged particle passes

through the silicon it liberates electron-hole pairs; signal that transmited to the

electronics readout spheres, as seen in Figure 3.6b. The pixel sensors operate at

a bias voltage of 150 V, inducing a current which it is amplified and compared

against a given threshold. If this signal lies above the threshold, a hit is recorded,

along with a time stamp and the location of the interacting spheres.

The last section of the ID is the TRT. It consist on 370,000 cylindrical drift tubes

(straws) with a diameter of 4 mm interleaved with radiators, providing coverage

up to |η| < 2. Each straw is filled with a xenon-based gas, and contains a wire in

its centre. This system is called drift detector. The drift detector has a diameter of

30 µm and is made of an alloy of tungsten, gold and silver. In the barrel region the

straws are parallel to the beam axis with a length of 144 cm, while in the endcap

region the straws are arranged radially in wheels with a length of 37 cm. The

space between the tubes is filled with polyethylene with widely varying indices of

refraction, which allows the identification of charged particles by making use of the

transition radiation. This radiation is emitted when relativistic charged particles

cross a boundary between media with different dielectric constants, which the

radiation depending on the particle’s Lorentz factor γ. Since electrons are highly

relativistic, an important method to distinguish electrons from hadrons can be

obtained from the transition radiation. A high voltage is applied to each TRT

tube in order to attract the electrons, produced by radiated photons, to the

central wire. For instance, when the charged pion emits transition radiation
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(a) TRT pion (b) TRT electron

Figure 3.7 Illustration of the transition radiation of a pion (Figure 3.7a), and
electron (Figure 3.7b) in the transition radiation tracker cylindrical
drift tubes [56].

it liberates photons that interact with the gas molecules freeing electrons, that

are then attracted by the central wire (sketched in Figure 3.7a). If the initial

particle, instead, is an electron, a larger number of photons are radiated, bringing

a larger negative charge to the central wire (sketched in Figure 3.7b). The TRT

straws helps also with the track identification with the reconstruction of the

charged particles trajectory from the ionised gas. For the purposes of track

reconstruction, this ionisation is more important than the produced transition

radiation. Then, the readout of the TRT comprises two discriminators: one

acting at a low threshold to detect ionisation, and a second one acting at a high

threshold to identify transition radiation. In addition, a measurement of the drift-

time is made which may be used to separate ionising radiation, which has a long

drift-time, from transition radiation. The measurement of the TRT is around 10

times less accurate than the pixels and the SCT, but the straws are arranged in

such a way that it gives a large number of hits per track to compensate for the

lack of intrinsic precision.

A good quality track in the ID is reconstructed from three hits in the Pixel

detector, eight hits in the SCT, and 36 hits in the TRT. The transverse

momentum resolution, that is given by the Glückstern equation [57], and the

track reconstruction are particularity good due to the combination of the three

different systems of the ATLAS detector. For the pixel detector the resolution is

calculated as:

σ(pT )

pT
=

σ(x) · pT
0.3 · L2 ·B

√
720

N + 4
, (3.4)
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where σ(x) is the spatial uncertainty, L the length of the track, B the magnetic

field of the solenoid and N the number of measured track points. The ID is

designed to reach a resolution of σ(pT )
pT

= 0.05% [45].

3.2.4 Calorimeters

The ATLAS calorimeter system covers the |η| < 4.9 region, providing a

precise measurement of the energy of electromagnetic and hadronic interacting

particles. Electrons, photons, and hadrons are measured in the electromagnetic

calorimeter, while neutral jets are measured in the hadronic calorimeter. The

calorimeters consist of a cylindrical configuration in the barrel region, and a

forward calorimeter (FCal) for particles in the 3.1 < |η| < 4.9 region, as shown

in Figure 3.8. Both are sampling calorimeters, which means that they have

a structure of sheets of very dense absorber material, alternated by a highly

ionisable active material that performs the energy measurement. The absorber

material induces particle showers2, whose energy deposits are measured in the

active material via ionisation or scintillation. The energy of the incident particle

is reconstructed from the shower remnants, being fully reconstructed only if

it is completely absorbed by the calorimeter. Most of the muons produced at

high energy collisions act as minimum ionizing particles (MIPs) and escape the

calorimeter leaving only small traces of ionisation. The sampling design helps to

reduce the size of the calorimeter, but since the energy deposited in the absorber

material cannot be measured, the correct incident energy of the particle must be

calculated indirectly requiring a proper calibration of the calorimeter system.

The relative energy resolution of the electromagnetic and hadronic calorimeters

is given by:

σE
E

=
a√
E
⊕ b

E
⊕ c , (3.5)

where a (the stochastic term) is related to the sampling of fluctuations related to

the particle shower. The variation comes from the number of charged particles

produced from the interaction with the active layer, and the energy loss in

the absorbing layers. The resolution improves according to the energy of the

incident particle as 1/
√
E. The stochastic term has been measured in ATLAS,

2A “particle shower” refers to the process in which a particle, after colliding against a certain
material, breaks down by converting into multiple particles with less energy and momentum.
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Figure 3.8 Illustration of the ATLAS calorimeter system [45].

giving values of: a = (10.1 ± 0.4)% for electrons in the EM calorimeter and

a = (52 ± 0.4)% for pions in the hadronic calorimeter [45]. The second term b

(the noise term) originates from the electronic noise in the readout chain. The

third term c (the constant term) is independent of the particle energy, but depends

on instrumental effects. Calibrations of the noise and constant term are taken

into account.

Electromagnetic calorimeter

Particles that interact with the electromagnetic (EM) calorimeter are mostly elec-

trons and photons, that create electromagnetic showers through Bremsstrahlung

exchanges and electron-positron pair production. The electromagnetic barrel

(EMB) and electromagnetic endcap (EMEC) calorimeters cover a range of

|η| < 1.475 and 1.375 < |η| < 3.2, respectively. An accordion-shaped geometry

is used to ensure a complete coverage of φ with no cracks. The calorimeter

consists of a structure of lead and stainless steel layers of 1.5 mm thick as

absorbers, separated by 4 mm of space between them filled with liquid Argon

(LAr) as the active material. A copper grid is immersed between the layers,

acting as an electrode and measuring the energy of the particles which pass

through, as illustrated in Figure 3.9a. The electromagnetic shower interacts

with the molecules of the LAr and ionises the atoms, creating (negative-charge)
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(a) EM calorimeter (b) EM shower

Figure 3.9 Structure of the Electromagnetic Calorimeter (Figure 3.9a),
and electromagnetic shower (Figure 3.9b) of a charged particle
interacting with the absorber material of the calorimeter [56].

electrons and positive ions (as seen in Figure 3.9b). These secondary electrons are

collected by the copper electrodes to measure the energy of the original particle.

Since the Bremsstrahlung radiation emitted by a charged particle is inversely

proportional to the square of its mass, the electrons deposit most of their energy

within the EM calorimeter. The EMB has the finest granularity of the calorimeter

and is segmented in three longitudinal layers. The first layer acts as a pre-

shower detector, enhacing the particle identification, providing a precise position

measurement, and contributing to the energy loss due to the ID material in front

of the calorimeter. The second and third layers have a refined granularity, and

thus offer higher precision for the particle reconstruction. The forward region of

3.1 < |η| < 4.9 is covered by the three layered Forward Calorimeter (FCal), which

is designed to cope with high radiation and particle flux due to its vicinity to the

beam pipe. The forward wheels are composed of a matrix of concentric copper

rods and tubes as absorbers with LAr as active material between the gaps. With

a total thickness of approximately 22 radiation lengths X0, most electromagnetic

interacting particles are fully contained in the EM calorimeter

Hadronic calorimeter

The Hadronic calorimeter (HAD calorimeter) consists of a Tile calorimeter in

the barrel region and a LAr calorimeter in the hadronic endcap (HEC) and

forward regions. The Tile calorimeter is a sampling calorimeter that uses steel

as absorber and scintillating tiles as active material, as observed in Figure 3.10a.
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(a) scintillating tiles (b) hadronic shower

Figure 3.10 Steel scintillating tiles of the Tile calorimeter (Figure 3.10a), and
hadronic shower (Figure 3.10b) of a hadron interacting with the
atomic nuclei of steel that produced photons upon contact with the
scintillating tiles, in the Hadronic calorimeter [56].

It is composed of one barrel and two extended endcaps, with all of them divided

azimuthally in 64 modules, covering the |η| < 1.7 range. The interaction of high

energy hadrons with the atomic nuclei of steel leads to the production of a shower

of particles, producing photons upon contact with the scintillating tiles (as seen

in Figure 3.10b). Optical fibers carry the photons produced by the scintillating

tiles to photomultipliers in order to measure the deposited energy. Since the

scintillating tiles get damaged when they are exposed to extreme radiation as

in the HEC and forward regions, the sampling calorimeter components in these

regions are based in copper. The HEC is a LAr calorimeter with copper as

absorber that covers the 1.5 < |η| < 3.2 range. It consists of two wheels with

four layers in each endcap. The Forward calorimeter is integrated into the endcap

cryostats to reduce the radiation backgound level in the muon spectrometer. It

consists of three modules, with two of them using tungsten instead of copper as

the absorber material.

3.2.5 Muon Spectrometer

The muon spectrometer (MS) is the outermost component of the ATLAS detector

that is designed to measure muons tracks, in addition to the ID. The MS extends

over a large radius of approximately 4 m < r <11 m, making up most of the

volume of the ATLAS detector. The muon momentum is measured from the

deflection of muon tracks within the magnetic field of up to 1 T provided by: the
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large barrel toroid in |η| < 1.4, the two smaller endcap magnets in 1.6 < |η| < 2.7,

and by a combination of both fields in the transition region of 1.4 < |η| < 1.6.

The MS is designed to reach a resolution of σ(pT )
pT

= 10% at pT= 1 TeV [45]. The

various components of the MS are shown in Figure 3.11.

Figure 3.11 Illustration of the Muon spectrometer with all its components [45].

Tracks are measured in three layers of chambers which are gaseous detectors

sensitive to muon ionisation. For the barrel region these chambers are arranged in

cylindrical layers around the beam axis, while in the transition and end-cap region

the chambers are installed in planes perpendicular to the beam. Besides a precise

determination of the muon momentum, the MS provides fast information to the

trigger system. To satisfy both requirements, the system consists of a combination

of either high precision spatial resolution, or optimised timing resolution. In the

barrel, Monitored Drift Tubes (MDTs) chambers with a high spatial resolution

of approximately 40 µm provide precise momentum measurements. While the

fast Resistive Plate Chambers (RPCs) provide less precise (but complimentary)

tracking information, they give faster readout speeds for the trigger. In the

endcaps the precise tracking is performed by Cathode Strip Chambers (CSCs),

whereas the quick-response Thin Gap Chambers (TGCs) are used for triggering.

The MDTs make up most of the MS detector, and they are made of 30 cm-

long aluminium drift tubes. The CSCs are made up of multiwire proportional
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(a) muon gas trail (b) muon track

Figure 3.12 Trail of charged ions and electrons from the interaction of a muon
with the gas within the drift tubes (Figure 3.12a), and the muon
track reconstruction from the position of the interaction with each
tube (Figure 3.12b) [56].

chambers with orthogonal planar cathodes. Given that the tolerance for high

radiation and counting rate of the MDTs is not very high, CSCs are used instead

in the endcaps, where a higher particle flux is expected. RPCs system does not

use wires, but employs instead two parallel resistive plates with a 2 mm spacing

in each station with a gas mixture in between. It ensures a good time resolution

of 1.2 ns [58] and high rate performance. TGCs are thin multiwire proportional

chambers similar to the CSCs, except that their wire strip spacing is smaller,

allowing a faster charge collection. It has a time resolution of about 2.3 ns [59].

The muon reconstruction in gaseous detectors, such as the MDTs, is based on

the interaction of the muon with the gas contained in small tubes, that leaves

a trail of charged ions and electrons which drift to the centre or side of the

tubes depending on their charge (electrons to the centre and charge ions to the

contour of the cylinder), as illustrated in Figure 3.12a. Circles tangent to the

trajectories of the muons can be traced from the centre of the tube, and thus

used for the determination of the position of the muon track as can be observed

in Figure 3.12b.

Muons loose their energy mostly from the ionization coming from the collision

with different types of materials. In materials like iron and cooper, the muon

loose 5 MeV for every millimeter traversed, so about 5 m of iron will be required

to absorb the energy of a 5 GeV muon. On the contrary, most of the hadrons

can travel only 1–2 m within iron before they loose their full energy. Therefore,

most of the particles, except for muons, are typically absorbed by the preceding
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calorimeters.

3.2.6 Trigger and Data Acquisition

The information that would be required for storage by the ATLAS Data

Acquisition system [60] without an event-filtering system, would be impossible to

handle with the current computing readout and storage capacity. For instance,

in the nominal LHC operational conditions the interaction rate in the heart

of the ATLAS detector is of the order of 1 GHz, which means a data rate

of approximately 60 Tb/s (five orders of magnitude beyond today’s capacity).

However, most of the bunch crossings lead to “uninteresting”, low momentum

physics processes which are not wanted for further study. The interesting

physics objects have particular characteristics that can be identified by their

reconstruction inside the detector, such as an energetic muon. The ATLAS

trigger system [61] is designed to select these types of events, reducing the event

rate for permanent storage to approximately 200 Hz, resulting in a data rate

of a manageable value of 300 Mb/s. There are trigger-selection menus for all

the physics objects selected by the Data Acquisition system, such as: electron,

photon, muon, tau, jet, missing energy, and minimum bias. The ATLAS trigger

in Run-1 is a three-level system, with each level having an ever-increasing refined

selection and additional processing time to filter interesting events than the

previous stage, as illustrated in Figure 3.13.

Figure 3.13 The three trigger levels for ATLAS in Run-1, with the design rates
before and after the selection, and the latency for each stage [62].

The first stage, the Level 1 (L1) trigger, is a hardware-based selection that uses

only the calorimeter and the fast trigger section provided by MS. With regard to

muons, the identification is made by the RPC and TGC. Since there is limited

time for the track reconstruction, the momentum is roughly estimated from the

hits using look-up tables. The calorimeter detects high energy deposition of

electrons, photons or jets with a coarse granularity. L1 reduces the output rate

below 75 kHz, within a 2.5 µs latency, as the data can be stored for a very short
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time in the pipeline memory of the trigger system. If an event is accepted by this

level, the geometry and position of the candidate physics object are identified as

a Region of Interest (RoI), that would be used as input for the next trigger level.

The Level 2 (L2) is a software-based trigger that uses the full granularity of

all detector components including the tracking system. The selection process

starts from the RoI, including more complex but still relative simple and efficient

reconstruction algorithms, such as isolation criteria for leptons. On average the

L2 can process a new event every 10 µs, with a further processing time of 40 ms

(which includes the data-transfer time). The output rate is reduced from 75 kHz

to approximately 2 kHz during nominal operation.

Finally, the information is passed to the software-based Event Filter (EF) trigger

level. This level applies sophisticated corrections in the reconstruction algorithms,

including noise suppression, alignment, and calibration information. During

nominal operation the input event rate is around 2 kHz, with EF providing

additional selections that reduce the output rate to approximately 200 Hz,

corresponding to 300 Mb/s. The combination of L2 and EF is known as High

Level Trigger (HLT). Events that pass the EF selection are stored in local storage

elements for a further distribution using the CERN computing network “Grid”.

3.3 Performance of ATLAS and the LHC

The number of events Ni produced in a collider for a certain process is given by:

N = σi

∫
Ldt (3.6)

where σi is the cross section of the particular process and L is the collision

rate known as instantaneous luminosity. There are several processes with

low cross section, such as the SM Higgs boson production, for which a large

integrated luminosity is needed to study their properties in detail. sample. The

instantaneous luminosity depends only on beam parameters, which can be written

for a Gaussian beam profile as:

L =
N2
b nb frevγr
4π εn β∗

F , (3.7)
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where Nb is the number of particles per bunch, nb is the number of bunches per

beam, frev is the beam revolution frequency, γr is the relativistic gamma factor

for a given beam energy, εn is the normalized transverse beam emittance, β∗ is

the beta function at the collision point, and F is the geometrical reduction factor

that is applied due to the fact that the beams do not collide head-on but with a

small crossing angle. The LHC is designed to accommodate up to 2808 bunches

of proton per beam at an instantaneous luminosity of L = 1034 cm−2 s−1, with a

bunch space of 25 ns, each bunch containing approximately 1011 protons, a beam

revolution frequency of frev = 11.2 kHz, a beta function of β∗ = 0.55 m, and with

a normalised transverse beam emitance of εn = 3.75 µm. Most of the parameters

stay constant during the proton collisions, except for the number of particles per

bunch which is degraded with time.

The LHC era started in 2008 when the first beam circulated successfully.

However, the operation was interrupted nine days later due to a faulty electrical

connection that provoked a leak of liquid helium in the vacuum which resulted

in a magnet damage given the lack of cooling. In November 2009, the operation

was resumed with the first proton-proton collisions at the injection energy of

450 GeV , increasing a few days later to a world record of 2.1 TeV. After ensuring

the proper operation of the magnets at higher energies, the physics programme

started in March 2010 at a centre-of-mass energy of
√
s = 7 TeV. During that

year a total integrated luminosity of 48.1 pb−1 was delivered by the LHC. At that

time, the machine was filled with a maximum of 368 bunches with a spacing of

150 ns and maximum 1.2× 1011 protons per bunch, leading to a peak luminosity

of 2.1 × 1032 cm−2 s−1. After a short period of lead ion collisions, LHC started

running again in the beginning of 2011 with proton bunches colliding at the same

energy but a reduced bunch spacing3 and β∗, and an increased bunch intensity,

resulting in an increased peak luminosity of 3.7×1033 cm−2 s−1. These conditions

lasted until the end of year leading to a total integrated luminosity of 5.46 fb−1.

In April 2012, the collision energy was increased to 8 TeV. In addition, the

instantaneous luminosity peak reached 7.7 × 1033 cm−2 s−1 which is almost

as high as the design luminosity. The improvement was possible due to a much

higher bunch intensity, with the bunches being separated by 50 ns (twice the

design space). The total integrated luminosity delivered by the LHC after this

3Beams are made of trains of proton bunches moving at almost the speed of light around
the 27 kilometer ring of the LHC. By sending more bunches around the ring, the LHC will be
able to generate more collisions, ultimately maximising the integrated luminosity delivered to
the experiments.
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Figure 3.14 Integrated luminosity versus time delivered by the LHC (green),
recorded by ATLAS (yellow), and certified to be of good quality for
physics analyses by ATLAS (blue). 3.14a is the luminosity recorded
from proton-proton collisions at 7 and 8 TeV in 2011 and 2012 [63],
while 3.14a is the luminosity recorded from proton-proton collisions
at 13 TeVin 2015.

long run was 22.8 fb−1, of which the ATLAS data acquisition (DAQ) system

recorded 21.3 fb−1. The difference between these two numbers is mainly because

of losses caused by the DAQ system at the starting time of the data-taking period,

which is needed for the calibration of the detector settings. Not all the recorded

data can be used for physics analyses, since certain parts of the detector might not

work as expected in a particular run. The integration of the data-taking periods

with good quality physics is called “Good Run List”(GRL). By the end of 2012

the GRL reached an integrated luminosity of 20.3 fb−1, which corresponds to the

dataset used for the analysis discussed in Chapter 6.

Following the first scheduled shutdown of the LHC, the data-taking period started

in January 2015 with the energy increased to 13 TeV, achieving a peak luminosity

beyond the design rate of 1.2 × 1034 cm−2 s−1 in July 2016. This became

possible mostly because of the decrease of bunch spacing to 25 ns. The integrated

luminosity is increasing every day, expecting to exceed 100 fb−1 by the end of

the Run 2 period. The total integrated luminosity for all the Run 1 period and

the first year of Run 2 is shown in Figure 3.14. The green color refers to total

integrated luminosity delivered by the LHC, the yellow one is the luminosity

recorded by the ATLAS DAQ system, and the green is the GRL.

Over the years, different beam configurations have been used by the LHC, which

translates into a variation of the average number of interactions µ per bunch

crossing, as shown in Figure 3.15a for Run 1 and Figure 3.15b for Run 2. Each
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Figure 3.15 Number of interactions per bunch crossing (pile-up) weighted by the
luminosity for Run 1 [63] (2011 and 2012) and Run 2 (2015-2016)
data recorded from proton-proton collisions.

curve shows a Poisson distribution which a mean equal to the average number of

number of interactions per bunch crossing 〈µ〉. 〈µ〉 has been increasing over the

years, having, for example, a value of 〈µ〉 = 21.4 in the current Run 2 period.

The increased number of interactions per bunch crossing increases the chances

of finding interesting physics processes, but it also increases the so called pile-

up (simultaneous proton-proton interactions) and leads to hits in the detectors

that do not originate from the hard scattering. These interactions result in a

higher number of electronic signals in the detector which are not originated from

the hard scattering process of interest. Pile-up can become an issue if it is not

identified accurately when reconstructing physics objects. The mean number of

interactions per bunch crossing is calculated as:

〈µ〉 =
Lb σinel
frev nb

, (3.8)

where Lb is the instantaneous luminosity per bunch, and σinel is the inelastic cross

section. The inelastic cross section varies depending on the collision energy. For

instance, the total inelastic cross section at 7 TeV is σinel = 71.5 mb, while at

8 TeV is σinel = 73 mb.

There are two types of pile-up events: the in-time and the out-of-time pile-up.

The in-time pile-up corresponds to additional interactions that are created in the

same bunch crossing, while the out-of-time pile-up is related to the overlay of

interactions of different bunch crossing due to the limited read-out time of the

detector. The in-time pile-up contributions increase with the number of protons

in a bunch Nb, whereas the out-of-time pile-up increases when the bunch spacing
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(a) 23 number of interactions (b) 230 number of interactions

Figure 3.16 Baseline layout of the ID traverse by 23 and 230 number of
interactions per bunch crossing [64].

is reduced. Both types of pile-up are increased when the number of bunches per

beam nb increases. Figure 3.16 illustrates the number reconstructed vertices in

the ATLAS ID under two different pile-up conditions: 〈µ〉 = 23, the mean number

of interactions reached in 2016, and 〈µ〉 = 230, the pile-up expected during the

High Luminosity LHC (HL-LHC).

3.4 Physics objects

Particles created from several physics processes leave different traces in the

various subdetectors according to their nature. These include energy deposits

in calorimeter cells and hits in the tracking layers. The physics objects are

reconstructed with algorithms that try to identify these detector signals. The

reconstruction of these physics objects with the ATLAS detector are illustrated

in Figure 3.17, and are summarised below.

3.4.1 Track reconstruction

A charge particle track is reconstructed from a sequence of hits in the different

layers of the ID. The curve trajectory of the track can suffer deviations due

to multiple scattering and energy loss. The hits registered by the Pixel and

SCT detectors are converted into clusters and then space-points. The timing

information from the TRT is converted into calibrated drift circles. There are

two track-finding algorithms which differ in the direction in which they work to

identify the candidate track. The inside-out algorithm [65] uses a Kalman filter

to seed tracks from hits in the three pixel laters and the first SCT layer. The
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Figure 3.17 Illustration of the interactions of several particles with the different
components of the ATLAS detector [56].

location of the seed is extrapolated and fitted to the rest of the SCT and the

TRT. Further restrictions are applied in order to have a good quality track, such

as requiring the track to be originated from the primary vertex. On the contrary,

the outside-in algorithm [65] considers seed tracks from the interaction with the

TRT, which are then extrapolated to the SCT and Pixel detectors. This method

is typically used in displaced vertex signatures, since it improves the tracking of

secondary particles. The pattern recognition uses one or the other algorithm,

being primarily used the inside-out algorithm.

After the track reconstruction, a vertex finding algorithm is used to determine

the primary and secondary vertices of the event. Vertices along the beamline are

associated with the interactions of the incoming partons, and are called primary

vertices. Vertices originated by particle decays are called secondary vertices.

3.4.2 Electron reconstruction

Electrons are reconstructed from the energy deposits (clusters) in the central

region of the EM calorimeter that must satisfy a set of identification criteria so
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that the longitudinal and transverse shower profiles are consistent with those

expected for electromagnetic showers. The electron candidates must have an ID

reconstructed track that points to the respective EM calorimeter cluster. The

direction and charge of the electron is taken from this track that is fitted using

a Gaussian-Sum filter [66], which allows for Bremsstrahlung energy losses to be

taken into account. An electromagnetic cluster is reconstructed by searching for

seeds above a transverse energy of 2.5 GeV with a sliding window algorithm [67]

defined in the η × φ plane. A fixed size window is moved across each element of

the tower grid in steps of ∆η×∆φ = 0.025×0.025 to look for a seed, as indicated

in Figure 3.18. From this seed, an electron cluster is built from longitudinal

towers of calorimeter cells with different sizes in the barrel and endcaps. The

energy of the electron is calculated from the measured energy deposits inside

the cluster by applying correction factors because of the dead material in front

of the calorimeter, as well as lateral and longitudinal leakage. The background,

composed by non-prompt electrons and jets, is rejected by applying selections

on several discriminating variables, such as: good quality tracks (several hits in

the ID components) to discriminate against photon conversion, a precise η × φ
matching to discriminate from jets faking electrons, the ratio between the electron

energy measured in the cluster and the track momentum in the ID to discriminate

from jets faking electrons, the cluster isolation to discriminate from a spread jet

distribution, or the ratio between the largest and the sub-leading energy clusters

in order to discriminate from jets with one or more neutral particles (such as π0)

which would cause a second maximum in the EM calorimeter. For the first part

of the Run 1, a simple selection cut on each one of these variables were made

to reconstruct the electron. But for 2012 analyses, as the one from Sect. 6, a

multivariate technique (MVA) based on the Maximum Likelihood approach has

been chosen for the electron identification, since it allows simultaneous evaluation

of several properties when making a selection decision.

E − p combination for electrons

In order to improve the energy resolution of low ET electrons and electrons in

problematic regions of the EM calorimeter (such as the crack region 1.37 < |η| <
1.52 in which the detector response tends to be worse), a combination of the

track momentum and the cluster energy is attempted. A combination method

that employs a maximum likelihood fit of the pT measured in the ID and the EM

cluster is applied to electrons with pT > 30 GeV and η < 1.52. This method
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Figure 3.18 Diagram showing the structure of a barrel module of the
electromagnetic calorimeter. An electromagnetic trigger tower is
shaded, with its η and φ dimensions indicated [64].

has been applied to the H → ZZ(∗) → 4` analysis selection discussed in Sect. 5,

achieving an improvement of 4% when all the final-state leptons are electrons (4e),

and 3.5% when is a combination of muons and electrons (2µ 2e). In addition, the

likelihood-based combination produces a reduction on the tail of the invariant

mass distribution.

Electron calibration

In order to improve the electron and photon calibration, the full procedure

have been revisited by invoking MVA techniques. In addition, several subtle

experimental corrections has been implemented in the simulation of the detector

geometry and the material distribution [68]. The calibration procedure for

electrons and photons is described in [69]. The Higgs boson mass measurement

critically depends on the precise determination of the scale and resolution of the

electron and photon energies.
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3.4.3 Muon reconstruction

The reconstruction of muon candidates [70] is made using the track information

from the ID and the MS in different regions of the detector. The tracks in the

MS are reconstructed by considering the activity in each layer of the chambers

for local segments, which are then combined into a single MS track. A track

reconstructed in the ID is required to have a certain number of hits in the Pixel,

SCT, and TRT detectors, and at most two active Pixel or SCT sensors without

a hit corresponding to the transverse muon track candidate. The acceptance

varies according to the geometrical coverage of both track sub-detectors, and the

momentum of the track. For instance, the ID is not available in the forward

region, the MS acceptance region is |η| < 2.7, low momentum muons are not

able to reach the MS given the energy loss in the calorimeters, and there are

“dead” regions where there are no active detector material, but plain structure

(crack regions). This situation is accounted for by defining four types of muons

depending on these limitations:

• Standalone muons (SA): these are muons reconstructed from tracks mea-

sured just in the MS. The reconstruction of the full path of the track is

extrapolated from the interaction point, taking into account the effect from

multiple scattering and energy loss in the transverse material. This selection

of muons are used in the region where the ID has no coverage, |η| > 2.5, to

increase the overall acceptance. Some analysis might not use SA muons.

• Combined muons (CB): these are muons whose tracks are reconstructed

independently by the ID and MS and are then combined to obtain a muon

track, which defines its four-momentum vector. If the MS track can be

matched to a ID track, the muon track is obtained by a global refit of all hits

assigned to the two reconstructed tracks in the ID and MS. The momentum

and direction of the muon candidate is taken from this track. The CB muons

have the highest purity, yield reconstruction, and identification efficiency of

all the types of muons.

• Segmented-tagged muons (ST): these are muons reconstructed from tracks

measured just in the ID. This situation may occur when there is no

accurate track match on the MS, mostly because of a low momentum muon

candidate.

• Calorimeter-tagged muons (CT): are muons reconstructed from the associ-
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ation of a ID track to a calorimeter cluster, in regions where there is no MS

coverage. This type of muons helps to cover the crack regions.

The background from non-prompt muons, such as decays of heavy flavour

hadrons, is commonly suppressed by requiring that the candidates must satisfy

a track-based isolation criteria.

3.4.4 Jet reconstruction

QCD jets are identified in the ATLAS detector as bunches of hadrons that

originate from quarks and gluons after fragmentation and hadronization. They

are reconstructed from topologically related calorimeter cells, topo-cluster [71],

using the anti-kT algorithm [72]. The topo-cluster method looks for a seed cell

with a significant contribution of signal above noise (that can be originated

from electronic or pile up effects). The resulting topo-cluster contains shape

and location information, which is used to apply a local energy calibration

and corrections depending on the nature of the cluster. In this, the clustering

algorithm implicitly performs a topological noise suppression by removing

cells with insignificant signals which are not in close proximity to cells with

significant signals. The resulting topological cell clusters have shape and location

information, which is exploited to apply a local energy calibration and corrections

depending on the nature of the cluster.

The topo-cluster may contain more than one local maxima of energy deposits,

in which case the topo-cluster can be split into several topo-clusters with a

considerable separation between them in order to break up overlapping showers.

Cells inside the topo-cluster are calibrated using the local cluster weighting

(LCW) method [73], which distinguishes between electromagnetic and hadronic

topo-clusters based on their energy density and longitudinal shower depth.

Energy corrections, due to crack regions, are taken into account from simulated

electromagnetic and hadronic showers. The topo-cluster is defined by the sum

of the energy deposited in the cells and the direction, that is calculated from

the weighted average position of the single cells. This calibrated topo-cluster is

given as an input to the anti-kT algorithm with a distance parameter of R = 0.4

using the Fastjet [74] software package. This jet reconstruction method yields

stable results, which means that is insensitive to collinear splitting of the initial

parton (collinear safe) and additional soft gluon radiation (infra-red safe). Further
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calibrations of the jet are made in order to take into account experimental and

detector corrections.

Contribution from additional pile-up interactions cause an offset of the jet energy,

which is corrected by applying scale factor derived from MC simulation. These

simulations are calculated in bins of η and pT , taking into account the number

of reconstructed primary vertices and the average of the expected number of

interactions. The direction of the jet is corrected according to its relation with

the position of the primary vertex. Jets coming from pile-up events tend to

be rather soft and are rejected by making a selection on the jet vertex fraction

(JVF) [75], which exploits the fraction of tracks within the jet coming from the

primary vertex. Any jet with pT < 50 GeV and |η| < 2.4 is required to have at

least 50% of its summed track pT of all tracks with pT > 1 GeV originating from

the primary vertex.

For the energy losses inside the detector, the jet energy scale (JES) corrections [71]

are applied to the energy and η of the jet by comparing reconstructed jets to

generator-level jets formed from stable particles in MC simulations. Since there

is no distinction between electrons reconstructed as jets and proper jets, the single

closest-to-an-electron jet within ∆R < 0.2 is removed. After all these selections

and corrections, the total four-momentum of the jet is calculated by summing

the four-momenta of all its constituents.

3.4.5 Missing energy reconstruction

Processes than involve particles that do not interact with the detector, such as

neutrinos, are identified by the missing transverse energy Emiss
T . The initial state

collision has, in good approximation, zero transverse momentum. Therefore, the

Emiss
T [76] is defined as the magnitude of the negative vector sum of the momentum

of all reconstructed and calibrated objects taking into account correction terms

from the calorimeter and tracking. The measurement of Emiss
T relies on the precise

identification of all the physics objects in an event. These objects are represented

by energy deposits of tracks corresponding to electrons, photons, hadronically

decaying tau leptons, jets, muons, and soft calorimeter topo-cluster (“soft”). The

x− and y−component of the Emiss
T is calculated by:

Emiss
x(y) = Emiss,e

x(y) + Emiss,γ
x(y) + Emiss,τ

x(y) + Emiss,µ
x(y) + Emiss,jets

x(y) + Emiss,soft
x(y) (3.9)
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where each term is the negative sum of the x− and y−component of all objects’

energies. The Emiss
T is then given by:

Emiss
T =

√
(Emiss

x )2 + (Emiss
y )2 (3.10)

Corrections must be taken into account to include sources that could be

misinterpreted as true Emiss
T , such as: limited detector coverage, finite detector

resolution, electronic noise, crack detector regions, and pileup events. Pileup

contributions, in particular to the jet and soft terms, can be suppressed by

applying selection cuts based on track properties.
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Chapter 4

Muon isolation studies for the

Phase-II Level-1 Track Trigger

The last scheduled LHC phase will experience an increase in the instantaneous

luminosity and pp collision rate beyond the LHC design and the current ATLAS

detector capabilities. Several upgrades to the ATLAS detector will be made in

order to withstand the high radiation collisions and maintain an optimal physics

performance. The large detector occupancies will require the implementation

of a more restrictive event selection, compared to Run-1 and Run-2. The

preliminary study presented here examines the performance of a track-based

isolation algorithm for muons at the first stage (hardware level) of the trigger

in order to reduce the rate of events to be processed by the High Level Trigger

(HLT) farm. A secondary objective of the study is to compare the performance of

the track-based isolation algorithm (implemented in the first trigger stage, known

as L1 Track Trigger) with the performance of a calorimetric-based isolation for a

trigger system that does not involve tracking information at the first stage of the

filtering system. This study has been performed in the context of the R&D that

is being carried out in the ATLAS collaboration for the design of the Phase-II

trigger.
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4.1 LHC and ATLAS Upgrade

After the first major LHC upgrade in 2013 (which increased the collision energy

from
√
s = 8 to 13 TeV), there are several phases of new upgrades scheduled that

will enable the extension of the physics programmes of the LHC experiments. The

timeline of the LHC and its upgrade is shown in Figure 4.1. Three long shutdowns

(LS) are scheduled for maintenance and upgrade work on the accelerator and

the detectors. This will allow for a continuous increase of the instantaneous

luminosity, and, therefore, the collection of very large datasets over the years.

Following the first LHC shutdown (LS1), the 2015 data-taking period began

with a collision energy increase to 13 TeV and with an instantaneous luminosity

that eventually exceeded the design value of 1034 cm−2 s−1. After the second

long shutdown (LS2) in 2018, the instantaneous luminosity will increase by

another factor of two, allowing the detectors to collect 100 fb−1 of collision data

per year of operation. A second upgrade [? ] is planned, which will make

significant changes to the interaction point region in addition to improvements

to other parts of the accelerator complex, such as crab cavities and installation

of 11 T superconducting quadrupoles. These improvements will result in an

instantaneous luminosity increase to at least 5× 1034 cm−2s−1, with a projected

integrated luminosity of 3000 fb−1 after about 10 years of operation. This period

is known as the High Luminosity LHC era (HL-LHC). These conditions are ideal

for measurements of low cross-section processes, such as the Higgs boson self-

couplings or searches of dark matter candidates of BSM theories. However,

the nominal instantaneous luminosity in the HL-LHC period corresponds to an

average of at least 140 pp interactions in every beam crossing (so called “pile-up”

interactions). In order to take advantage of the improved LHC operation the

ATLAS detector must be upgraded in order to deliver the same excellent physics

performance at higher luminosities, as the one achieved in the Run-1 and Run-2

data-taking periods.

4.1.1 Phase-I ATLAS upgrade

The main focus of the Phase-I ATLAS upgrade [78] in 2018 (LS2) is on the event

selection at the first stage of the filtering system (the hardware-based Level-1

trigger). The objective is to sharpen the selection efficiency while maintaining

the low transverse momentum (pT ) threshold for single charged leptons (electrons
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Figure 4.1 Timeline of the LHC with planned shutdowns, projected instanta-
neous and integrated luminosity levels [77].

and muons) and keeping the Level-1 (background) rate at a manageable level.

Upgrades are planned for both the muon and the calorimeter trigger systems,

without which the single lepton Level-1 trigger pT thresholds would have to be

raised, resulting in a significant loss of acceptance for many interesting physics

processes.

The Phase-I upgrade of the ATLAS muon spectrometer [79] focuses on the

forward region of the detector. The performance of the muon tracking chambers

(in particular in the forward region) degrades with the expected increase of cavern

background rate. The Phase-I high luminosity and high energy conditions are

expected to create a substantial degradation of tracking performance, both in

terms of efficiency and resolution in the inner forward part of the detector, the

(so called) “Small Wheels”. Given that the high resolution muon momentum

measurement crucially depends on the presence of hits at the Small Wheel level,

this degradation is detrimental for the performance of the ATLAS detector.

Besides this, one has to take into account that a significant part of the

muon trigger rate in the forward region is (non-muon) background. Low

energy particles, mainly protons, generated in the material located between

the Small Wheel and the calorimeter station, produce fake muons by hitting

the forward chambers at an angle similar to that of real high pT muons. The

ATLAS Collaboration will replace the existing Small Wheel with a New Small

Wheel (NSW), which improves the L1 trigger tracking capabilities for higher

luminosities. The NSW consists of a set of precision tracking and trigger detectors

able to cope with high event rates with excellent real-time spatial and time

resolution. These detectors can provide the L1 muon trigger system with track
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segments of good angular resolution to confirm that muon tracks are originated

from the interaction point. The rate of forward-region fake muons is considerably

reduced by this addition. With the proposed NSW the ATLAS muon system

will maintain the excellent muon tracking over the full acceptance at the highest

LHC luminosity expected. At the same time, the low-pT (typically pT > 20 GeV)

single muon L1 trigger rates will be kept at an acceptable level. For instance, the

rate for this trigger menu is expected to be reduced from 60 kHz to 22 kHz [79]

for an instantaneous luminosity of 3 × 1034 cm−2 s−1 at
√
s = 14 TeV and with

a bunch spacing of 25 ns.

The proposed upgrades to the L1 hardware trigger allow the experiment to

send events with relatively-low pT physics objects to the HLT farm for further

processing. Tracking information is typically employed at the HLT to further

discriminate between the interesting physics and background, and select the most

promising events for offline analysis. However, extensive tracking in such high-

multiplicity environments [80] is prohibitively expensive in terms of processing

time and computing cores needed. Therefore, it is used sparsely for specific RoI’s

which have been identified as potentially interesting by the L1 trigger and at

a much lower rate for full-event tracking reconstruction. This approach has its

limitations, given that a finite number of RoI’s can be considered at the HLT, and

that information that requires full-event tracking (such as the number of primary

vertices in a collision event) is useful for object selections or detector corrections.

The Fast TracKer (FTK) [81] is a hardware-based pattern recognition trigger

component which performs a “global” (i.e. full-event) track reconstruction after

a L1 trigger accept, giving to HLT algorithms early access to tracking information.

It employs a massively parallel processing scheme that simultaneously compares

multiple hits in sections of the ID detector against millions of pre-calculated

patterns [82]. FTK tracks, freed from the CPU constraints of HLT-tracking, will

be an important tool for the ATLAS HLT in Run-2 and beyond.

4.1.2 Phase-II ATLAS upgrade

With the last scheduled LHC upgrade in 2023, the instantaneous luminosity is

projected to increase to at least 5× 1034 cm−2 s−1. This record luminosity value

would create very challenging operational conditions for the current ID detector.

The ATLAS Collaboration is preparing to install a new ID detector, besides the

trigger and calorimeter upgrades.
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After the LS2, the increase in the instantaneous luminosity is achieved at the

expense of a much higher pile-up enviroment, with the average number of multiple

collisions within the same bunch crossing increasing from approximately 28 to

140 — 200. This large detector occupancy is already beyond the current TRT

specifications, even before taking into account the degraded performance of the

ID system (Pixel and SCT included) due to the radiation damage of their sensors

and the front-end electronics. The ATLAS Collaboration has decided to replace

the entire ID subdetector by an all-silicon Inner Tracker (ITk) [83, 84]. In addition

to the requirements of robust operation, efficient readout and tolerance to both

integrated radiation dose and accumulated activation, the ITk is designed to

improve the tracking performance of the existing ID with the expected level of

pile-up. Several layouts have been simulated to study their tracking performance

in order to find the optimal architecture. The available space is a major constraint

on the design, with the maximum radius of 1 m being determined by the current

ID volume (without taking into account the existing gaps for services which

further limit the design). The current baseline design of the ITk includes four

Pixel and five silicon-strip layers in the barrel section, and six Pixel and five

silicon-strip layers in the two endcap regions.

The pixel modules in the innermost layers are expected have approximately

638×106 pixels with size 25×150 µm and 50×250 µm (to be compared to the

current layout of 80×106 pixels of size 50×400 µm), while the size of the outer

silicon strip modules will be a rectangle of 24×96 mm. The silicon-strip modules

are designed in a similar fashion to the current SCT, where a pair of modules are

glued back-to-back in order to provide a 2D topology. The ITk is expected to be

read out at a nominal 1 MHz rate.

Research and design studies are currently ongoing to determine the most suitable

pixel sensor technology (e.g. silicon planara and 3D) and the optimal layout of

the silicon-strip modules.

The extreme radiation conditions in the HL-LHC will cause damage on the active

material of the whole calorimetry system, as well as the on-detector readout

electronics, and a decision has been made by the ATLAS Collaboration to replace

them. The major upgrades for this subdetector are to be made in the TileCal and

the Forward Calorimeters, and will include new radiation tolerance electronics.

The finer granularity of the upgraded detector will improve the performance of

the Trigger system. Studies are being carried out in order to determine how the
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Trigger can best exploit the upgrades of the Phase-II ATLAS detector. One of the

major proposals with a large impact on the performance of the Phase-II Trigger

is the option to include tracking information at the first (hardware) level of the

trigger. This project is known as the Level 1 Track Trigger and is currently under

review within the ATLAS collaboration. The challenge is to mitigate the effects

of the high-occupancy on the filtering system without raising the pT thresholds

for the main physics objects of the online selection.

4.2 Level 1 Track trigger

The Level 1 trigger in the HL-LHC era must provide a higher background

rejection because of the higher instantaneous luminosity and the increased

detector occupancies. A first study concluded that, if no improvements are made

to the trigger and data acquisition systems, the pT threshold for single leptons

must be increased to 25 GeV [85, 86]. Raising the leptonic thresholds is not ideal

since it would compromise electroweak physics, in particular since the mediocre

L1 pT resolution is not optimal for high momentum selection. An alternative,

improved Level 1 trigger architecture has been proposed [87, 88], which includes

the possibility of employing low latency and high accuracy tracking information

at the first level of the trigger.

The online selection for the HL-LHC has not been finalised but will most likely

focus on physics objects in kinematic proximity to the electroweak scale. In order

to maximise the full trigger efficiency at these scales, it is imperative to have the

ability to identify and select events with charged leptons with momentum of

the order of 10 GeV. The L1 Track trigger offers the option of implementing a

hardware-based track reconstruction that will match the (muon or calorimetric)

candidate’s RoI with nearby tracks. This improved selection reduces the single

lepton background by a factor of five compared to the non-L1 Track (baseline)

method, while maintaining a 95% efficiency. An optimal track reconstruction is

essential for obtaining such high charged-lepton efficiencies, requiring tracks with

pT as low as 4 GeV.

The L1 Track trigger will use the L1 RoI of the candidate lepton as a seed for

reconstructing the track. This approach is similar to the way the current trigger

system reconstructs software-based HLT tracks, with the important difference

that in the L1 Track Trigger scheme the RoI input is being processed by the
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hardware-based ITk system layers. The “early” muon or calorimetric information

must be identified fast enough so that it can serve as a seed to the readout of

specific ITk regions at a high rate. The first level decision that is used to reduce

the information to be read out by the ITk for processing is known as the Level 0

(L0) trigger level.

The proposed hardware-based track trigger is divided into two stages, the L0

RoI determination and the L1 Track identification. The L1 Track trigger will be

fed by a L0 decision based on calorimeter and fast trigger MS information. The

output of the L0 processing includes the identification of L0 RoIs for regional

track identification as an input for the L1 decision. The combined (L0 and L1)

track trigger system must arrive at a decision with a latency of less than 24 µs.

The allocated time to the individual steps is as follows: 6 µs for the regional

ITk readout request, 12-15 µs for the track identification and reconstruction, and

3-6 µs for the data transfer and global L1 decision. Currently there are several

studies that are exploring potential architecture options that could fulfill these

constraints.

4.3 Muon Isolation

There are several characteristics that can be used to differentiate between charged

leptons and other hadronic activity in the ATLAS detector. For instance, a

particle that has a wide interacting area, such as a quark or a gluon hadronising

into a jet, produces a large number of tracks in the ID and a broad energy

deposition in the calorimeter. On the other hand, the trace of charged leptons is

typically that of a single track with a narrow energy deposition in the calorimeter.

A method to quantify this experimental signature is through the measurement of

the “isolation” of the particle [89]. This is evaluated with the construction of a

cone around the direction of the candidate minimum ionising particle, designed

to give a measure of the (lack of) detector activity around its trajectory. For

example, muons from W or Z boson decays are highly isolated particles that

appear with a small number of tracks around them, if any. There are two

qualitatively different approaches that can be used to define the isolation criterion:

the track-based and the calorimeter-based algorithms.

The track-based isolation algorithm uses the transverse momenta of the recon-

structed tracks from the ID as a measure of activity around the candidate’s
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trajectory, while the calorimeter-based isolation algorithm considers the energy

deposited in the calorimeter cells around the candidate’s direction. An improved

discriminant is obtained using the energy deposit or the sum of transverse

momenta (measured within the isolation cone, as explained above) divided by

the transverse momentum of the candidate particle, effectively measuring a

“normalised” activity around the particle’s direction.

The main objective of this section is to quantify the performance of these isolation

algorithms for candidate muons when employed within the L1 trigger system.

The goal is to improve the overall background rejection for muon triggers while

retaining a high overall selection efficiency at the HL-LHC. The muon isolation

will be studied in two different scenarios with algorithms employing:

• calorimeter-based isolation using the existing L1 trigger information

• track-based isolation using the proposed L1 Track trigger

The track-based isolation algorithm uses a discriminant defined as the ratio of

the sum of the tracks transverse momenta piT inside a ∆R < 0.2 cone centered

around the muon candidate (excluding the muon candidate itself) to the muon

candidate pµT :

Riso,pT =

∑
piT
pµT

(4.1)

whereas the calorimeter-based isolation discriminant is defined as the ratio of the

sum of the energy clusters Ei
T inside a ∆R < 0.2 cone around the muon candidate

(excluding the energy deposits linked to the muon candidate itself) to the muon

candidate pµT :

Riso,ET =

∑
Ei
T

pµT
(4.2)

The tracks considered must be of good quality; i.e., they need to have at least

four hits in the pixel and silicon strip detectors (silicon hits) and pT > 1 GeV for

muons, and at least nine silicon hits, incliding one hit in the innermost pixel layer

(the b-layer). Electrons are required to have pT > 0.4 GeV.

The performance comparison of the two isolation methods is presented in the

following section.
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4.4 Muon Isolation performance studies

4.4.1 Monte Carlo samples

The Z → µ+µ− process has been chosen for the evaluation of the signal muon

efficiencies. The choice of this Monte Carlo (MC) sample was made because the

muon momentum range is similar to the EW kinematic region of interest, and

the muonic final state can be fully reconstructed with a combination of ID and

MS measurements in the detector. The Z → µ+µ− sample is modelled at LO

with the POWHEG MC generator [90], and interfaced with PYTHIA8 [91] for

the parton shower and hadronisation. The CT10 PDF set [92] is used with values

fixed according to the AU2 tune [93].

For the determination of background rates, a minimum bias1 (MB) MC sample

has been chosen to simulate fake or mismeasured low-pT muons mostly from

soft processes. It is modeled at LO with the POWHEG MC generator [90], and

interfaced with PYTHIA8 [91] for the parton shower and hadronisation.

The detector simulation for all generated MC event samples is done with

Geant4 [94, 95]. The samples used for these studies were generated with a centre

of mass energy of
√
s = 14 TeV, a bunch crossing of 25 ns, and a pile-up of 80,

in order to emulate the experimental conditions at the HL-LHC startup. At the

time the study was performed, there were no additional large-statistics samples

with different pile-up values available.

4.4.2 Isolation discriminant variables

The track-based Riso,pT and calorimeter-based Riso,ET discriminating variables

are plotted in Figure 4.2 separately for the signal and background processes.

The range of the Riso values shown are between 0, corresponding to no activity

around the muon trajectory inside the isolation cone, and 1, where the sum of the

surrounding tracks pT or energy clusters ET inside the cone is numerically equal

to the pT of the muon candidate. The signal distribution peaks at Riso → 0 since

1Minimum bias are collision events with the minimum activity in the detector, occuring at
a much higher rate than the typical hard process of interest at the LHC. They are sampled
in the most unbiased way possible, given the detector’s geometric acceptance and operational
thresholds.
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(b) calorimeter-based isolation

Figure 4.2 Distributions of the discriminating variables Riso,pT (left, Eq. 4.1)
and Riso,ET (right, Eq. 4.2) for the Z → µµ signal (green solid line)
and MB background samples (red dashed line).

most of the muon candidates have a single isolated track, whereas the background

demonstrates much higher activity within the isolation cone, which results into an

almost flat distribution for the whole range of the discriminant. This behaviour

of the isolation variable for Riso � 1 values will be used for further signal-

background separation.

4.4.3 Event selection

The event selection is divided into three different steps.

The first step is a loose selection that corresponds to the Phase-II L0 trigger

level, requiring a muon with pT > 2 GeV to be within the |η| < 2.7 region. The

kinematic information is obtained from the simulation of the existing L1 trigger

(i.e. ignoring any Phase-I upgrades) using coarse-resolution measurements from

the calorimeter and the fast trigger MS.

The second step is an emulation of the proposed L1 Track trigger that includes

track information and an η−φ matching with the L0 RoI of the muon candidate.

Since a full simulation of the L1 Track trigger is not available in the ATLAS

software yet, we kept selection cuts using the existing ID (not considering the

improved simulation of the ITK), and the selection of the muon track candidates
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is made using offline variables that must fulfill the following requirements:

• number of hits in the Pixel detector > 0

• number of hits in the SCT > 0

• number of Pixel and SCT missing hits < 3

• |η| < 2.7

• pT > 5 GeV

• number of TRT hits within the 0 < |η| < 1.9 region must be > 5

• |d0| < 1 mm, |z0| < 10 mm

• geometric matching with the L0 RoI: ∆R(L1Trk µ,L0 µ) < 0.1

A feasibility study that employs offline quality tracks can be used to demonstrate

the performance of the L1 Track trigger in an optimal-case scenario. In the studies

presented here, the track reconstruction of the muon candidate must coincide with

the offline muon selection. This assumption has been taken, requiring a combined

muon reconstructed by the (so-called) “third muon chain”2.

Finally, the third step of the event selection is the isolation requirement either

using the calorimeter-based or the track-based discriminant. Various selection

cuts on the isolation discriminant Riso between 0.06 and 1 are made, in order to

find the optimal value.

4.4.4 Results

The analysis is divided in two parts.

The first study is a comparison of the track-based and the calorimeter-based

isolation discriminants for an upgraded ATLAS detector that includes a L1 Track

Trigger providing tracks matched to the L0 muon candidates. The idea is to test

whether a track-based isolation algorithm offers better performance than the

calorimeter-based isolation algorithm for a system with an installed L1 Track

2The “third muon chain” is one of the available offline ATLAS muon reconstruction options
(the first two being the so-called MUID and STACO options) and the current recommendation
by the Muon group. It employs a method that combines the first and second options for the
muon reconstruction.
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trigger. The isolation requirement is applied on top of the simple requirement

of a good-quality track matched to the muon candidate (which is expected to

provide some non-negligible background rate reduction).

The second study goes a step further, and examines the performance of the two

isolation algorithms for two different detector scenarios, one with and a second

one without an installed L1 Track trigger. In the scenario of a detector with

(without) a L1 Track trigger, the track (calorimeter), -based isolation algorithm

is used. In this second study, we evaluate the overall improvement in the trigger

performance that combines a track-based isolation algorithm with the matching

of a good-quality track to a L0 muon candidate.

Each one study is done by evaluating signal efficiencies for different pT -bins in

order to test the trigger performance for various physics cases. The chosen values

are: pT > 5, 15, 30, 50 GeV. This selection is applied only for the calculation of

signal efficiencies, and uses offline muon reconstruction information.

First study: Isolation for the track- and calorimeter-based algorithms

In this section we compare the performance of the two isolation discriminants for

a common detector architecture including a L1 Track trigger. The RoI is defined

initially by the L0 trigger level, followed by varying thresholds of the isolation

discriminant variables.

Signal efficiency and rejection plots are used to check the performance of each

algorithm. Efficiency is calculated using the (Z → µµ) signal sample, while the

rejection is calculated using the (MB) background sample. The efficiencies are

calculated per muon with respect to the L0 selection. In this section the signal

efficiency and rejection are defined as:

Efficiency =
# events surviving L0 + L1Trk +Riso

# events surviving L0

Rejection =
# events surviving L0

# events surviving L0 + L1Trk +Riso

, (4.3)

Figure 4.3 shows the efficiency and rejection for the two isolation discriminant

variables as a function of the Riso threshold for various pT -bin groups. The overall

performance of the two isolation algorithms is similar.

The efficiency is slightly higher for the track-based isolation algorithm for every
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Figure 4.3 (a) Efficiency and (b) Rejection comparisons between the pT - (solid
lines) and ET - (dashed lines) based isolation algorithms for a system
including a L1 Track trigger as a function of the Riso selection cut
for different pT -bin groups of signal muons.

pT -bin group considered. The pT -based isolation algorithm has a steeper turn-

on curve, which translates into an approximate 5% difference in the efficiency

for the pT > 5 GeV selection in the Riso,pT < 0.25 area and below the plateau

region. After that point the two distributions get closer to each other. This

efficiency difference tends to be smaller for higher pT -bin groups. The efficiency

plateau for muons with pT > 15 GeV is reached approximately at Riso,pT ∼ 0.2

and Riso,ET ∼ 0.35 for the track- and calorimeter-based isolation algorithms,

respectively. The plateau efficiency for all pT -bin muon groups (except muons

with pT > 5 GeV) tends to reach the same value, pointing to the observation that

any inefficiencies of the isolation algorith are independent from the muon pT .

The background rejection can increase by a factor between 120 and 38 (depending

on the isolation selection cut) with respect to the default selection by using the

calorimeter-based or the track-based isolation algorithms, respectively. Even

though the calorimeter-based algorithm appears to offer better rejection, one

notes that the high rejection values are achieved for Riso values that are below

the signal efficiency plateau region. When considering only Riso values in the

plateau region, the two isolation algorithms show similar rejection. Since the

operational point of the isolation discriminant would need to lie in the efficiency

plateau region, the background rejection of both isolation algorithms brings an

improvement of about a factor of 30 with respect to not requiring isolation. The
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trigger performance increases considerably compared to a detector without a

Level-1 Track trigger.

Second study: Isolation with and without a L1 Track trigger

In this section we will be comparing the combined performance of the track-based

isolation algorithm with the matching of the L0 muon candidate to a track, to

the calorimeter-based isolation algorithm performance for a system without a

L1 Track trigger (and for which, there is no tracking information available). In

both cases the L0 trigger level defines the RoI, but the isolation algorithm is

applied over a different group of muon candidates (since the matching of L0

muon candidates to tracks occurs only for the system that includes a Level-1

Track Trigger).

As discussed previously, the efficiencies are calculated per muon with respect to

the L0 selection. For the scenario including the L1 Track trigger, one can factor

out the efficiency for the isolation selection alone (i.e. excluding the step in which

the L0 muon candidate is matched to a track). Eq. 4.3 shows the efficiency and

rejection when the L1 Track selection is included, whereas when it is not included

is defined as:

Efficiency =
# events surviving L0 +Riso

# events surviving L0

Rejection =
# events surviving L0

# events surviving L0 +Riso

, (4.4)

Figure 4.4 shows the comparison in the performance (efficiency and rejection)

of the isolation selection for the two cases (a L1 Track trigger is included/not

included in the system) as a function of the Riso threshold for various pT -bins.

For the system without the L1 Track trigger, the background rejection increases

on average by a factor of 3 when the (calorimeter-based) isolation selection is

applied. For the system including the L1Track trigger, the rejection increases by

a factor of 30 times on average. Therefore, we observe that the step of matching

the L0 muon candidate to a track improves the rejection of the trigger by a factor

of 10, at an efficiency cost of about 7% (reducing the number of muons that reach

the isolation filtering stage). The inefficiency is different for muons of different

pT -bins, as can be clearly seen in the plateau region. On the other hand, the

selection efficiency of the isolation algorithm with respect to the previous level of
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Figure 4.4 (a) Efficiency and (b) Rejection isolation algorithm comparisons
between a system that includes a L1 Track trigger (solid lines) and a
system that does not (dashed lines) as a function of the Riso selection
cut for different pT -bin groups of signal muons. (c) Efficiency of the
pT -based isolation algorithm with respect to the track-matching step,
as a function of the Riso selection cut for different pT -bin groups of
signal muons.
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matching the L0 candidate to a track is above 99%, as can be seen in Figure 4.4c.

Conclusion of muon isolation studies with a L1 Track trigger

We conclude that the inclusion of a L1 Track trigger improves the trigger

performance for muon events by providing access to tracking information (that

reduces the number of fake muons) and by giving the option of an additional

isolation algorithm. The step of matching L0 muon candidates to tracks gives an

average rejection of a factor of 10, with an inefficiency of about 7%. Applying an

isolation algorithm on top of the track-matching step gives an additional rejection

of about 20% for a negligible efficiency loss. We find no significant difference on

the isolation algorithm performance between track-based and calorimeter-based

algorithms, however these studies should be repeated for a wider range of pile-up

signal and background samples.
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Chapter 5

The phenomenology of the Higgs to

four lepton channel

The Higgs to four lepton analysis was one of the main channels that contributed

to the Higgs boson discovery [96] and the measurement of its properties, such

as spin/parity [38] and couplings [97]. This chapter presents an overview of the

main phenomenological features of the H → ZZ(∗) → 4` search, highlighting

the kinematic variables of the final state that can be reconstructed and used as

discriminants. It also includes the theoretical description of the off-shell mass

process which forms the basis of the analysis presented at the next chapter.

5.1 Overview of the H → ZZ(∗) → 4` process

The H → ZZ(∗) → 4` search considers a final state with four (charged) leptons1

that must be highly isolated. This is the golden mode to study the Higgs boson

since leptons provide a clean final state with rich kinematic information. This

final state is quite distinct from the typical QCD multi-jet process, which is

the dominant background at the LHC. Taus are not considered in this analysis

since they are not, strictly speaking,“final state” particles but decay rapidly to

smaller-mass leptons (approximately 35% of the time) or hadrons (approximately

65% of the time), leading unfortunately to a more complicated final state to be

1In this document we are using the simplified term “leptons” instead of the more accurate
“charged leptons”.
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reconstructed. Since each pair of leptons comes from a Z boson decay, they must

have opposite charge (±1) and same flavour (ee or µµ) in order to be invariant

under the discrete charge and lepton number symmetries. Every Higgs candidate

event requires two intermediate Z bosons, each decaying to a pair of leptons.

Since the (by now measured) mass of the Higgs boson is smaller than the sum

of the mass of two Z bosons (approximately 190 GeV), one of the Z bosons has

to be produced off-shell because of energy conservation. The Z boson candidate

that has a reconstructed mass closer to the actual Z pole mass value is labelled

Z1, while the second one is labelled Z2.

The probability of the Higgs boson with mass mH = 125 GeV to decay to a pair of

Z bosons is already very small (3%) before taking into account the further decay

of the Z boson to a pair of leptons. Figure 5.1a shows that the branching fraction

(BF) of a Z boson to a pair of charged leptons is 10.3% (by excluding the τ lepton

the BF becomes 6.7%), leaving a combined branching fraction of the Higgs decay

to four leptons of just 0.01%. For example, in an analysis that considers Higgs

boson decays into pairs of vector bosons (WW or ZZ) as intermediate particles,

the H → ZZ(∗) → 4` golden channel represents just 0.1% of the full decay rate.

(Figure 5.1b).

Nevertheless, one of the advantages of the H → ZZ(∗) → 4` channel is that

the signal is easily identified, the background is very small, and the energy

resolution to reconstruct the Higgs is excellent. The main background consists of

misidentified pairs of leptons that originate from QCD jets and other processes

that mimic the same final state as the signal. The contribution of these processes

after the analysis selection is very low, resulting in a channel with the highest

signal/background ratio of all the Higgs analyses.

5.2 Kinematic observables

The H → ZZ(∗) → 4` channel has the great advantage of having a fully

reconstructed final state with high-precision kinematic information due to the

excellent lepton reconstruction efficiency and resolution of the ATLAS detector.

The four-body final state offers a rich range of kinematic observables that can be

used to distinguish between the signal and background processes, and to extract

the properties of the Higgs boson.
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Figure 5.1 (a) Leptonic and hadronic branching fractions of Z boson decays. (b)
Breakdown of the leptonic, semileptonic and hadronic final states in
the H → V V channel with V = W, Z, for a Higgs boson mass of
mH = 125 GeV.

Figure 5.2 Definition of the production and decay angles in an X → ZZ(∗) → 4`
decay, where the X could be a Higgs boson. The illustration is drawn
with the beam axis in the lab frame, the Z1 and Z2 in the X rest
frame and the leptons in their corresponding parent rest frames.

The final state can be described with the 3D momentum components of each

lepton. By making the good approximation that the leptons are massless, this

results in 4×3 = 12 degrees of freedom. By considering the initial state before the

Higgs boson decay, we have four degrees of freedom from its four-momentum (pT ,

86



η, φ and mH), which relates the Lorentz boost of the Higgs boson rest frame with

respect to the initial partonic state. Two additional degrees of freedom appear

from the invariant masses of the two Z bosons, mZ1 and mZ2 . This leaves six

degrees of freedom available for the angles between the particles of the process.

Five of these angles are illustrated in Figure 5.2, while the sixth angle (Φ∗) defines

the global rotation of an event in the plane transverse to the collision axis, so its

offset is arbitrary and therefore not shown. These angles are defined in the rest

frame of the four leptons. They are defined explicitly [98] through the momentum

of the leptons as follows:

• θ∗ ∈ [0, π] is the production angle defined through the unit vector of the

Z1 direction, q̂1 = (sin θ∗ cos Φ∗, sin θ∗ sin Φ∗, cos θ∗), in the rest frame of the

Higgs boson. In this reference frame, the collision axis is aligned with the

z axis, n̂z = (0, 0, 1), taken as the direction of one of the colliding hadrons.

• Φ ∈ [−π, π] and Φ1 ∈ [−π, π] are the two azimuthal angles between the

three planes constructed from the Higgs boson decay products and the two

Z bosons, in the Higgs rest frame, defined as:

φ =
q1 · (n̂1n̂2)

|q1 · (n̂1n̂2)| × cos−1(−n̂1 · n̂2)

φ1 =
q1 · (n̂1n̂sc)

|q1 · (n̂1n̂sc)|
× cos−1(−n̂1 · n̂sc) (5.1)

where the normal vectors for the three planes are defined as:

n̂1 =
q11 × q12

|q11 × q12|
n̂2 =

q21 × q22

|q21 × q22|
(5.2)

n̂sc =
n̂z × q1

|n̂z × q1|

where the three-momenta qi and qii are defined as in Figure 5.3 in the Higgs

rest frame.

• θ1 ∈ [0, π] and θ2 ∈ [0, π] are the decay angles, defined as:

θ1 = cos−1(− q2 · q11

|q2||q11|
)

θ2 = cos−1(− q1 · q21

|q1||q21|
) (5.3)
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where the three-momenta are defined in their respective Z boson rest frame.

The transverse momentum and the rapidity of the Higgs boson depend on the

details of the production mechanism. They are not considered here because

they introduce additional uncertainties due to QCD effects. Further details are

mention in Sect. 6.1.5.

H(q)

Z1(q1)

Z2(q2)

l11(q11)

l12(q12)

l21(q21)

l22(q22)

Figure 5.3 Feynman diagram for the gg → H → ZZ(∗) → 4` signal process.
The labels identify the four-momenta of the Higgs and Z bosons,
and the leptons, as used in the text.

5.3 The off-shell mass processes

5.3.1 Introduction to the off-shell H(∗) → ZZ processes

The differential cross-section of the Higgs boson production through gluon fusion

with a subsequent decay into Z boson pairs at an energy scale ŝ is given by:

dσ(gg → H∗ → ZZ)

dm4`

(ŝ) ∼ κ2
g(ŝ) · κ2

Z(ŝ)

(m2
4` −m2

H)2 +m2
HΓ2

H

(5.4)

where κg(ŝ) and κZ(ŝ) are the couplings associated with the gg → H∗ production

and the H∗ → ZZ decay, respectively; m4` is the invariant mass of the dilepton

pairs from the Z boson decays, and mH is the mass of the Higgs boson.

The equation can be worked on separately for two different cases, depending on

whether the Higgs boson is produced on-shell or off-shell. In the off-shell case, the
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invariant mass m4` is larger than the Higgs boson mass mH , and the denominator

becomes: (m2
4` −m2

H)2 + m2
HΓ2

H ∼ m4
4`. Then, the cross-section σgg→H

∗→V V
off-shell for

the off-shell Higgs boson is:

σgg→H
∗→ZZ

off-shell (ŝ) ∼ κ2
g,off-shell(ŝ) · κ2

Z,off-shell(ŝ) , (5.5)

The cross-section for on-shell Higgs production depends on the total width ΓH .

µon-shell ≡
σgg→H→ZZon-shell

σgg→H→ZZon-shell, SM

=
κ2
g,on-shell · κ2

Z,on-shell

ΓH/ΓSM
H

, (5.6)

On the contrary, the off-shell Higgs boson production, σgg→H
∗→ZZ

off-shell , is independent

of the total Higgs boson decay width ΓH [99, 100].

Using the framework for Higgs boson coupling deviations as described in Ref. [40],

the off-shell signal strength in the high-mass region, can be expressed as:

µoff-shell(ŝ) ≡
σgg→H

∗→ZZ
off-shell (ŝ)

σgg→H
∗→ZZ

off-shell, SM (ŝ)
= κ2

g,off-shell(ŝ) · κ2
Z,off-shell(ŝ) , (5.7)

The on-shell propagator follows the narrow-width approximation [101], where the

denominator becomes: (m2
4` −m2

H)2 + m2
HΓ2

H ∼ m2
HΓ2

H . Then, the cross-section

σgg→H
∗→ZZ

on-shell for the on-shell Higgs boson is:

σgg→H→ZZon-shell =
κ2
g,on-shell · κ2

Z,on-shell

ΓH
, (5.8)

Assuming that the on-shell and off-shell couplings are identical in the analysis

region, the Higgs boson total width can be calculated as the ratio of µoff-shell with

µon-shell.

ΓH/Γ
SM
H =

µoff-shell

µon-shell

(5.9)

However, the previous assumption does not consider possible new physics that

could be included in the gg → H loop production process, changing the running

value of the effective coupling κg(ŝ). Futher studies that consider exotics fields

in the off-shell signal region are given in Refs. [102–106]. Given the current

sensitivity of the analysis, the most conservative assumption in the measurement

of an upper limit on the total width is:

κ2
g,on-shell · κ2

Z,on-shell ≤ κ2
g,off-shell · κ2

Z,off-shell , (5.10)
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meaning that the on-shell couplings are the same or smaller than the off-shell

ones. In the hypothetical case that there are new fields in the high-mass region

that modify the signal couplings, it is assumed that the background predictions

remain the same. In this case, there are no sizable kinematic modifications to the

off-shell signal, nor new signals unrelated to this analysis that alter the off-shell

signal strength [107, 108].

5.3.2 Signal and background processes

The signal and background processes considered in the analysis are illustrated in

the Feynman diagrams of Fig. 5.4. The main background is the qq̄ → ZZ process

(Fig. 5.4c). The gg → ZZ background process (Fig. 5.4b) shares the same

initial and final states as the gg → H∗ → ZZ signal (Fig. 5.4a). This means

that the signal cannot be treated independently from the gg → ZZ background

process since there is a sizable negative interference between the two terms [99].

The interference term also depends on the off-shell coupling, since the amplitude

includes a signal component:

<M >2 = <Mgg→H∗→ZZ >
2 + <Mgg→ZZ >

2

+ 2 <Mgg→H∗→ZZ ><Mgg→ZZ >, (5.11)

then, the interference term is proportional to
√
µoff-shell = κg,off-shell · κZ,off-shell.

In the following, the notation gg → (H∗ →)ZZ is used for the combined signal

plus background process, including the Higgs boson signal (S) gg → H∗ → ZZ

component, the continuum background (B) gg → ZZ component, and their

interference. For the vector-boson fusion (VBF) production, the analogous

notation VBF (H∗ →)ZZ is used for the full signal plus background process,

with VBF H∗ → ZZ representing the Higgs boson signal and VBF ZZ denoting

the background.

While higher-order QCD and EW corrections have been calculated for the off-

shell signal process gg → H∗ → ZZ [109] in the form of a next-to-next-to-leading-

order (NNLO) K-factor (KH∗(m4`) ≡ σNNLO
gg→H∗→ZZ/σ

LO
gg→H∗→ZZ), no higher-order

QCD calculations were available for the leading-order (LO) gg → ZZ background

process at the time of the analysis.
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Figure 5.4 The leading-order Feynman diagrams for 5.4a the gg → H∗ → V V
signal, 5.4b the continuum gg → V V background and 5.4c the qq̄ →
V V background.

5.4 Data and Monte Carlo samples

The dominant processes contributing to the high-mass signal region in the ZZ →
4` chanel are:

• gg → (H∗) → ZZ, that includes the off-shell signal gg → H∗ → ZZ, the

continuum background gg → ZZ, and the interference between these two

• ZZ production, in association with two jets through VBF and V H-like

production modes, pp→ V V + 2j (s−, t− and u−channels)

• qq̄ → ZZ (irreducible background)

• Z+jets and tt̄ (reducible background)

In the following, a Higgs boson mass of mH = 125.5 GeV, close to the ATLAS-

measured Higgs boson mass value of 125.36 GeV [11], is assumed for the off-shell

signal processes. This small difference has a negligible impact on the predicted

off-shell production yields, as shown in Appendix A.

Signal and background distributions are generated and used in this study. The

detector simulation for all generated Monte Carlo (MC) event samples is done

with Geant4 [94, 95]. The signal and background differential cross-sections as a

function of the four-lepton invariant mass (m4`) is shown in Figure 5.5. The plot

illustrates the gluon-induced distributions in the 2e2µ final state after applying

the event selections from the analysis discussed later in this thesis on generator-

level quantities. The signal plus background process gg → (H∗ →)ZZ → 2e2µ is

shown with the SM parameters (µoff-shell = 1) and amplified by a factor of 10 with

respect to the SM case (µoff-shell = 10). The gg → H∗ → ZZ signal contribution
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Figure 5.5 (a) Differential cross-sections as a function of the four-lepton
invariant mass m4` in the range of 100 GeV < m4` < 1000 GeV
for the gg → (H∗ →)ZZ → 2e2µ process at the parton level,
the gg → H∗ → ZZ signal (red solid line), the gg → ZZ
continuum background (thick brown dotted line), the gg → (H∗ →
)ZZ with SM Higgs couplings (magenta long-dashed line, including
a µoff-shell = 1 signal plus background plus interference) and gg →
(H∗ →)ZZ with µoff-shell = 10 (blue long-dashed line, including
a µoff−shell = 10 signal plus background plus interference.) (b)
Differential cross-section as a function of m4` in the range of
130 GeV < m4` < 1000 GeV for the gg → H∗ → ZZ → 2e2µ
signal (solid red line) and its interference with the gg → ZZ → 2e2µ
continuum background (black dashed line).

becomes negligible above the Higgs boson mass peak and up to the m4` ∼ 2mt

region, where it is comparable to the continuum gg → ZZ component. The

interference between the gg → H∗ → ZZ signal and the gg → ZZ background

processes has a negative sign over the whole mass range.

The present analysis is performed on data corresponding to an integrated

luminosity of 20.3 fb−1 at a collision energy of
√
s = 8 TeV.

5.4.1 Simulation of gg → (H∗ →)ZZ

We have used the LO MC generators gg2VV [99, 110] and MCFM [111, 112]

integrated with PYTHIA8 [91] for showering, and SHERPA+OpenLoops [113–

116] to generate the gg → H∗ → ZZ and gg → ZZ processes, including the
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Figure 5.6 Comparison of the m4` distributions between gg2VV and MCFM in
the gg → ZZ → 2e2µ channel at the matrix element level for (a) the
Higgs signal gg → H∗ → ZZ, (b) background continuum gg → ZZ,
and (c) the total gg → (H∗ →)ZZ process.

interference. The two signal generators, gg2VV and MCFM, are consistent with

each other in the cross-section prediction and the description of the distribution

in the off-shell region; MCFM is chosen as baseline for this analysis. The QCD

renormalisation and factorisation scales are set to m4`/2 [111]. The CT10 next-to-

next-to-leading-order (NNLO) PDF set [92] is used, as the LO gg → ZZ process

is part of the NNLO calculation for pp→ ZZ. The default parton showering and

hadronisation option for the events processed with the full detector simulation is

PYTHIA8 with the “power shower” parton shower option [91].

For the gg → H∗ → ZZ signal, a NNLO/LO K-factor2 including the next-to-

leading-order (NLO) electroweak corrections, KH∗(m4`) = σNNLO
gg→H∗→ZZ/σ

LO
gg→H∗→ZZ ,

is applied. The K-factor and associated uncertainties are calculated in Ref. [109]

as a function of the Higgs boson virtuality m4` for mH ∼125.5 GeV, using

the MSTW2008 PDF set [26] (see Fig. 5.7a). However in the MC simulation,

the CT10(NNLO) PDF set is used for consistency with the NNLO qq → ZZ

calculation giving the LO cross-section σLO,CT10(NNLO)(m4`). To account for the

difference in the PDF sets used in the simulation and the higher order QCD

calculations, a m4` -dependent PDF re-weighting is applied first to calculate the

2The shorter gg → X notation is used also in the context of higher-order QCD calculations
with qg and qq initial states also contributing to the full pp→ X process.
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higher order QCD predictions of the gg → H cross-sections, as follows:

σNNLO,CT10NNLO(m4`) = σLO,CT10NNLO(m4`) ·KH∗
NNLO,MSTW(m4`)

· MSTW(LO)(m4`)

MSTW(NNLO)(m4`)
(5.12)

The re-weighting function MSTW(LO)/MSTW(NNLO) is shown in Figure 5.7c.

A factor CT10(NNLO)/MSTW(NNLO) was incorrectly omitted in the derivation

of this PDF re-weighting. This missing correction, shown in Figure 5.7d, has a

negligible impact compared to the large uncertainties and is therefore neglected.

Figure 5.7e shows the resulting NNLO/LO K-factor for the CT10NNLO PDF.

As mentioned earlier, for the gg → ZZ continuum processes, Matrix Element

(ME) calculations are only available at LO. As a workaround, we note that

the effect of the NLO QCD corrections are studied for the WW final state in

Ref. [117] in the soft-collinear approximation. This approximation is considered

suitable for the Higgs boson production at high-mass. In particular, studies

show that the soft-collinear approximation can be used for both the gg → WW

background and the gg → H → WW signal processes, and therefore the signal-

background interference term as well, within an uncertainty of about 30%. The

same approximation should also be applicable for the ZZ final state and the

off-shell Higgs process as well.

Given that the K-factor K(gg → ZZ) for the gg → ZZ background process and

subsequently the interference with the signal process are not known, the results

of this study are given as a function of the ratio, R, of unknown K-factors for the

gg → ZZ background and the gg → H∗ → ZZ signal, defined as:

RB
H∗ =

K(gg → ZZ)

K(gg → H∗ → ZZ)
=

KB(m4`)

KH∗

gg (m4`)
, (5.13)

where KB(m4`) is the unknown mass-dependent K-factor for the gg → ZZ

background, and KH∗

gg (m4`) is the gluon-initiated K-factor [109] for the signal3

as motivated by the soft-collinear approximation in Ref. [117]. Since the K-

factor KH∗

gg (m4`) changes by less than 10% as a function of m4` in the relevant

region of phase space, no mass dependence on RB
H∗ is assumed. We choose the

3Numerically, KH∗

gg (m4`) differs from KH∗
(m4`) by ∼ 2%, as the higher-order QCD

contributions from qg and qq production are small. However, KH∗

gg (m4`) has substantially

larger uncertainties than KH∗
(m4`). Therefore, the 2% shift in the central value is ignored

here, and the difference is taken into account in the treatment of the systematic effects.
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Figure 5.7 (a): K-factors KH∗(m4`) and KH∗
gg (m4`) from Ref. [109]. (b): ratio

of the K-factors KH∗
gg (m4`)and KH∗(m4`) from Ref. [109]. (c): PDF

re-weighting function for the off-shell gg → H K-factor (mH =
125.5) between the MSTW and MSTWNNLO PDF sets. (d): The
CT10(NNLO)/MSTW(NNLO) factor that was incorrectly omitted
in the PDF re-weighting of Fig. (c), see text for details. (e):
Differential K-factors in the Higgs production for mH = 125.5 GeV
using the CT10NNLO PDF. The solid line represents the predictions
for the nominal µR = µF = m4`/2 set of parameter values, with
the two dashed lines representing the theoretical uncertainty bands
obtained by varying the QCD scales between m4`/4 and m4`.
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range 0.5–2 for the variation of the K-factor ratio RB
H∗ in order to include the

full correction from the signal K-factor KH∗

gg (m4`) ∼ 2 in the variation range.

With respect to the LO gg → ZZ process, this corresponds to an absolute

variation in the approximate range 1–4. The ansatz of using RB
H∗ to parametrise

the uncertainty on missing higher order corrections leads to large cancellations

between the interference and the background terms. We choose to apply the

30% uncertainty, derived in Ref. [117] for the interference component, on the

RB
H∗ itself. Likely, this constitutes an overestimate of the uncertainties; however,

without additional theory input one cannot disentangle the effects, and albeit

conservative, this is a safe approach in the treatment of the RB
H∗ uncertainties.

Using the K-factors discussed above, the cross-section for the gg → (H∗ →)ZZ

process for an arbritary off-shell Higgs boson signal strength µoff-shell can be

parameterised as:

σgg→(H∗→)ZZ(µoff-shell) = KH∗(m4`) · µoff-shell · σSM
gg→H∗→ZZ (5.14)

+
√

KH∗

gg (m4`) ·KB(m4`) · µoff-shell · σSM
gg→ZZ, Interference

+ KB(m4`) · σgg→ZZ, cont .

More details are given in Appendix B.1. This expression can be used to construct

MC samples for arbitrary values of µoff-shell from three basic samples generated at

different fixed values of µoff-shell.

5.4.2 Simulation of electroweak ZZ production through VBF

and ZH-like processes

The electroweak4 pp→ ZZ + 2j process contains both VBF-like events and ZH-

like events, which are simulated using MadGraph5 [118], and cross-checked using

the PHANTOM [119] generator. The QCD renormalisation and factorisation

scales are set to mW , following the recommendation in Ref. [120]. The CTEQ6L1

PDF set [121] is used. PYTHIA6 [122] is used for parton showering and

hadronisation.

The high-mass range, which is the focus of this analysis, includes Higgs boson

signal events arising from:

4In this context, “electroweak” refers to the fact that QCD NNLO corrections are not
included in the description of the pp→ ZZ process.
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• the off-shell VBF H → ZZ process, which scales with κ4
Z,off-shell and is

independent of ΓH ,

• the VBF-like ZZ process with a t-channel Higgs boson exchange, which

scales with κ4
Z,off-shell and is independent of ΓH ,

• the ZH process with an on-shell Higgs boson, in the Z → 2` and H → 2`2j

or H → `ν2j channels, which scales with κ4
Z,on-shell/ΓH ,

where we have assumed the same coupling strength κZ,off-shell for the two VBF-like

contributions, although the energy scale of the Higgs boson propagator is different

in the two cases. Due to the different ΓH dependence, the on-shell and off-shell

Higgs boson production processes are separated in the analysis by requiring that

the generated Higgs boson mass satisfies |mgen.
H − 125.5 GeV| < 1 GeV. This

requirement is fully efficient in selecting the on-shell ZH process. The NNLO

QCD corrected cross-section in Ref. [40] is used for the on-shell ZH production

process. The cross-section σpp→ZZ+2j(µoff-shell) for the electroweak pp→ ZZ + 2j

process for any off-shell Higgs boson signal strength µoff-shell is parameterised in

the same way as for the gg → (H∗ →)ZZ process.

MC event samples for the electroweak pp → (H∗ + 2j →)ZZ + 2j process with

an arbitrary value of the off-shell Higgs boson signal strength µoff-shell can be

constructed from a pure pp→ ZZ+ 2j continuum background MC sample, a full

SM Higgs boson signal plus background pp→ (H∗ + 2j →)ZZ + 2j MC sample

and a third Higgs boson signal plus background pp→ (H∗ + 2j →)ZZ + 2j MC

sample with µoff-shell = κ4
V = ΓH/Γ

SM
H = 10. Using ΓH/Γ

SM
H = 10 for the last

sample ensures that the on-shell V H events are generated with SM-like signal

strength.

The following weighting function is used:

σpp→(H∗+2j→)ZZ+2j(µoff-shell) = µoff-shell · σSM
pp→(H∗+2j→)ZZ+2j (5.15)

+
√
µoff-shell · σpp→ZZ+2j, Interference

+ σpp→ZZ+2j, cont ,

where the signal and interference samples are implicitly defined through the SM

pp→ (H∗ + 2j →)ZZ + 2j MC sample:

σSM
pp→(H∗+2j→)ZZ+2j = σSM

pp→H∗+2j→ZZ+2j + σpp→ZZ+2j, Interference

+ σpp→ZZ+2j, cont (5.16)

97



and a µoff-shell = 10 MC sample:

σ
κ4V =10

pp→(H∗+2j→)ZZ+2j = 10 · σSM
pp→H∗+2j→ZZ+2j +

√
10 · σpp→ZZ+2j, Interference

+ σpp→ZZ+2j, cont . (5.17)

Solving for the generated MC samples yields:

σpp→(H∗+2j→)ZZ+2j(µoff-shell) =
µoff-shell −√µoff-shell

10−
√

10
σ
κ4V =10

pp→(H∗+2j→)ZZ+2j (5.18)

+
10
√
µoff-shell −

√
10µoff-shell

10−
√

10
σSM
pp→(H∗+2j→)ZZ+2j

+
(
√
µoff-shell − 1) · (√µoff-shell −

√
10)√

10
σpp→ZZ+2j, cont.

5.5 Simulation of qq̄ → ZZ background

The qq̄ → ZZ background is simulated at NLO in QCD using the POWHEG-

BOX [123] generator with dynamic QCD renormalisation and factorisation scales

of mZZ and the CT10 NLO PDF set. Please note that this scale choice is not

identical to the choice of Q = mZZ/2 used for the signal and the gg → ZZ

background. This difference will be corrected with the NNLO/NLO K-factor.

Parton showering and hadronisation are done with PYTHIA8 for qq̄ → ZZ.

As the full 4-fermion matrix element is used by POWHEG-BOX, all final state

decay correlations are taken into account.

5.5.1 Higher order QCD correction and uncertainties

The cross-section for the qq̄ → ZZ process is calculated in Ref. [124] for two

on-shell Z bosons in the final state with a NNLO QCD accuracy, and it is

valid in the high mass region. The gg → ZZ process is included as part of

these NNLO calculations, and therefore a different K-factor is provided by the

authors of Ref. [124], excluding the gg → ZZ component and using a QCD

renormalisation and factorisation scale µQCD of m4`/2 in order to consistently
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match the simulation of the gg → (H∗ →)ZZ process:

Kqq̄(m4`) =
σNNLO
qq̄→ZZ(m4`, µQCD = m4`/2)

σNLO
qq̄→ZZ(m4`, µQCD = m4`)

− σLO
gg→ZZ(m4`, µQCD = m4`/2)

σNLO
qq̄→ZZ(m4`, µQCD = m4`)

. (5.19)

This K-factor can be directly applied to the Powheg NLO qq → ZZ sample.

The correction increases the qq → ZZ cross section in the high mass region by

6-8%, with a factor of approximately 4% coming from the NNLO calculation and

the remaining increase from the change of the central scale with respect to the

POWHEG sample. The function used to implement the K-factor in the analysis

is:

Kqq̄(m4`) = 1.0113 + 0.000310203 ·m4`/ GeV

− 9.2014 · 10−8 · (m4`/ GeV)2 (5.20)

and the functional form is depicted in Fig. 5.9.

The uncertainties for the qq → ZZ process are taken from Ref. [120], Sec. 11.3.1

and are based on
√
s=7 TeV calculations with MCFM 6.1 using a fixed scale

of mZ . Fig. 5.8 shows the shape uncertainties corresponding to the PDF and

the strong running coupling (PDF±αs) and QCD scale variations. QCD scale

uncertainties are derived by varying Q in the range [mZ/2,mZ ]. PDF±αs
uncertainties are derived using the envelope of CT10, MSTW and NNPDF. The

PDF uncertainty functional forms for the qq → ZZ → 4` and gg → ZZ → 4`

processes are given by:

qq → ZZ → 4` : κ(m4`) = 1 + 0.0035
√
m4`/ GeV − 30 (5.21)

gg → ZZ → 4` : κ(m4`) = 1 + 0.0066
√
m4`/ GeV − 10

The QCD scale uncertainty for qq → ZZ → 4`, parametrised as function of m4`

is given by:

qq → ZZ → 4` : κ(m4`) = 1 + 0.01
√

(m4`/ GeV − 20)/13 (5.22)

99



 [GeV]4lM

100 150 200 250 300 350 400 450 500 550 600

(N
L

O
)

e
n
v

δ
1

 +
 

0.7

0.8

0.9

1

1.1

1.2

1.3
= 7 TeVs

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1
1

 Uncertainty
s

Pdf+Alpha

CT10 central value / Midpoint

MSTW central value / Midpoint

NNPDF central value / Midpoint

 [GeV]4lM

100 150 200 250 300 350 400 450 500 550 600

(g
g

)
e
n
v

δ
1
 +

 

0.7

0.8

0.9

1

1.1

1.2

1.3
= 7 TeVs

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1
1

 Uncertainty
s

Pdf+Alpha

CT10 central value/ Midpoint

MSTW central value/ Midpoint

NNPDF central value/ Midpoint

(a)

 [GeV]4lM

100 200 300 400 500 600

(m
Z

)
σ

(Q
) 

/ 
σ

N
L

O
 R

a
ti
o

 

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

= 7 TeVs

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1
1

QCD Scale Uncertainty

QCD Scale Q = mZ/2 (NLO CT10)

QCD Scale Q = 2mZ (NLO CT10)

 [GeV]4lM

100 200 300 400 500 600

(m
Z

)
σ

(Q
) 

/ 
σ

g
g

 R
a

ti
o

 

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

= 7 TeVs

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1
1

QCD Scale Uncertainty

QCD Scale Q = mZ/2 (gg CT10)

QCD Scale Q = 2mZ (gg CT10)

(b)

Figure 5.8 (a) Pdf±αs correction, and (b) QCD correction scale induced shape
uncertainties for the qq → ZZ (left) and the gg → ZZ (right)
processes, as function of m4`, taken from Ref. [120].
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Figure 5.9 NNLO/NLO K-factor K(mZZ) for the qq → ZZ and qq → ZZ
processes calculated by the authors of Ref. [124].

5.5.2 Electroweak high order corrections and uncertainties

Electroweak higher-order corrections are not included in POWHEG-BOX, or any

officially released generator. These corrections are calculated in Refs. [125, 126]

for on-shell outgoing vector bosons and found to be about −10% in the high-mass

ZZ region of this analysis. To account for these corrections, the POWHEG-BOX

events are re-weighted using a procedure similar to the one described in Ref. [127],

based on the kinematics of the diboson system and the initial state quarks. The

derived corrections are validated in Ref. [128].

Strictly speaking, the corrections are only valid for the qq → ZZ LO process

above the corresponding diboson production threshold and with both vector

bosons on-shell. To enforce this, we require that s >
√(

mPDG
Z1

+mPDG
Z2

)2

in the centre-of-mass frame of the diboson system. For this analysis this is

simplified to m4` > 2mPDG
Z . The requirement does not comprise a rigorous

on-shell cut. Therefore, the correction is applied without any modification only

for |m2` −mPDG
Z | < 25 GeV. However, because electroweak effects are expected

to be of the same size in events with either off- or on-shell bosons, we apply the

same correction in both cases. We conservatively assume a 100% uncertainty

which should adequately cover these effects. In any case, the fraction of events

with off-shell bosons amounts to only 0.02% of the selected events for ZZ → 4`.

Weights are computed at LO QCD because the (NLO QCD)×(NLO EW) correc-
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tions are unknown. In events with high QCD activity an additional systematic

uncertainty is considered, as suggested in Ref. [127]. A new variable is introduced

to take into account this effect: ρ ≡
∣∣∣∑i

~̀
i,T + ~pT,miss

∣∣∣ /(∑i

∣∣∣~̀i,T ∣∣∣+ |~pT,miss|
)

.

Generator-level quantities are used for this calculation (as opposed to recon-

structed quantities that include resolution effects). Following the recommenda-

tion of Ref. [127] a value of ρ < 0.3 is used to select the region of phase space where

both the LO and NLO QCD predictions are dominated by recoiling vector bosons,

and therefore the weights are applicable without an additional uncertainty. For

events with ρ > 0.3, the correction is applied with a 100% systematic uncertainty

since corrections of the same order are expected, but remain unknown.

Figure 5.10 shows the ρ distribution in the ZZ → 4` channel for different numbers

of jets. The fraction of events with ρ < 0.3 is about 100% in the 0-jet final state,

70% in the 1-jet event and 42% in the events with more than 1 jets. Summing

over all jet final states, this fraction is about 85%. Figure 6.10 shows the impact

of these corrections on the kinematic distributions.

The applied corrections are limited in the sense that they exclusively comprise

virtual corrections and do not include polarisation effects. In the case of two

Z bosons, the sum of both effects is within O(1%) (rather small), with more

detailed studies presented in Ref. [127] and with the more important distribution

reproduced in Fig. 5.12. Since the ATLAS simulation software treats final-state

leptons with PHOTOS, a substantial portion of real-radiation effects are treated

properly, whereas photon radiation originating from W bosons remains absent.

It is assumed that the electroweak effects are modelled with an accuracy of the

order of the uncertainty of the complete calculation. The uncertainty of the full

calculation can be estimated to be about one order of magnitude smaller than

higher order QCD uncertainties considered in this analysis. Thus, there is no

reason to include other uncertainty besides the ones already mentioned.
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Figure 5.10 ρ distributions in the ZZ → 4` channel for events with (a) any jets
(inclusive) (b) 0 jets (c) 1 jet (d) more than one jets.
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Figure 5.11 Effect of the electroweak corrections on the m4` distribution in the
ZZ → 4` analysis.

Figure 5.12 NLO electroweak corrections on the four lepton (diboson) invariant
mass distribution in the ZZ → 4` channel. Relative weak (δZZweak)
and the full set of electroweak (δZZEW ) corrections are included. The
selection criteria are somewhat different than the ones employed in
this analysis, and the calculation has been done at

√
s=14TeV. The

results are nevertheless applicable to this analysis. (Plot reproduced
from Ref. [127], Figure 4).
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Chapter 6

Couplings and total width of the

Higgs boson in the off-shell

H(∗)→ ZZ → 4` channel

Even though there is strong evidence that the particle observed in 2012 by the

ATLAS and CMS collaborations [129, 130] is the Higgs boson predicted by the

SM, there is still place for BSM physics to change our understanding of the

Higgs sector. A crucial precision measurement is the coupling of the Higgs boson

to the rest of the fundamental particles, providing key information about the

validity of the Higgs mechanism as formulated in the SM. The ATLAS and CMS

collaborations have performed independent measurements [42, 131] of the Higgs

coupling to vector bosons and fermions, with a combined measurement published

earlier this year [12]. Decay channels with vector bosons have the advantage of

higher statistics, and have been found to be compatible with the SM expectations

with an uncertainty of about 10%. The achieved precision is not yet sufficient to

make a strong statement about the true nature of the Higgs boson. Nevertheless,

most of the couplings measurements have been taken in a narrow mass window

around the resonance. For instance, the measurement of the Higgs couplings in

the H → ZZ(∗) → 4` channel by the ATLAS collaboration was made within the

on-shell region of 110 GeV< m4` < 140 GeV [11, 42]. However, about 20% of

the Higgs production corresponds to the region above the on-shell threshold. An

interesting feature is that the high-mass off-shell region in the H → ZZ channel,

well above the measured resonance mass (i.e. beyond 2mZ), is sensitive to the

Higgs boson production through the interference of the off-shell production and
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background processes. The high-mass region is also sensitive to new physics that

could alter our understanding of the interactions between the Higgs boson and

other fundamental particles [102–107, 132]. Therefore, the measurement of the

off-shell coupling is an excellent method to test the validity of the SM predictions

on the Higgs boson. A special property of the Higgs boson that relates its on-

shell and off-shell couplings to its total width, offers an alternative, indirect way

to measure these couplings.

The theoretical total width of the 125.5 GeV SM Higgs boson is extremely small

(4.2 MeV) compared to the experimental resolution of the LHC experiments

(approximately 1 GeV). In fact, the last publication of the ATLAS collaboration

on the direct measurement1 of the Higgs boson width [11], obtained a 95% CL

upper limit of 5.0 GeV using the H → γγ channel, and 2.6 GeV using the H →
ZZ(∗) → 4` channel. It is obvious that a direct measurement has approximately

a factor of 1,000 worse sensitivity than the SM prediction. Consequently, a direct

measurement of the Higgs total width is not a feasible task for the ATLAS and

CMS experiments, even with the full dataset expected at the end of the HL-

LHC era. Nevertheless, there is still hope that a future muon collider could have

enough resolution to achieve a direct measurement of the SM Higgs total width.

Recent publications (Refs. [99, 100, 111, 112]) have introduced a novel and

powerful method to probe a total width measurement by using both off-shell

and on-shell production measurements of the Higgs boson. This approach was

used by the CMS Collaboration [133] to set an indirect limit on the total width.

The analysis presented in this thesis is complementary to direct searches for Higgs

boson to invisible matter [134, 135] and to constraints imposed by measurements

of the Higgs boson couplings [42, 131].

This thesis chapter presents a determination of the off-shell Higgs boson coupling

and a futher interpretation of the Higgs total width in the ZZ → 4` channel

(` = e, µ). The results are presented in terms of the off-shell event yields,

normalised to the SM-predicted cross section (referred to as signal strength, µ),

and the associated off-shell Higgs boson couplings. The results are based on pp

collision data collected by the ATLAS experiment at the LHC, corresponding to

an integrated luminosity of 20.3 fb-1 at a collision energy of
√
s = 8 TeV.

1The direct measurement of the width in the H → ZZ(∗) → 4` channel uses a Breit-Wigner
curve fitted to the observed invariant mass of candidate Higgs events convoluted with the
detector resolution, as explained in Sect. 2.3.8.
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6.1 Analysis strategy

The analysis follows closely the Higgs boson on-peak (110-140 GeV) measure-

ments in the same final state. The methodology adopted in this analysis follows

closely the strategy adopted for the measurement of Higgs boson on-shell decaying

into the same final state, as described in Ref. [136]. It has been used the same

physics object definitions, trigger and event selections, and background estimation

methods. A Matrix Element (ME)-based discriminant is constructed to enhance

the separation between the gg → H∗ → ZZ signal and the gg → ZZ and

qq̄ → ZZ backgrounds (discussed in Section 6.1.5), and is subsequently used

in a binned maximum-likelihood fit for the final result. A cut-based analysis

(discussed in Section 6.1.4), comparing the data event yield in a signal-enriched

region to theoretical expectations, is also performed, both as a cross-check and

to enable the re-interpretation of the results in models where the ME-based

discriminant cannot be applied.

6.1.1 Event selection

The final state comprises highly isolated leptons (e or µ) with restricted transverse

momentum and topological selections, in order to keep an optimal signal efficiency

and background rejection. A proper selection of jets for the production modes

is made according to the characteristics of each production mechanism. Events

are required to come from the primary interaction using the standard primary

vertex reconstruction2, in order to avoid minimum bias contamination. After a

Higgs boson candidate is reconstructed from the two Z boson candidates, further

statistical and kinematic selections are applied in order to improve the resolution

and efficiency of the channel.

Trigger

Since the analysis depends on two pairs of (same-flavour) leptons in the final

state, single- or di-lepton triggers are used, depending on the characteristics of

the leptons. Isolation cuts have been introduced for single lepton triggers in the

2012 data-takinng due to the high instantaneous luminosity and pile-up levels.

2The standard primary vertex selection reconstructs the vertex that has the highest ΣpT of
associated tracks in the event, with at least three associated tracks.
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The isolation cut is applied at the Event Filter (EF) level only, requiring the

scalar sum of pT of the tracks (with pT > 1 GeV) within a ∆R < 0.2 cone around

the lepton track, to be less than 10% of the lepton candidate’s pT . A summary

of the triggers used in this analysis is shown in Table 6.1, with triggers marked

with an “i”indicating the ones that use the isolation selection.

channel single lepton di-lepton
4e e24vhi_medium1, e60_medium1 2e12Tvh_loose1, 2e12Tvh_loose1_L2StarB (only data)
4µ mu24i_tight, mu36_tight mu18, mu8_EFFS

2e2µ 4µ or 4e trigger menus e12Tvh_medium1_mu8 or e24vhi_loose1_mu10

Table 6.1 Summary of the triggers that are used during the 2012 data taking for
the three analysis channels presented in this thesis. When multiple
chains are listed, it is intended that they have been combined with a
logic “or”.

After the four lepton (for the reconstruction of the Higgs boson candidates) have

been identified in a given event, we require that either one of these leptons matches

the single lepton trigger, or that two of the leptons match the di-lepton trigger.

The requirement of trigger matching has a negligible impact on the total event

selection efficiency of the four-lepton analysis. The trigger efficiencies for the

2012 analysis in the different channels, evaluated with a simulated sample of

Higgs bosons generated with mass mH = 130 GeV produced via gluon fusion are

as follows:

• 4µ: 97.6%

• 2e 2µ: 97.3%

• 4e: 99.7%

Differences between the trigger efficiency measured in the data and the one

predicted in MC is accounted for by re-weighting MC events with scale factors

according to the observed single-lepton efficiency. There is no correction applied

for the dilepton triggers.

Leptons

The lepton tracks must have a longitudinal distance parameter of |∆z0| < 10 mm

from the primary vertex along the proton beam pipe.

108



Electrons

Electron candidates consist of EM clusters matched with an ID track using

the distance between the cluster position and the extrapolated position of the

track at the calorimeter. Electrons are identified using a maximum likelihood

method according to the loose selection criteria. Variables that characterise the

electromagnetic shower in the calorimeter and track hits in the ID serve as input

for the likelihood discriminant, as defined in Sect. 3.4.2. Electrons are required

to have ET > 7 GeV and a pseudorapidity range of η < 2.47.

Muons

The muon momentum is measured independently by the ID and the MS detector

systems. Four types of muon candidates are reconstructed, depending on the

available information from the ID, the MS, and the calorimeters, as described

in Section 3.4.3. The selection cuts differ depending on the type of muon

reconstructed. Combined muons (CB) that are in the region |η| < 2.5 and

standalone muons (SA) within the region 2.5 < |η| < 2.7 must have pT > 6

GeV. Standalone muons are required to also have hits in all three stations of

the muon spectrometer. Calorimeter-tagged muons (CT) are used in the central

region |η| < 0.1 in order to fill the acceptance gap of the MS, requiring that

they have pT > 15 GeV and that they do not share the same ID track with any

reconstructed electron. To reduce the cosmic background, an additional selection

on the transverse impact parameter is required: |∆d0| < 1 mm.

Jets

Jets can arise from various production mechanisms: gluon-gluon Fusion (ggF),

Vector Boson Fusion (VBF), and associated production with a Vector boson (VH).

Depending on the kinematics of the Higgs candidate, a selected event will be

assigned to one of the three categories (VBF-like, VH-like, or ggF-like). The jets

are reconstructed from topological clusters using an anti-kt algorithm [72] with

a distance parameter R = 0.4. Jets within the ID acceptance (|η| < 2.47) are

required to have more than 50% of the sum of the scalar pT of their associated

tracks coming from the primary vertex, so that pile-up background is minimised.

The analysis first identifies events belonging to the VBF category, by selecting

events with two high pT jets widely separated in rapidity. The VBF jets that are

in the |η| < 2.5 region must have pT > 25 GeV , while the jets in 2.5 < |η| < 4.5
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must have pT > 30 GeV. The two highest pT jets are required to be separated

by more than 3 units in pseudorapidity and have an invariant mass greater than

350 GeV. The events that do not satisfy these requirements are then considered

for the second category (VH-like). These events must have an extra lepton (e

or µ) with pT > 8 GeV, in addition to the four leptons forming the Higgs boson

candidate, which satisfies the same lepton requirements. Finally, events that are

not classified by the two previous selections are assigned to the ggF-like category.

Higgs boson signal selection

The Higgs candidate is reconstructed from two pairs of leptons (di-leptons) with

opposite sign and same leptonic flavour in an event, forming a lepton quadruplet.

The highest pT lepton in the quadruplet must have pT > 20 GeV, the second

highest pT > 15 GeV, and the third highest pT > 10 GeV. The lepton combination

is allowed to have at most one muon of the stand-alone and calorimeter tagged

type. The rejection of misidentified electrons that comes from the emission of

photons proceeding from muon bremsstrahlung, is achieved by requiring that the

leptons must be separated by ∆R > 0.1 when they have the same flavour, and

∆R > 0.2 when they have different flavours. Each event is required to have the

triggering lepton(s) matched to one or two of the selected leptons.

Each lepton pair is ordered by di-lepton mass according to the proximity to the Z

boson mass. For each channel, the lepton pair with invariant mass closest to the

Z boson mass is selected as the leading di-lepton pair and its invariant mass, m12,

is required to be between 50 GeV and 106 GeV. The second lepton pair is known

as the sub-leading di-lepton pair. Its invariant mass, m34, must be within the

range mmin < m34 < 115 GeV. Here mmin varies between 12 GeV for m4` < 140

GeV and rises linearly to 50 GeV for m4` ≥ 190 GeV. The results are classified

according to the four final states: 4e, 2e 2µ, 2µ 2e, 4µ, ordered by the flavour of

the leading di-lepton. To remove events with J/Ψ→ `+`− candidates, all the di-

lepton candidate combinations must satisfy m`` > 5 GeV. In the case that more

than one quadruplets survives the kinematic selection, the one with the m12 mass

value closest to the Z boson mass is retained. If multiple combinations have the

same m12 mass value, the one with the highest m34 mass value is selected.

The inclusive Z (Z + jets) and tt̄ background contributions are further reduced

by applying impact parameter and track -and calorimeter- based isolation

requirements to the leptons. The impact parameter selection is based on
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the parameter significance |d0|/σd0 . It is required that the impact parameter

significance has values less than 3.5 for muons and 6.5 for electrons; this difference

can be explained by the broader distribution for electrons due to bremsstrahlung

effects. The size of the cone used for both the track and calorimeter isolation

discriminants is ∆R < 0.2, but the track-based isolation discriminant is required

to be smaller than 0.15 and the calorimeter-based discriminant to be smaller than

0.3 (0.15 for standalone muons). The tracks considered in the isolation cone must

come from the primary vertex and fulfil good quality criteria; i.e. they must have

at least four hits in the pixel and silicon strip detectors, at least nine silicon hits,

one hit in the innermost pixel layer (the b-layer), pT > 1 GeV for muon isolation

and pT > 0.4 GeV for electron isolation.

The physics object quality and kinematic selections are summarized in Table 6.2.

Event Pre-selection
Electrons LOOSE LH quality electrons with ET > 7 GeV, |η| < 2.47
Muons combined or segmented-tagged muons with pT > 6 GeV, |η| < 2.7

maximum one calo-tagged or standalone muon
calo-tagged muons: pT > 15 GeV, |η| < 0.1
standalone muons: pT > 6 GeV, 2.5 < |η| < 2.7 and
∆R > 0.2 separation from closest segmented-tagged muon

Event Selection
Kinematic at least two pairs of same-flavour opposite-charge leptons
Selection pT thresholds for three leading leptons: 20, 15, 10 GeV

leading di-lepton: the one closest to Z mass
subleading di-lepton: the second closest to Z mass
leading di-lepton: 50 GeV < m12 < 106 GeV
sub-leading di-lepton: mmin < m34 < 115 GeV
remove H candidate if either same-flavour, opposite-charge
dilepton candidate has m`` < 5 GeV
∆R(`, `′) > 0.10 (0.2) for all same (different) flavour leptons

Isolation isolation cut in ∆R = 0.20 cone applied on all H leptons
lepton track-based: ΣpT/pT < 0.15
electron calorimeter-based: ΣET/ET < 0.20
muon calorimeter-based: ΣET/ET < 0.30
standalone muon calorimeter-based: ΣET/ET < 0.15

Impact significance cut applied on all H leptons
parameter electrons: d0/σd0 < 6.5
significance muons: d0/σd0 < 3.5

Table 6.2 Summary of the physics object quality and kinematic selection
requirements for the analysis. The choice of the mmin value threshold
for m34 is discussed in the text.
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Final State Radiation

Given that leptons radiate via bremsstrahlung, there can be secondary photons

that complicate the task of reconstructing the final state. To account for the

impact of Final State Radiation (FSR) [137] on the calculation of the Z invariant

mass, we use MC-based corrections. The FSR recovery is performed by allowing

at most one photon to be added per event. All leading di-muon candidates with

invariant masses within the range 66 GeV < m12 < 89 GeV (i.e. below the Z boson

mass) are corrected for collinear FSR by incorporating any reconstructed photon

with ET > 1 GeV lying close (∆R < 0.08 to 0.15, depending on Eγ
T ) to one of

the muon tracks, as long as the corrected mass, mµµγ, remains below 100 GeV. In

other words, a FSR photon is retained and associated with the closest lepton in a

lepton pair only if the dilepton-plus-photon mass is closer to the nominal Z boson

mass. This recovers 70% of the FSR photons within the selected fiducial region.

About 85% of the corrected events have genuine collinear FSR photons, with

the remaining incorrectly associated (or misidentified) photons originating from

pileup and muon ionisation. For events without collinear FSR, non-collinear FSR

photons with a significant ET are included for both the leading di-muon and di-

electron candidates, an improvement introduced since Ref. [131]. The expected

fraction of events with a collinear (non-collinear) FSR correction is 4% (1%).

These studies are discussed in detail in Ref. [39].

Z-mass constraint

The mass resolution is improved by applying a kinematic fit, named Z-mass

constraint, to constrain the mass of the leading di-lepton pair if m4` < 190

GeV, and of both di-leptons for higher masses. The invariant mass shape of

the reconstructed leading di-lepton should follow a distribution peaked at the

Z boson pole mass with its intrinsic width (convoluted with the experimental

resolution). A function can then be used to fit the shape of the Z boson mass

distribution. The Z-mass constraint fit is implemented by using a single Gaussian

resolution model and a Breit-Wigner line shape for the reconstructed di-lepton

mass, including FSR photons, if applicable. The m4` resolution is improved with

this method by approximately 15%.
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6.1.2 Background estimation

There are two types of background processes included in the analysis: the

reducible and the irreducible background.

Reducible background

The reducible background consists of at least one misidentified pair of leptons that

is produced by a QCD jet or events with a single low-pT Z boson. This type of

background is more dominant in the low-mass (m4` < 130 GeV) region, since the

kinematic selection on the leptons is looser in order to keep a high signal efficiency.

The electron final states are affected the most by this type of background since

jets can create fake electron candidates. In the high-mass (m4` > 200 GeV) region

the contribution of this background is expected to be negligible, since high-energy

electrons have a narrow shape deposition, and the isolation selection removes fake

electrons from jets. The following types of processes are included in this category:

• Z bosons in association with jets

• Z bosons in association with heavy flavour particles

• tt̄

Irreducible background

The irreducible background shares the same well-defined four-leptons final state

with the signal process. It includes the following processes:

• pairs of Z bosons via quark annihilation: qq̄ → ZZ → 4`

• pairs of Z bosons via gluon fusion: gg → ZZ → 4`

The contribution of this type of background is considerably larger than the

reducible background in the low-mass region; and has an increasingly higher

impact in the high-mass region, since the signal process is much weaker above

the Higgs boson mass peak. The discrimination between signal and background

processes in the low-mass region is obtained by taking into account the difference

in the shapes of a narrow signal distribution and a flat background distribution.
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In the high-mass region, where the signal cross section is dramatically reduced,

further kinematic variables have to be considered in order to discriminate against

background processes.

After all selection cuts described above, the background contribution is kept

at a low level. For example, the H → ZZ(∗) → 4` analysis by ATLAS using

collision data with an integrated luminosity of 20.3 fb−1 at
√
s = 8 TeV, was

estimated to have 13.8 ± 1.4 signal and 8.24 ± 6.2 background events in the

120 < m4` < 130 GeVregion, with a signal-to-background ratio of about 1.7.

6.1.3 Off-shell event selection and background estimations

The analysis is split into four categories (2µ 2e, 2e 2µ, 4e, 4µ) as in Ref. [136].

The off-shell analysis includes an additional event selection that defines the mass

region of study: 220 GeV < m4` < 1000 GeV. A shape-based analysis is chosen

as it is demonstrated to achieve a better sensitivity. The same background

estimation procedures are applied for the qq̄ → ZZ → 4` and reducible

backgrounds.

The signal NNLO/LO K-factor is calculated as a function of the invariant

mass m4`, independently of the jet multiplicity, or non-zero pT (4`) values that

are induced by the higher-order QCD corrections. The experimental analysis

is, therefore, performed in an inclusive jet-observable category, and the event

selections are designed to minimise the dependence on the boost of the ZZ system,

which is sensitive to the jet multiplicity.

Table 6.3 shows the expected number of events for the signal and background

processes for an integrated luminosity of 20.3 fb−1 at
√
s = 8 TeV. The

corresponding m4` distributions are shown in Figure 6.1. In the off-peak region,

the dominant background is from the qq̄ → ZZ process. The contribution of the

reducible backgrounds, such as Z+jets, top and double parton interactions, is

less than 1% of the total background in the full off-shell region, and is, therefore,

not included in this analysis.
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Figure 6.1 Expected m4` distributions for all signal and background processes
after the baseline off-peak selections, for the four different lepton
final states: (a) 2e 2µ (b) 2µ 2e (c) 4e (d) 4µ. The dashed line
corresponds to the total expected event yield, for a Higgs boson with
µoff-shell = 10. A relative gg → ZZ background K-factor of RB

H∗=1.0
is assumed. The Z+jets and top-quark backgrounds are barely visible
in the plot (with a background fraction of less than 1%). Note that
the last bin includes the overflow.
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2µ 2e 2e 2µ 4µ 4e Total
gg → H∗ → ZZ (S) 0.48 ± 0.11 0.60 ± 0.14 0.62 ± 0.14 0.45 ± 0.10 2.2 ± 0.5

gg → ZZ (B) 7.64 ± 1.74 7.57 ± 1.73 9.50 ± 2.17 5.94 ± 1.36 30.7 ± 7.0
gg → (H∗ →)ZZ 7.32 ± 1.67 7.17 ± 1.64 9.05 ± 2.07 5.69 ± 1.30 29.2 ± 6.7

gg → (H∗ →)ZZ (µoff-shell = 10) 9.73 ± 2.22 10.3 ± 2.4 12.2 ± 2.8 7.95 ± 1.81 40.2 ± 9.2
VBF H∗ → ZZ (S) 0.04 ± 0.00 0.05 ± 0.01 0.06 ± 0.01 0.05 ± 0.00 0.2 ± 0.0

VBF ZZ (B) 0.51 ± 0.03 0.56 ± 0.03 0.66 ± 0.03 0.44 ± 0.02 2.2 ± 0.1
VBF ZZ (S+B+I) 0.48 ± 0.03 0.53 ± 0.03 0.60 ± 0.03 0.40 ± 0.02 2.0 ± 0.1

VBF ZZ (S+B+I, µoff-shell = 10) 0.69 ± 0.04 0.79 ± 0.04 0.91 ± 0.05 0.61 ± 0.03 3.0 ± 0.2
qq̄ → ZZ 42.0 ± 3.3 40.7 ± 3.2 53.8 ± 4.2 31.3 ± 2.5 167.9 ± 13.1

Reducible backgrounds 0.38 ± 0.06 0.30 ± 0.06 0.32 ± 0.06 0.38 ± 0.06 1.4 ± 0.1
Total Expected (SM) 50.1 ± 3.7 48.7 ± 3.6 63.8 ± 4.7 37.8 ± 2.8 200.5 ± 14.7

Table 6.3 Expected number of events for the ZZ → 4` channel for signal and
background processes for an integrated luminosity of 20.3 fb−1 at

√
s

= 8 TeV. The gg → ZZ (S+B+I) process with µoff-shell = 10 is
shown for illustration. Both statistical and systematic uncertainties
are included. A relative gg → ZZ background K-factor of RB

H∗=1 is
assumed.

6.1.4 Cut based analysis

As a cross-check to the shape-based analysis, a simpler, cut-based analysis is

performed using m4`. To optimise the sensitivity on the m4` selection, the

following figure of merit is used:

S =
Ns+b(r) −Ns+b(r=1)

∆s+b(r)

, (6.1)

where r = ΓH/Γ
SM
H . In calculating ∆s+b(r), both statistical and systematic

uncertainties on the total number of qq̄ → ZZ (Nqq̄) background events and the

continuum background (Ngg) are included. In this optimisation, a 10% systematic

uncertainty on the main background (qq̄ → ZZ) is used, to account for the main

theoretical uncertainties due to the QCD scale variations and PDF variations.

The 1-side 95% C.L. upper limit on the ΓH/Γ
SM
H can be roughly estimated as

the value that corresponds to a significance S = 1.645 (as it is explained in

Section 6.3). After varying the m4` cut between 200 and 450 GeV in steps of 50

GeV, the best value for the m4` cut, namely the one that minimises the 95% C.L.

upper limit, is found to be 400 GeV, shown in Table 6.4.

In Table 6.5, the number of expected events for the combination of all lepton final

states in the signal region are shown. The event yields in the off-shell signal region

are compared to the Higgs on-shell region and a qq̄ → ZZ background-enriched

region. The upper limits are calculated using the CLs method, with the null
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hypothesis µoff-shell = 1. The results are based on Asimov data sample from the

pdf shape. Futher details about the statistical tools can be seen in Section 6.3.

m4` threshold (GeV) 250 300 350 400 450

1-side 95% C.L. upper limit on ΓH/Γ
SM
H 19.8 15.2 13.0 12.6 13.2

Table 6.4 1-side 95% C.L. upper limit on ΓH/Γ
SM
H for different cuts on m4` for

the combination of all lepton final states.

mass region Higgs on-peak Background Signal
(GeV) 110 < m4` < 140 160 < m4` < 220 400 < m4` < 1000

gg → H → ZZ 14.2 0.22 1.1
gg → ZZ (B) 1.2 26.1 2.8

gg → ZZ (S+B+I) 16.1 25.3 2.4
qq̄ → ZZ 17.5 112.2 21.31

Table 6.5 Expected number of events for 20.3 fb−1 at
√
s=8 TeV for the

combination of all leptonic final states in the various m4` regions.

6.1.5 Matrix-element-based kinematic discriminant

The matrix-element kinematic discriminant fully exploits the event kinematic

information in the centre-of-mass frame of the 4` system, based on eight

observables: {m4`,m12,m34, cos θ1, cos θ2, φ, cos θ∗, φ1} [136, 138], introduced in

Sect. 5.2, and shown in Figure 5.2. These observables are used to simulate the

four-momenta of the leptons and incoming partons (as explained in Section 2.4),

which are then used to calculate matrix elements for different processes, provided

by the MCFM program [111]. The following matrix elements are calculated for

each event in the mass range 220 GeV < m4` < 1000 GeV:

• Pqq̄ : matrix element squared for the qq̄ → ZZ → 4` process

• Pgg: matrix element squared for the gg → (H∗ →)ZZ → 4` process

including the Higgs boson (mH = 125.5 GeV) with SM couplings, continuum

background and their interference

• PH : matrix element squared for the gg → H∗ → ZZ → 4` process (mH =

125.5 GeV)
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The kinematic discriminant is defined as in Ref. [111]:

ME = log10

(
PH

Pgg + c · Pqq̄

)
, (6.2)

where c = 0.1 is an empirical constant, to approximately balance the overall

cross-sections of the qq̄ → ZZ and gg → (H∗ →)ZZ processes. The exact value

of c has a very small effect on the analysis sensitivity.

Figure 6.2 shows the shape comparisons of the key input variables to the ME-

based discriminant, m4`, cos θ1, cos θ2 and cos θ∗. Figure 6.3 shows the shape

comparisons of the ME-based discriminant for the main processes considered.

Events with the ME-based discriminant value between −4.5 and 0.5 are selected

with a signal efficiency over 99%. Figure 6.4 shows the 2D distributions of the

ME-based discriminant and m4`. As m4` is the most important input variable for

the ME, there is a strong correlation between them.

In order to illustrate the impact of the selection on QCD related quantities, we

produce distributions for the jet multiplicity and pT (4`) before and after the

selection cuts for fixed m4` bins. Figure 6.5 shows the distributions of pT (4`)

and the number of jets before and after a matrix element discriminant cut of -1.5

for the gg → H → 4` process in three distinct m4` ranges. The matrix element

discriminant is independent of the ZZ system boost for each m4` bin.

In the default analysis, the re-weighting procedure is only used to account for the

acceptance effects, as the matrix-element-based discriminant is insensitive to the

pT and the jet multiplicity of the ZZ system (inclusive analysis).

In addition, an alternative multivariate discriminant based on a boosted decision

tree (BDT) algorithm was studied to further separate the gg → H∗ → ZZ

signal from the main qq̄ → ZZ background, by exploiting additional kinematic

information (pT and η) of the ZZ system. It has been found that the analysis

sensitivity improves only marginally (by approximately 2%) compared to the

ME-based discriminant alone. Due to the method’s dependence on the pT of

the ZZ system, the BDT-based discriminant introduces additional systematic

uncertainties from the higher-order QCD corrections. For these reasons, the

BDT-based discriminant is not used for the final result.
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Figure 6.2 Distributions of the key input variables to the ME-based discriminant
for the off-peak region (220 GeV < m4` < 1000 GeV) and for all
lepton final states combined: (a) m4` (b) cos θ1 (c) cos θ2 (d) cos θ∗.
The distributions are normalised to unit area for shape comparisons.
The thick black dotted line represents the qq̄ → ZZ background, the
red solid line the gg → H∗ → ZZ signal with SM couplings, the
magenta long-dashed line the gg → (H∗ →)ZZ with SM µoff-shell,
and the blue dashed line is for gg → (H∗ →)ZZ with µoff-shell = 10.
A relative gg → ZZ background K-factor of RB

H∗=1.0 is assumed.
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Figure 6.3 Distributions of the ME-based discriminant for the off-peak region
(220 GeV < m4` < 1000 GeV) in the four lepton final states: (a)
2e 2µ (b) 2µ 2e (c) 4e (d) 4µ. The distributions are normalised
to unit area for shape comparisons. The thick black dotted line
represents the qq̄ → ZZ background, the red solid line the gg →
H∗ → ZZ signal with SM couplings, the magenta long-dashed line
the gg → (H∗ →)ZZ with SM µoff-shell, and the blue dashed line
is for gg → (H∗ →)ZZ with µoff-shell = 10. A relative gg → ZZ
background K-factor of RB

H∗=1.0 is assumed.
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Figure 6.4 Distributions of the ME-based discriminant vs. m4` for the (a)
gg → H → ZZ and (b) qq̄ → ZZ processes. A relative gg → ZZ
background K-factor of RB

H∗=1.0 is assumed.

6.2 Systematics uncertainties

The largest systematic uncertainties for this analysis arise from theoretical

uncertainties on the gg → H∗ → ZZ signal, the gg/qq̄ → ZZ background and

the interference between the gg → ZZ signal and background processes. The

electroweak H∗ → ZZ process in association with two jets contributes about 10–

30% to the total signal uncertainties. The associated theoretical uncertainties due

to missing higher-order corrections and PDF variations are small for V H-like and

VBF-like processes pp→ ZZ+ 2j, and are therefore not included in the analysis.

Compared to the theoretical uncertainties, the experimental uncertainties are

negligible.

6.2.1 Systematic uncertainties on gg → (H∗ →)V V

Uncertainty on the gg → H∗ → ZZ signal

The uncertainty from missing higher-order QCD and EW corrections to the off-

shell gg → H∗ → ZZ signal as a function of the Higgs boson virtuality, m4`, is

estimated in Ref. [109] and adopted by this analysis. The uncertainty is 20–30%

for the high-mass region. The PDF uncertainty for the gg → (H∗ →)ZZ process

as a function of m4` is found to be 10–20% in the high-mass region, relevant for

this analysis. This is consistent with an earlier study at
√
s = 7 TeV [120].

121



(4l) [GeV]
T

p

0 20 40 60 80 100120140160180200

E
n

tr
ie

s
 N

o
rm

a
lis

e
d

 t
o

 1

0.05

0.1

0.15

0.2

0.25

0.3
Inclusive

ME > 1.5

(4l) [GeV]
T

p
0 20 40 60 80 100 120 140 160 180 200

R
a

ti
o

 o
f 

th
e

 M
E

 c
u

t

0.6

0.8

1

1.2

1.4

(a) pT (4`), 300-
350 GeV

Number of Jets

0.5 0 0.5 1 1.5 2 2.5 3 3.5

E
n

tr
ie

s
 N

o
rm

a
li
s
e

d
 t

o
 1

0.1

0.15

0.2

0.25

0.3

0.35

0.4 Inclusive

ME > 1.5

Number of Jets

0.5 0 0.5 1 1.5 2 2.5 3 3.5

R
a

ti
o

 o
f 

th
e

 M
E

 c
u

t

0.6

0.8

1

1.2

1.4

(b) # of jets, 300-
350 GeV

(4l) [GeV]
T

p

0 20 40 60 80 100120140160180200

E
n

tr
ie

s
 N

o
rm

a
lis

e
d

 t
o

 1

0.05

0.1

0.15

0.2

0.25
Inclusive

ME > 1.5

(4l) [GeV]
T

p
0 20 40 60 80 100 120 140 160 180 200

R
a

ti
o

 o
f 

th
e

 M
E

 c
u

t

0.6

0.8

1

1.2

1.4

(c) pT (4`), 400-
450 GeV

Number of Jets

0.5 0 0.5 1 1.5 2 2.5 3 3.5

E
n

tr
ie

s
 N

o
rm

a
li
s
e

d
 t

o
 1

0.15

0.2

0.25

0.3

0.35

0.4
Inclusive

ME > 1.5

Number of Jets

0.5 0 0.5 1 1.5 2 2.5 3 3.5

R
a

ti
o

 o
f 

th
e

 M
E

 c
u

t

0.6

0.8

1

1.2

1.4

(d) # of jets, 400-
450 GeV

(4l) [GeV]
T

p

0 20 40 60 80 100120140160180200

E
n

tr
ie

s
 N

o
rm

a
lis

e
d

 t
o

 1

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22
Inclusive

ME > 1.5

(4l) [GeV]
T

p
0 20 40 60 80 100 120 140 160 180 200

R
a

ti
o

 o
f 

th
e

 M
E

 c
u

t

0.6

0.8

1

1.2

1.4

(e) pT (4`), 600-
650 GeV

Number of Jets

0.5 0 0.5 1 1.5 2 2.5 3 3.5

E
n

tr
ie

s
 N

o
rm

a
li
s
e

d
 t

o
 1

0.15

0.2

0.25

0.3

0.35

0.4
Inclusive

ME > 1.5

Number of Jets

0.5 0 0.5 1 1.5 2 2.5 3 3.5

R
a

ti
o

 o
f 

th
e

 M
E

 c
u

t

0.6

0.8

1

1.2

1.4

(f) # of jets, 600-
650 GeV

Figure 6.5 Distributions of pT (4`) (left) and the number of jets (right) for the
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Treatment of the gg → ZZ continuum background uncertainty

For the gg → ZZ background, higher-order QCD calculations are not available.

In Ref. [117], a soft-collinear approximation is used to estimate the next-to-

leading-order (NLO) and NNLO corrections to the gg → WW background

process, indicating that the signal K-factor may also be applied to the signal-

background interference term at the cost of adding an additional uncertainty of

∼30%. Then, the gluon-induced part of the signal K-factor KH∗

gg (m4`) is applied

to the background, and results are then presented as a function of the unknown

K-factor ratio RB
H∗ between background and signal. The uncertainty on KH∗

gg (m4`)

is larger than the uncertainty on KH∗(m4`) because some contributions to the full

signal NNLO QCD K-factor are not present in KH∗

gg (m4`). Therefore, the following

correlation treatment of uncertainties is applied: the uncertainty on the signal

K-factor KH∗(m4`) is applied as an uncertainty correlated with KH∗

gg (m4`). The

difference in quadrature between the uncertainty on KH∗

gg (m4`) and KH∗(m4`) is

added as an uncorrelated uncertainty component only to KH∗

gg (m4`).

The 0.5–2 range is chosen for the variation of the K-factor ratio RB
H∗ in order to

include the full corrections from the signal K-factor KH∗

gg (m4`) ∼ 2 in the variation

range. With respect to the LO gg → ZZ process, this corresponds to an absolute

variation in the range 1 to 4.

Treatment of the gg → (H∗ →)ZZ interference uncertainty

In Ref. [117], a soft-collinear approximation is used to calculate the cross-section

for the sum of a heavy Higgs boson (gg → H → WW ) and its interference with

the background. The uncertainty on this calculation is estimated to be about

10%, which leads to a ∼ 30% uncertainty on the interference term alone. We use

the same method employed for the missing higher-order QCD calculations in the

gg → ZZ continuum background process to deal with the interference term here

(namely, a similar K-factor and a 30% uncertainty on the interference alone).

Within the ansatz of using an unknown K-factor ratio between background

and signal (see Eq. (5.14)), this additional uncertainty of roughly 30% on the

interference term can be represented by an approximately 60% variation of the

K-factor ratio RB
H∗ for the background around the nominal value of 1.0. The

approximation of scaling the interference term in Equation B.1 with the square

root of an inclusive background K-factor KB is valid only if the variation of this
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K-factor over the phase-space being integrated in the analysis is sufficiently small

to be factorised out of the integration.

For the Higgs boson signal component, Ref. [117] suggests that the soft-collinear

approximation is expected to account for the dominant part of the full signal K-

factor and shows little variation across phase space. Hence, this approximation is

justified for the signal. It is estimated that this is also the case for the background,

but this can only be confirmed once a full NLO calculation for the background

is available. Therefore, the variation of RB
H∗ from 0.5 to 2 should cover both

the leading corrections and uncertainties for the interference and the background

component taken individually.

However, with respect to the expected results shown in Table 6.3 and the values

µ95%
off-shell for the various expected limits at 95% CL presented in Section 6.4, the

uncertainty on the negative interference component given by the
√

RB
H∗ variation

and the uncertainty on the positive background component given by the RB
H∗

variation cancel each other to a large extent:

−
√
µ95% CLs limit

off-shell ·N gg→(H∗→)ZZ
interference ∼ 2 ·N gg→ZZ

background, (6.3)

where N
gg→(H∗→)ZZ
interference and N gg→ZZ

background are the expected event yields for the

interference and background components after the event selection. As the induced

variation from the
√

RB
H∗ scaling on the interference component is approximately

half the variation on the background component from the RB
H∗ scaling, no

variation is expected at first order for the sum of interference and background as

a function of RB
H∗ close to the point where the limit on µoff-shell is expected:

−
√

RB
H∗ ·

√
µ95% CLs limit

off-shell ·N gg→(H∗→)ZZ
interference + RB

H∗ ·N gg→ZZ
background ∼ const. (6.4)

Essentially, the leading uncertainty on the gg → ZZ background represented

by the RB
H∗ variation is self-subtracting when the interference is enhanced by

∼
√
µ95% CLs limit

off-shell .

This raises the question on whether the chosen ansatz of scaling the interference

term with
√

RB
H∗ , although apparently a good approximation, is sufficient.

Additional uncertainties on the interference component, which are not covered

by the soft-collinear approximation could have an impact on the analysis.

Therefore, in order to conservatively account for these additional contributions,

the 30% uncertainty on the interference derived in Ref. [117] is applied to the
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interference component in addition to the
√

RB
H∗ variation, which is assume to

be uncorrelated. This is a conservative treatment which most likely results in a

slight overestimation of uncertainties for the interference term.

6.2.2 Systematic uncertainties on qq̄ → ZZ

The missing higher-order and PDF uncertainties for the qq̄ → ZZ background,

as a function of m4`, are taken from Ref. [120], and are based on NLO 7 TeV

calculations using a fixed scale of mZ . Slightly smaller systematic uncertainties

are found for 8 TeV using a dynamic scale of m4`/2. Therefore, applying the

uncertainties from Ref. [120] can be considered a conservative choice. Both the

QCD scale and the PDF uncertainties are 5–10% for the high-mass region used

in this analysis. The NNLO calculation in Ref. [124] does not yield a significantly

reduced QCD scale systematic uncertainty. An evaluation of the PDF uncertainty

correlations shows that the qq̄ → ZZ background PDF uncertainties are anti-

correlated with the PDF uncertainties for the gg → (H∗ →)ZZ process, and this

is taken into account in the analysis. Acceptance uncertainties on the qq̄ → ZZ

background are evaluated by comparing PYTHIA8 and HERWIG6 [139] samples

and found to be negligible. Both the QCD scale and the PDF uncertainties are

estimated to be ∼5–10% for the high-mass region used in this analysis.

Systematic uncertainty on the EW correction for qq̄ → ZZ

The EW corrections for the qq̄ → ZZ process described in Sect. 5.5 are strictly

valid only for the LO QCD qq̄ → ZZ process above the diboson production

threshold, where both vector bosons are on shell.

The EW corrections are computed at LO QCD because calculations for the mixed

QCD-EW corrections are not yet available. In events with high QCD activity,

an additional systematic uncertainty is considered by studying the variable ρ

introduced in Section 5.5.2, where a phase space region with ρ < 0.3 is selected.

Figure 6.10 shows the impact of these corrections on the ME-based discriminant.

For events with ρ > 0.3, the correction is applied with a 100% systematic

uncertainty to account for the missing mixed QCD–EW corrections which are

expected to be of the same order of magnitude. The applied corrections are partial

in that they include only virtual corrections, and do not include polarisation
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Figure 6.6 Systematic uncertainties related to QCD corrections for the ME
discriminant shapes in the four different lepton final states for the
gg → H → ZZ process: (a) 2e 2µ (b) 2µ 2e (c) 4e (d) 4µ.
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Figure 6.7 Systematic uncertainties related to the PDF for the ME discriminant
shapes in the four different lepton final states for the gg → H → ZZ
process: (a) 2e 2µ (b) 2µ 2e (c) 4e (d) 4µ.
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Figure 6.8 Systematic uncertainties related to the QCD corrections for the ME
discriminant shapes in the four different lepton final states for the
qq̄ → ZZ process: (a) 2e 2µ (b) 2µ 2e (c) 4e (d) 4µ.
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Figure 6.9 Systematic uncertainties related to the PDF for the ME discriminant
shapes in the four different lepton final states for the qq̄ → H → ZZ
process: (a) 2e 2µ (b) 2µ 2e (c) 4e (d) 4µ.
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Figure 6.10 Impact of the electroweak corrections for the ME discriminant in
the ZZ → 4` analysis.

effects. The sum of both of these effects is estimated to be O(1%) [127] and is

neglected in this analysis.

6.2.3 Systematic uncertainties on EW ZZ signal and

background production in association with two jets

As the electroweak production modes are only a small contribution to expected

signal yields, and the missing higher-order and PDF uncertainties are estimated

to be small for the V H-like and VBF-like processes pp → ZZ + 2j, these

uncertainties are neglected in the analysis.

6.2.4 Experimental systematic uncertainties

The same sources of experimental uncertainty as in Ref. [136] are evaluated. In

the off-shell Higgs boson region, the leptons come from the decay of on-shell Z

bosons; hence the lepton-related systematic uncertainties are small compared

to those for the leptons from on-shell Higgs boson production. Among the

many experimental uncertainties, only two have a visible effect on the expected

sensitivity, systematics due to electron reconstruction efficiency uncertainties for
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Figure 6.11 Systematic uncertainties related to the electroweak corrections for
the ME discriminant shapes in the four different lepton final states
for the qq̄ → ZZ process: (a) 2e 2µ (b) 2µ 2e (c) 4e (d) 4µ.
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Figure 6.12 Experimental systematic uncertainties related to the (a) electron
and (b) muon reconstruction efficiency in the 4e and 4µ channels
for the gg → H → ZZ process.

the high pT (> 20 GeV) electron and muon efficiencies. Figure 6.12 shows the

effect of those two systematics on the signal, as a function of the m4`. There is

no visible shape dependence and therefore only normalisation uncertainties are

included. The impact of the experimental uncertainty to the expected sensitivity

of the µoff-shell is about a few percent.

6.3 Statistical analysis

After applying the same set of selection cuts on events from simulated MC and

measured datasets, we create models for the description of probability density

functions (PDFs) for the signal and background processes. The parameters of

the likelihood function are estimated by comparing the model predictions against

the experimental data in a fitting process that maximises the likelihood function.

A parameter of interest is defined under a specific hypothesis, and its agreement

with the observed data is obtained by using a statistical test. The statistical

significance of this test defines the upper limit of the parameter of interest with a
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value that should be within a confidence interval. This section gives an overview

of the statistical tools used in the analysis to extract the upper limit of the off-shell

signal strength.

6.3.1 Likelihood

The agreement between a proposed model and the measured data is done by

first defining the hypotheses. Usually two contradictory hypotheses are defined,

known as the null hypothesis and the alternative hypothesis, with the intent to

be tested against each other. The null hypothesis corresponds to the “known”

or “established” model or background-only hypothesis. For example, in a search

for the SM Higgs, this hypothesis would correspond to all the SM interactions

excluding the Higgs boson. On the other hand, the alternative hypothesis

corresponds to a proposed signal model and is sometimes referred to as the

signal+background hypothesis. In the same SM Higgs search example, it would

correspond to the SM interactions including the Higgs boson (to be discovered).

The hypotheses are tested according to the measurement of a particular variable

that is called the observable, x. For instance, this study uses two different

observables, the invariant mass of the four leptons, m4` and the matrix element

discriminant, ME. We assume that for a dataset of n events, s and b correspond

to the expected number of signal and background events, respectively. The

number of events observed can be modeled by a Poisson distribution whose mean

can be expressed as µs+ b, with µ being the signal strength. The probability to

observe n events is given by:

P (n|µ) =
n∏
i=1

(µsi + bi)
ni

ni!
e−(µsi+bi) (6.5)

where the probability P is calculated from the number of signal, background

and total events (ni) in the i-th bin. The signal strength µ is the parameter

of interest (POI), which, following the same Higgs boson search example, would

vary between 0 for the null hypothesis and 1 for the alternative hypothesis. The

values of the observable follow a PDF according to the probabilities for a signal

or background event to occur:

f(x|µ) =
µs

µs+ b
f(x|s) +

b

µs+ b
f(x|b) (6.6)
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where the coefficients of the signal and backround components above correspond

to the fraction of signal and background events, respectively. Hence, the likelihood

function that measures the observable x in every bin in a dataset with n events

is:

L(µ, θ) = P (n|µ)
n∏
i=1

f(xi|µ)

=
n∏
i=1

(µsi + bi)
ni

ni!
e−(µsi+bi)

µsf(xi|s) + bf(xi|b)
µs+ b

(6.7)

where θ = (θs; θb) contains the nuisance parameters. The signal and background

PDFs depend on these parameters: f(x|s) = fs(x; θs) and f(x|b) = fb(x; θb),

respectively. Systematic uncertainties are introduced as nuisance parameters

described by the PDFs ρ(θ, θ̃), where θ̃ is the best estimate of the nuisance

parameter θ with a width σ. The analysis in this thesis includes both

normalization and shape systematic uncertainties as described in Sect. 6.2.1, with

correlations between different components and processes as indicated therein. In

the case of shape systematic uncertainties, the usual choice is a Gaussian PDF, as

it suits well situations in which a parameter can have both positive and negative

values. It is defined as:

ρ(θ) =
1√
2πσ

exp
(
− (θ − θ̃)2

2σ2

)
(6.8)

The complete likelihood that takes into account the nuisance parameters is

written as:

L(µ, θ) = P (n|µ)
n∏
i=1

f(xi|µ)
m∏
j=1

ρ(θij)

=
n∏
i=1

(µsi + bi)
ni

ni!
e−(µsi+bi)

m∏
j=1

µsfs(xi; θs) + bfb(xi; θb)

µs+ b
(6.9)

· 1√
2πσij

exp
(
− (θij − θ̃ij)2

2σ2
ij

)
where j runs over all (= m) nuisance parameters. The binned likelihood of the

analysis is the same as in Eq. 6.9, where the POI is the off-shell signal strength µ =

µoff-shell and the baseline observable is the ME-discriminant x = ME. However,

since the goal of the analysis is to measure an upper limit of µoff-shell, the POI

would vary freely, starting from the value 1 for the SM+Higgs hypothesis, and

until it reaches an upper limit under a given threshold, as explain in Sect. 6.3.2.
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The estimation for each parameter is obtained by maximising the value of the

likelihood function, i.e. in the so-called maximum likelihood maximisation.

∂L

∂θi
= 0 , i = 1, . . . , n (6.10)

Despite the dependency on and the complications brought in by the nuisance

parameters, the goal of the analysis is simply to evaluate the likelihood as a

function of µoff-shell, and determine when it is maximised. The analysis uses

a profile likelihood method that expresses the nuisance parameters in terms of

µoff-shell, estimating the maximum likelihood without determining the optimal

values for them. Statistical methods to measure the best µoff-shell-fit are explained

in the following section.

6.3.2 p-value and confidence intervals

To quantify the statistical significance of the agreement level between the observed

data and a given hypothesis, a p-value is computed. The p-value is the

probability, under a specific hypothesis assumption, of finding data of equal or

greater incompatibility with the predictions of the hypothesis. The measure of

incompatibility can be based on the corresponding profile likelihood ratio for the

signal and background models. One can regard the hypothesis as “excluded” if

its p-value is observed to be below a specified threshold.

The p-value is usually converted into an equivalent significance, Z, defined as a

Gaussian distributed variable which is lying Z standard deviations (σ) above the

mean value with an upper-tail probability equal to the p-value (p).

Z = Φ−1(1− p), (6.11)

where Φ−1 is the inverse of the cumulative distribution of the standard Gaussian.

A signal discovery is claimed if the significance to reject a background hypothesis

reaches at least Z = 5, which corresponds to a p-value3 of p = 2.87× 10−7. The

signal hypothesis is generally excluded if the probability of signal absence reach

a p-value threshold of 0.05, or 95% CL, which corresponds to Z = 1.64. A widely

used procedure to establish discovery (or exclusion) is based on a significance test

using the profile likelihood ratio [140] as a test statistic. A hypothetical value of

3Estimated by using a one-sided fluctuation of a Gaussian variable.
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the POI µ is tested using the profile likelihood ratio:

Λ(µ) =
L
(
µ,

ˆ̂
~θ(µ)

)
L(µ̂, ~̂θ)

, (6.12)

where
ˆ̂
~θ and ~̂θ are the nuisance parameter values that maximize the likelihood

for a specific µ, (or conditional fit), and the ones that maximize the likelihood

(or unconditional fit), respectively. The parameter µ in the numerator is not

determined by a fixed fit, while µ̂ is a parameter of the maximum likelihood fit.

The range of the profile likelihood ratio Λ(µ) varies between 0 ≤ Λ(µ) ≤ 1, with

Λ(µ) → 1 implying a good agreement between the data and the hypothesized

value of µ. The level of the agreement for a distribution for a given µ can be

tested by using a test statistic tµ:

tµ ≡ −2 ln Λ(µ) , (6.13)

High values of tµ thus correspond to an increased incompatibility between the

data and µ. Even though the observed number of events can fluctuate below the

expected value, usually the signal process is such that only positive values of µ

are considered. For the purpose of measuring an upper limit for the parameter

µ, Eq. 6.13 can take the following values:

tµ =

−2 ln Λ(µ) if µ̂ ≤ µ

0 if µ̂ > µ
(6.14)

Values with µ̂ > µ would not be taken into account for the measurement of an

upper limit since they correspond to a reduced µ-compatibility with the data

obtained, therefore tµ = 0. To quantify the level of disagreement between data

and the hypothesis obtained by the previous test, the p-value is calculated as:

pµ =

∫ ∞
tµ,obs

f(tµ|µ, θ)dtµ (6.15)

where tµ,obs is the value of tµ observed in the data and f(tµ|µ, θ) is the PDF of

tµ under the assumption of µ. After testing several values of µ, the upper limit

becomes the highest p-value of a given µ that can be defined within the CL region.

For instance, the current analysis aims to set an upper limit on µoff-shell within

a 95% CL interval, under the assumption of a null hypothesis of the (SM plus)

Higgs interactions µoff-shell=1.
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The p-value from Eq. 6.15 is obtained by simulating the distribution of the PDF

f(tµ|µ, θ), being are several ways to do it. A common choice is to use an approx-

imate method that is computationally less demanding. For instance, assuming

relatively large data samples, the distribution approaches asymptotically a form

that can be approximed by a chi-square χ2 distribution [141] with the number

of degrees of freedom being equal to the number of parameters of interest. In

the specific case of the current analysis there is only one POI, µoff-shell. The

approximate method is based on the theorems of Wilks [142] and Wald [143],

where the asymptotic approximation of the test statistic tµ is given by:

−2 ln Λ(µ) =
µ− µ̂
σ2

+O(1/
√
N) , (6.16)

with the µ̂ distribution following a Gaussian with mean µ
′
, and N being the

size of the data sample. Neglecting the O(1/
√
N) term, the PDF of tµ follows a

non-central χ2 distribution:

f(tµ|µ) =
1

2
√

2πtµ

[
exp

(
− 1

2
(
√
tµ +

µ− µ′

σ
)2 (6.17)

+ exp
(
− 1

2
(
√
tµ −

µ− µ′

σ
)2
)]

(6.18)

The upper limit can be calculated numerically as the maximum value of µ

that is constrained by the CL region. However, the standard deviation σ, that

depends on the hypothesis value µ, has not been calculated. This quantity can be

estimated by using an artificial dataset such as the Asimov dataset4. The Asimov

dataset is an approximate method that obtains the expected values by evaluating

the estimators for the parameter. Then, according to the Asimov estimation, the

POI in the profile likelihood corresponds to the mean of the gaussian µ = µ
′
.

Therefore, given that tµ = −2 ln Λ(µ), the standard deviation can be estimated

from Eq. 6.16:

σ =
(µ− µ′)2

tµ
(6.19)

The results presented in this study rely on the asymptotic approximation [140]

for the test statistic Λ(µ). This approximation was cross-checked with Monte

Carlo ensemble tests that confirm its validity in the range of the parameters for

4The name of the Asimov data set is inspired by the short story Franchise, by Isaac Asimov.
In it, elections are held by selecting the single most representative voter to replace the entire
electorate.
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which the 95% CL limits are derived. Deviations appear close to the boundary

of µoff-shell ≥ 0 imposed by Eq. (5.14), and hence the 1σ quoted uncertainties can

only be seen as approximate.

The interpretation of the p-value for searches of phenomena near the sensitivity

limit of an experiment is a common problem in particle physics. But the

introduction of the CLs method [144], as a modification of a purely classical

statistical analysis method, can avoid excluding (or discovering) signals for which

the search has no sensitivity. The CLs method is based not on the usual p-value,

but rather on a test that considers the background-only hypothesis:

CLs =
ps+b

1− pb
(6.20)

In the case in which the analysis sensitivity is high, the classical frequentist

procedure is recovered, corresponding to the negligible-background scenario. In

the current analysis, the final results are calculated using the CLs method and

are cross-checked with the statistical test tµ. In the case of the CLs method,

the p-value ps+b corresponds to the test of a given µ = µoff-shell or µ = ΓH/Γ
SM
H

(the non-SM hypothesis, or null hypothesis). The p-value pb is derived from the

same test statistic under the SM hypothesis of µoff-shell = 1 in the first case, and

ΓH/Γ
SM
H = µon-shell = 1 in the second.5 The 95% CLs upper limit is calculated by

solving CLs(µ
95%) = 5%, with the µ > µ95% values regarded as excluded at 95%

CL. A detailed description of the implementation of the CLs procedure can be

found in Ref. [145].

At first instance, the likelihood fits and the estimation of the parameters of

interest are calculated using MC samples in order to validate the statistical

methods.

6.3.3 Fit validation

As a first step, the distribution of the binned maximum likelihood for the ME-

based discriminant is validated by comparing the expected PDF distribution to

the one from simulation. The fit model accounts for signal and background

processes, including gg → (H∗ →)ZZ, VBF(H∗ →)ZZ and qq̄ → ZZ. The

PDF of the signal-related processes gg → (H∗ →)ZZ and VBF (H∗ →)ZZ

5In the context of this analysis, the alternative hypothesis is given by the SM value(s) for
all relevant parameters of the fit model.
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Figure 6.13 Comparison between the distributions of the ME discriminant for
the gg → (H∗) → ZZ PDF parametrisation (histograms) and
simulation (data points) for the gg → ZZ → 4` process including
a Higgs boson (µoff-shell = 10), the continuum background and their
interference, after the baseline selections for the off-peak analysis,
in the four lepton final states: (a) 2e2µ (b) 2µ2e (c) 4e (d) 4µ.

are parameterised as a function of both the off-shell Higgs boson signal strength

µoff-shell and the unknown background K-factor ratio RB
H∗ , given in Eqs. (B.3) and

(5.18). This parametrisation is validated using MC samples with µoff-shell = 10 for

the gg → (H∗ →)ZZ process (distributions of which can be seen in Figure 6.13),

with no significant deviations found. In the case of the cut-based analysis, the

ME-based discriminant observable is replaced by m4`.

In the following results, one must note that the final 95% CL limits are given as

a function of the unknown background K-factor ratio RB
H∗ . This is in contrast to

some of the figures and tables, for which the RB
H∗=1 assumption is made.

The fit is validated in the presence of large µoff-shell (with values of 10 and 25).

Asimov datasets are created from both PDF and MC samples, which are then

fitted without the systematic effects. Fit results are shown in Table 6.6, indicating
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no bias in the fitting procedure for the datasets created from either the PDF or

the MC samples.

Asimov dataset µoff-shell = 10 µoff-shell = 25

PDF 10.0+4.3
−3.8 25.0+5.2

−4.8

MC samples 10.0+4.3
−3.8 25.0+5.2

−4.8

Table 6.6 Fit results of µoff-shell on Asimov datasets generated from both PDF
and MC samples for the ME discriminant-based shape analysis
excluding systematic effects. The corresponding tµ likelihood scans
are shown in Figure 6.14.
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Figure 6.14 tµ (-2lnΛ) likelihood scan as a function of µoff-shell in the fit to
Asimov data generated from MC samples with µoff-shell = 1, using
the ME discriminant-based shape analysis.

The expected sensitivity of the 95% CL upper limits on µoff-shell is evaluated using

the statistical test tµ, assuming SM Higgs couplings. The results can be seen in

Figure 6.15 and Table 6.7. A double-minimum structure is observed between

0 and 1, due to the expected double solution to the second order polynomial

dependence of the gg → ZZ yield on µoff-shell.
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Figure 6.15 (a) tµ (-2lnΛ) likelihood scan as a function of µoff-shell in the fit
to Asimov data generated from MC samples with µoff-shell = 1,
using the ME discriminant-based shape analysis for the gg fusion
channel (b) Zoom-in of the scan near the minimum for the fit to
MC samples.

Asimov dataset Without systematics With systematics

PDF 1.0 (9.3) 1.0 (10.6)
MC samples 1.0 (9.3) 1.0 (10.6)

Table 6.7 The fitted (expected) mean 95% C.L. upper limits on µoff-shell with
Asimov datasets generated from both PDF and MC samples for the
ME discriminant shape-based analysis for gg fusion, assuming the
SM Higgs couplings, with and without systematic uncertainties. The
corresponding tµ likelihood scan plots are shown in Figure 6.15.
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6.4 Results

This section presents the fit results expressed as upper limits on the off-shell signal

strength and with an additional interpretation on the Higgs boson total width.

First, the consistency between the total background prediction and the actual

measurement of the off-peak region is checked. Then, the event distribution

are checked with the cut-based and ME shape-based analyses, calculating the

significance of the upper limit on the off-shell signal strength. The full systematic

uncertainties are included in the calculation for the baseline ME shape-based

analysis. Then, a combination with the results from the ZZ → 2` 2ν and WW →
`ν`ν channels is performed, in order to calculate the significance of the upper limit

on the off-shell signal strength across all diboson channels. Finally, the Higgs

boson total width is interpreted from the on-shell and off-shell signal strength

measurements. The off-shell signal strength and the Higgs boson total width are

calculated using two different assumptions related to the production modes.

6.4.1 Observed yield and kinematics in the background

region

To cross-check the background predictions, we define two qq̄ → ZZ background

enriched regions:

• Control region A: 160 GeV < m4` < 220 GeV

• Control region B: 220 GeV < m4` < 1000 GeV and ME < -1.5

Table 6.8 and Table 6.9 show the expected number of events in control region A

and B, respectively. The corresponding m4` and ME discriminant distributions

are shown in Figure 6.16 and Figure 6.17 for control region A, and Figure 6.18

and Figure 6.19 for control region B. In all four lepton final states, the observed

(background-enriched) data is found to be consistent with the total background

prediction within 1− 2σ.
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Figure 6.16 m4` distributions in the “Control A” qq̄ → ZZ background enriched
region (160 GeV < m4` < 220 GeV) for all processes in the four
leptonic final states: (a) 2e 2µ (b) 2µ 2e (c) 4e (d) 4µ (e) all
combined.
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(e)

Figure 6.17 ME discriminant distributions in the “Control A” qq̄ → ZZ
background enriched region (160 GeV < m4` < 220 GeV) for all
processes in the four leptonic final states: (a) 2e 2µ (b) 2µ 2e (c)
4e (d) 4µ (e) all combined.
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Figure 6.18 m4` distributions in the “Control B” qq̄ → ZZ background enriched
region (220 GeV < m4` < 1000 GeV, and ME discriminant <-1.5)
for all processes in the four leptonic final states: (a) 2e 2µ (b) 2µ 2e
(c) 4e (d) 4µ (e) all combined.
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(e)

Figure 6.19 ME-discriminant distributions in the “Control B” qq̄ → ZZ
background enriched region (220 GeV < m4` < 1000 GeV, and
ME discriminant <-1.5) for all processes in the four leptonic final
states: (a) 2e 2µ (b) 2µ 2e (c) 4e (d) 4µ (e) all combined.
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sample 2µ2e 2e2µ 4µ 4e TOTAL
gg → H∗ → ZZ (S) 0.06 ± 0.00 0.05 ± 0.00 0.07 ± 0.00 0.04 ± 0.00 0.2 ± 0.0

gg → ZZ (B) 6.75 ± 0.03 6.01 ± 0.03 8.15 ± 0.03 5.17 ± 0.02 26.1 ± 0.1
gg → (H∗ →)ZZ 6.58 ± 0.04 5.79 ± 0.03 7.87 ± 0.03 4.99 ± 0.02 25.2 ± 0.1

gg → (H∗ →)ZZ (µoff-shell = 10) 6.24 ± 0.03 5.53 ± 0.03 7.48 ± 0.03 4.76 ± 0.02 24.0 ± 0.1
VBF H∗ → ZZ (S) 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.0 ± 0.0

VBF ZZ (B) 0.13 ± 0.00 0.11 ± 0.00 0.16 ± 0.00 0.10 ± 0.00 0.5 ± 0.0
VBF (H∗ →)ZZ 0.12 ± 0.00 0.11 ± 0.00 0.15 ± 0.00 0.10 ± 0.00 0.5 ± 0.0

VBF (H∗ →)ZZ (S+B+I, µoff-shell = 10) 0.16 ± 0.00 0.15 ± 0.00 0.19 ± 0.01 0.12 ± 0.00 0.6 ± 0.0
qq̄ → ZZ 28.9 ± 0.3 25.3 ± 0.2 36.1 ± 0.2 21.8 ± 0.2 112.2 ± 0.5

Reducible backgrounds 0.59 ± 0.08 0.59 ± 0.07 0.76 ± 0.06 0.58 ± 0.08 2.5 ± 0.1
Total Expected (SM) 36.2 ± 0.3 31.8 ± 0.2 44.9 ± 0.2 27.4 ± 0.2 140 ± 0

Observed 37 43 36 27 143

Table 6.8 Expected number of events for the ZZ → 4` channel in the “Control
A” qq̄ → ZZ background enriched region (160 GeV < m4` <
220 GeV) for all processes in the four leptonic final states. Only
statistical uncertainties are shown. The corresponding m4` and ME
discriminant distributions are shown in Figure 6.16 and Figure 6.17.

sample 2µ2e 2e2µ 4µ 4e TOTAL
gg → H∗ → ZZ (S) 0.23 ± 0.00 0.24 ± 0.00 0.18 ± 0.00 0.11 ± 0.00 0.8 ± 0.0

gg → ZZ (B) 7.47 ± 0.03 7.24 ± 0.03 8.64 ± 0.03 5.28 ± 0.02 28.6 ± 0.1
gg → (H∗ →)ZZ 7.20 ± 0.04 6.94 ± 0.04 8.31 ± 0.03 5.12 ± 0.02 27.6 ± 0.1

gg → (H∗ →)ZZ (µoff-shell = 10) 7.88 ± 0.04 7.75 ± 0.04 8.58 ± 0.03 5.24 ± 0.02 29.4 ± 0.1
VBF H∗ → ZZ (S) 0.02 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.1 ± 0.0

VBF ZZ (B) 0.41 ± 0.01 0.43 ± 0.01 0.44 ± 0.01 0.28 ± 0.00 1.6 ± 0.3
VBF (H∗ →)ZZ 0.40 ± 0.01 0.43 ± 0.01 0.42 ± 0.01 0.27 ± 0.01 1.5 ± 0.4

VBF (H∗ →)ZZ (S+B+I, µoff-shell = 10) 0.49 ± 0.01 0.51 ± 0.01 0.51 ± 0.01 0.32 ± 0.01 1.8 ± 0.4
qq̄ → ZZ 39.5 ± 0.3 37.8 ± 0.3 46.6 ± 0.3 26.6 ± 0.2 150.6 ± 0.5

Reducible backgrounds 0.38 ± 0.06 0.29 ± 0.06 0.32 ± 0.06 0.38 ± 0.06 1.4 ± 0.1
Total Expected (SM) 47.5 ± 0.3 45.5 ± 0.3 55.6 ± 0.3 32.4 ± 0.2 181 ± 1

Observed 35 56 52 25 168

Table 6.9 Expected number of events for the ZZ → 4` channel in the “Control
B” qq̄ → ZZ background enriched region (220 GeV < m4` < 1000
GeV, and ME discriminant < -1.5) for all processes in the four
leptonic final states. Only statistical uncertainties are shown. The
corresponding m4` and ME discriminant distributions are shown in
Figure 6.18 and Figure 6.19.

6.4.2 Results in cut-based signal region

Table 6.10 shows the observed and expected numbers of events in the cut-based

signal region. Figure 6.20 shows the observed and expected 95% C.L. upper

limit on µoff-shell as a function of RB
H∗ . The numerical values for these limits are

tabulated in Table 6.12.
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2µ2e 2e2µ 4µ 4e Total
gg → H∗ → ZZ (S) 0.23 ± 0.06 0.33 ± 0.09 0.32 ± 0.09 0.24 ± 0.07 1.1 ± 0.3

gg → ZZ (B) 0.63 ± 0.17 0.78 ± 0.21 0.84 ± 0.23 0.57 ± 0.16 2.8 ± 0.8
gg → (H∗ →)ZZ 0.54 ± 0.15 0.65 ± 0.18 0.71 ± 0.19 0.48 ± 0.13 2.4 ± 0.7

gg → (H∗ →)ZZ (µoff-shell = 10) 1.98 ± 0.55 2.65 ± 0.73 2.66 ± 0.73 1.93 ± 0.53 9.2 ± 2.5
VBF H∗ → ZZ (S) 0.02 ± 0.00 0.04 ± 0.00 0.04 ± 0.00 0.03 ± 0.00 0.1 ± 0.0

VBF ZZ (B) 0.15 ± 0.01 0.19 ± 0.01 0.21 ± 0.01 0.15 ± 0.01 0.7 ± 0.0
VBF (H∗ →)ZZ 0.14 ± 0.01 0.16 ± 0.01 0.18 ± 0.01 0.12 ± 0.01 0.6 ± 0.0

VBF (H∗ →)ZZ (S+B+I, µoff-shell = 10) 0.24 ± 0.01 0.34 ± 0.02 0.35 ± 0.02 0.25 ± 0.01 1.2 ± 0.1
qq̄ → ZZ 5.00 ± 0.51 5.53 ± 0.56 6.90 ± 0.70 3.88 ± 0.39 21.3 ± 2.1

Reducible backgrounds 0.03 ± 0.02 0.06 ± 0.03 0.00 ± 0.00 0.03 ± 0.02 0.1 ± 0.0
Total Expected (SM) 5.7 ± 0.5 6.4 ± 0.6 7.8 ± 0.7 4.5 ± 0.4 24.4 ± 2.2

Observed 2 6 8 2 18

Table 6.10 Expected and observed numbers of events in the ZZ → 4` channel
for the signal region (400 GeV < m4` < 1000 GeV) with the cut-
based analysis. The reducible background includes contributions
from Z+jets and top quark production. As the contribution is less
than 1% of the total background, this component is ignored in the
final analysis. The expected numbers of events for the gg → ZZ
and VBF ZZ processes, including the Higgs signal, background and
their interference, are reported for both the SM prediction and for
µoff-shell = 10. Both statistical and systematic uncertainties are
included. A relative gg → ZZ background K-factor of RB

H∗=1 is
assumed.

Observed Median Expected

[10.3–14.5] (11.8) [13.6–20.1] (15.7)

Table 6.11 Observed and expected 95% C.L. upper limits on µoff-shell obtained
with the cut-based analysis in the 4` channel, with 0.5 < RB

H∗ < 2
(RB

H∗ = 1). The upper limits are calculated with the CLs method,
with µoff-shell = 1 being the null hypothesis.

6.4.3 Results in the ME shape analysis

Table 6.13 shows the observed and expected numbers of events in the ME

discriminant shape-based signal region. Figure 6.21 shows the m4` and ME-

discriminant distributions observed in the data and their comparison to the

expectations for the combination of the four leptonic final states, whereas the

ME distributions for the individual states are shown in Figure 6.22.

Figure 6.23 shows the scan of the negative log-likelihood, −2 ln Λ, as a function

of µoff-shell for data, overlaid with the expected curve for a SM Higgs boson for

the ME-based discriminant analysis. A relative gg → ZZ background K-factor

of RB
H∗=1 is assumed.

Table 6.14 and Figure 6.24 show the observed and expected 95% C.L. upper limits
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Figure 6.20 Observed and expected 95% C.L. upper limits on µoff-shell as a
function of RB

H∗, obtained with the cut-based analysis. The limits
are calculated with the CLs method, with µoff-shell = 1 being the null
hypothesis. The numerical values for these limits are tabulated in
Table 6.12.

on µoff-shell as a function of RB
H∗ , calculated with the CLs method with µoff−shell =

1 being the null hypothesis. The result obtained with the experimental data is

consistent with the SM expectations. The numerical values for these limits are

tabulated in Table 6.15.

To understand the impact of the systematic effects, each uncertainty is added

independently and the corresponding expected upper limit of µoff-shell shown in

Table 6.16 is re-evaluated. We find that the QCD scale uncertainty in the gg →
ZZ production has the largest impact on the sensitivity of the search.

6.4.4 Combined results

The ZZ → 4` analysis is combined with that of the ZZ → 2` 2ν and WW →
`ν `ν channels in order to improve the search sensitivity in the off-peak Higgs

mass region (NB: the analysis of the last two channels was carried out by other

teams and is not part of this thesis). The observed and expected 95% CL upper
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RB
H∗ Observed Median 1 σ band 2 σ band

0.5 10.3 13.6 [9.8, 19.2] [7.3, 29.1]
0.6 10.6 14.1 [10.1, 19.8] [7.5, 29.8]
0.7 10.9 14.4 [10.4, 20.4] [7.8, 30.6]
0.8 11.2 14.9 [10.7, 20.9] [8.0, 31.4]
0.9 11.5 15.3 [11.0, 21.5] [8.2, 32.1]
1.0 11.8 15.7 [11.3, 22.1] [8.4, 32.9]
1.1 12.0 16.1 [11.6, 22.7] [8.6, 33.7]
1.2 12.3 16.6 [11.9, 23.3] [8.9, 34.5]
1.3 12.6 17.0 [12.2, 23.9] [9.1, 35.2]
1.4 12.8 17.4 [12.5, 24.5] [9.3, 36.0]
1.5 13.1 17.9 [12.9, 25.1] [9.6, 36.8]
1.6 13.4 18.3 [13.2, 25.7] [9.8, 37.6]
1.7 13.7 18.8 [13.5, 26.3] [10.1, 38.4]
1.8 13.9 19.2 [13.9, 26.9] [10.3, 39.3]
1.9 14.2 19.7 [14.2, 27.5] [10.6, 40.1]
2.0 14.5 20.1 [14.5, 28.1] [10.8, 40.9]

Table 6.12 Observed and expected 95% C.L. upper limits on µoff-shell as a
function of RB

H∗, obtained with the cut-based analysis. The limits
are calculated with the CLs method, with µoff-shell = 1 being the null
hypothesis. The expected results are based on an Asimov data sample
obtained from PDFs.
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Figure 6.21 (a) m4` and (b) ME discriminant distributions observed in the
data, and their comparison to the SM expectations, including a
gg → H → ZZ signal and its interference with the background
(stacked histogram), for the combination of the four leptonic final
states. The dashed line corresponds to a µoff-shell=10 Higgs model,
including the interfence with the backround.
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Figure 6.22 ME discriminant distributions observed in the data, and their
comparison to the SM expectations, including a gg → H → ZZ
signal and its interference with the background (stacked histogram),
for the four leptonic final states: (a) 2e 2µ (b) 2µ 2e (c) 4e (d)
4µ. The dashed line corresponds to a µoff-shell=10 Higgs model,
including the interfence with the backround.
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2µ 2e 2e 2µ 4µ 4e Total
gg → H∗ → ZZ (S) 0.48 ± 0.11 0.60 ± 0.14 0.62 ± 0.14 0.45 ± 0.10 2.1 ± 0.5

gg → ZZ (B) 7.94 ± 1.81 7.87 ± 1.80 9.88 ± 2.25 6.18 ± 1.41 31.9 ± 7.3
gg → (H∗ →)ZZ 7.61 ± 1.74 7.45 ± 1.70 9.41 ± 2.15 5.91 ± 1.35 30.4 ± 6.9

gg → (H∗ →)ZZ (µoff-shell = 10) 9.92 ± 2.27 10.5 ± 2.4 12.4 ± 2.8 8.10 ± 1.85 41.0 ± 9.4
VBF H∗ → ZZ (S) 0.04 ± 0.00 0.05 ± 0.01 0.06 ± 0.01 0.04 ± 0.00 0.2 ± 0.0

VBF ZZ (B) 0.51 ± 0.03 0.56 ± 0.03 0.66 ± 0.03 0.44 ± 0.02 2.2 ± 0.1
VBF (H∗ →)ZZ 0.48 ± 0.03 0.53 ± 0.03 0.60 ± 0.03 0.40 ± 0.02 2.0 ± 0.1

VBF (H∗ →)ZZ (S+B+I, µoff-shell = 10) 0.69 ± 0.04 0.79 ± 0.04 0.91 ± 0.05 0.60 ± 0.03 3.0 ± 0.2
qq̄ → ZZ 41.9 ± 3.3 40.7 ± 3.2 53.8 ± 4.2 31.3 ± 2.5 167.7 ± 13.1

Reducible backgrounds 0.36 ± 0.06 0.30 ± 0.06 0.29 ± 0.06 0.35 ± 0.06 1.3 ± 0.1
Total Expected (SM) 50.4 ± 3.7 49.0 ± 3.6 64.1 ± 4.7 37.9 ± 2.8 201 ± 15

Observed 35 59 59 29 182

Table 6.13 Expected and observed number of events in the ZZ → 4` channel
in the signal region (220 GeV < m4` < 1000 GeV and -4.5 <ME<
0.5), obtained with the ME discriminant-based shape analysis for
the four leptonic final states. The reducible background includes
contributions from Z+jets and top quark production. As the
contribution is less than 1% of the total background, this component
is not used in the final analysis. The expected events for the gg →
ZZ and VBF ZZ processes, including the Higgs signal, background
and interference, are reported for both the SM predictions and
µoff-shell = 10. Both statistical and systematic uncertainties are
included. A relative gg → ZZ background K-factor of RB

H∗=1 is
assumed.

channel Observed Median 1 σ band 2 σ band

2e 2µ 12.6 17.8 [12.8, 25.7] [9.6, 40.6]
2µ 2e 14.0 22.3 [16.1, 32.5] [12.0, 51.3]

4e 16.2 21.4 [15.4, 31.2] [11.5, 49.5]
4µ 17.4 18.6 [13.4, 26.9] [10.0, 42.1]

combined 6.7 10.2 [7.4, 14.2] [5.5, 21.3]

Table 6.14 Observed and expected 95% C.L. upper limits on µoff-shell obtained
with the ME discriminant-based shape analysis. The limits are
calculated with the CLs method, with µoff-shell = 1 being the null
hypothesis. The expected upper limits are based on an Asimov data
sample from PDF.

limits on µoff-shell as a function of RB
H∗ for the combination of the three channels

are summarised in Table 6.17. The ZZ → 4` and ZZ → 2`2ν analyses have

very similar expected sensitivities. The ZZ → 4` analysis is statistics limited,

while the sensitivity in the ZZ → 2`2ν analysis is significantly reduced because

of further theoretical systematic uncertainties. The similar expected CLs limits

for the two channels for RB
H∗ = 0.5 and 1.0 reported in Table 6.17 is a coincidence,

and a result of different statistical and systematic uncertainty components for the

two analyses.
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RB
H∗ Observed Median 1 σ band 2 σ band

0.5 5.5 8.8 [6.3, 12.2] [4.7, 18.7]
0.6 5.8 9.0 [6.5, 12.5] [4.8, 19.1]
0.7 6.0 9.3 [6.7, 12.9] [5.0, 19.6]
0.8 6.2 9.6 [6.9, 13.3] [5.1, 20.1]
0.9 6.5 9.9 [7.1, 13.7] [5.3, 20.7]
1.0 6.7 10.2 [7.4, 14.2] [5.5, 21.3]
1.1 7.0 10.6 [7.6, 14.7] [5.7, 21.9]
1.2 7.2 11.0 [7.9, 15.2] [5.9, 22.6]
1.3 7.5 11.4 [8.2, 15.8] [6.1, 23.3]
1.4 7.8 11.8 [8.5, 16.3] [6.3, 24.0]
1.5 8.1 12.2 [8.8, 16.9] [6.5, 24.7]
1.6 8.4 12.6 [9.1, 17.4] [6.8, 25.5]
1.7 8.6 13.0 [9.4, 18.0] [7.0, 26.2]
1.8 8.9 13.4 [9.7, 18.5] [7.2, 27.1]
1.9 9.2 13.8 [10.0, 19.1] [7.4, 27.7]
2.0 9.5 14.3 [10.3, 19.7] [7.7, 28.5]

Table 6.15 Observed and expected 95% C.L. upper limit on µoff-shell obtained
with the ME discriminant-based shape analysis as a function of RB

H∗.
The limits are calculated with the CLs method, with µoff-shell = 1
being the null hypothesis. The expected results are based on an
Asimov data sample from PDF.

Source of systematic uncertainty 95% C.L. on µoff-shell

QCD scale for gg → ZZ 9.6
QCD scale for the gg → (H∗ →)ZZ interference 9.3

QCD scale for qq̄ → ZZ 8.9
PDF for pp→ ZZ 8.8
EW for qq̄ → ZZ 8.8

luminosity 8.9
electron reconstruction efficiency 8.8
muon reconstruction efficiency 8.8

All systematic effects 10.2
No systematic effects 8.8

Table 6.16 Expected 95% C.L. upper limits on µoff-shell obtained with the ME
discriminant-based shape analysis in the 4` channel, and result
comparison for various uncertainty hypotheses: including each
systematic effect separately, vs. including no and all systematic
uncertainties. The upper limits are evaluated from the CLs method,
assuming RB

H∗=1.
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Figure 6.23 Scan of the negative log-likelihood, −2 ln Λ, as a function of
µoff-shell, in the ZZ → 4` channel. The black solid (dashed)
line corresponds to the observed (expected) likelihood function
incorporating all systematic uncertainties, while the red solid
(dashed) line corresponds to the observed (expected) likelihood
function without any systematic uncertainties. A relative gg → V V
background K-factor of RB

H∗=1 is assumed in the calculations.

Observed Median expected
RB
H∗ 0.5 1.0 2.0 0.5 1.0 2.0

ZZ → 4` analysis 6.1 7.3 10.0 9.1 10.6 14.8

ZZ → 2` 2ν analysis 9.9 11.0 12.8 9.1 10.6 13.6
WW → `ν `ν analysis 15.6 17.2 20.3 19.6 21.3 24.7

Table 6.17 Observed and expected 95% CL upper limits on µoff-shell for assumed
values of RB

H∗= 0.5, 1.0 (bold font) and 2.0. The limits have
been evaluated with the CLs method, with µoff-shell = 1 being the
alternative hypothesis.

Combination of the off-shell ZZ and WW analyses

The analyses described in the previous sections are combined to obtain a limit

on µoff-shell. In combining the off-shell results, the main systematic uncertainties

related to the theory uncertainties on the gg → (H∗ →)V V (including signal and

interference contributions) and qq̄ → V V processes are treated as correlated
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Figure 6.24 Observed and expected 95% CL upper limits on µoff-shell as a
function of RB

H∗, for the ZZ → 4` channel. The limits are
evaluated using the CLs method, with µoff-shell = 1 being the
alternative hypothesis. The green (yellow) bands represent the 68%
(95%) confidence intervals for the CLs expected limit.

between the different channels. The same K-factor ratio RB
H∗ is assumed

for the gg → ZZ and gg → WW backgrounds. When appropriate, the

experimental systematic uncertainties are also treated as correlated. However,

these assumptions are found to have a very small impact on the combined result.

The limits on µoff-shell are obtained under two different assumptions:

• Determination of the signal strength µoff-shell when fixing the ratio of the

signal strength in gg → H∗ and VBF to the SM prediction, namely

µgg→H
∗

off-shell/µ
V BF
off-shell=1. This is equivalent to the assumption that the ratio

of the off-shell production rates via the process gg → H to those via the

VBF process are as predicted in the SM.

• Determination of the signal strength µgg→H
∗→V V

off-shell when fixing the VBF off-

shell signal strength to the SM prediction, i.e. µVBF H∗→V V
off-shell =1. In this case

the combined signal strength µgg→H
∗→V V

off-shell can be interpreted as a constraint

on the off-shell coupling strength κg,off-shell associated with the gg → H∗
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production mode.

The scan of the negative log-likelihood, −2 ln Λ, as a function of µoff-shell for data

and the expected curve for a SM Higgs boson for the two cases described above

are shown in Fig. 6.25. The limits on µoff-shell and µgg→H
∗

off-shell are computed with the

Observed Median expected Assumption
RB
H∗ 0.5 1.0 2.0 0.5 1.0 2.0

µoff-shell 5.1 6.2 8.6 6.7 8.1 11.0 µgg→H
∗

off-shell/µ
V BF
off-shell=1

µgg→H
∗→V V

off-shell 5.3 6.7 9.8 7.3 9.1 13.0 µVBF H∗→V V
off-shell =1

Table 6.18 Observed and expected 95% CL upper limits on µoff-shell and

µgg→H
∗→V V

off-shell for the combination of the ZZ and WW analyses,

for values of RB
H∗= 0.5, 1.0 (bold font) and 2.0, and two different

assumptions. The limits are evaluated with the CLs method, with
µoff-shell = 1 being the alternative hypothesis.

CLs method, with the alternative hypothesis being that the off-shell rates are

described by the SM predictions. These limits are derived as a function of the

gg → V V background K-factor ratio RB
H∗ . The results are reported in Table 6.18

and shown in Fig. 6.26, assuming either a common scale factor for both the

gg → H∗ and VBF processes, or by using a scale factor for the gg → H∗ process

and fixing the VBF production to the SM prediction.

The impact of the various systematic uncertainties on the combined expected limit

in the off-shell fit can be seen in Table 6.19 when fixing the ratio of the signal

strength in gg → H∗ and VBF to the SM prediction. The values in this table

were derived by fixing all nuisance parameters associated with the systematic

uncertainties to the values derived from the SM-conditional fit to the data, with

the exception of the uncertainty under study.

6.4.5 Interpretations for the Higgs boson total width

In this section, the off-shell results reported earlier are combined with the on-

shell H → ZZ∗ → 4` [136] and H → WW ∗ → `ν`ν [41] analyses based on

the 8 TeV data taken in 2012. In these analyses a Higgs boson mass value of

125.36 GeV [11] is assumed. For the on-shell ZZ and WW combination, the

main common sources of theoretical and experimental systematic uncertainties

are treated as correlated [131].
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Figure 6.25 Scan of the negative log-likelihood, −2 ln Λ, as a function of
µoff-shell, for the combined ZZ and WW analyses. (a) A common
signal strength µoff-shell is applied to both gg → H∗ and VBF
processes. The ratio of the gg → H∗ and VBF processes is assumed
to be equal to the SM prediction. (b) Signal strength µgg→H

∗→V V
off-shell

is used for the gg → H∗ → V V process. The production rate for
the VBF off-shell process is fixed to the SM prediction. The black
solid (dashed) line corresponds to the observed (expected) likelihood
function when incorporating all systematic uncertainties, while
the red solid (dashed) line corresponds to the observed (expected)
likelihood function without any systematic uncertainties. A relative
gg → V V background K-factor of RB

H∗=1 is assumed in these
figures.
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Figure 6.26 Observed and expected combined 95% CL upper limits on µoff-shell

as a function of RB
H∗ for the combined ZZ and WW analyses. The

limits are calculated with the CLs method, with the SM being the
alternative hypothesis. (a) Limits on a common signal strength
µoff-shell applied to both gg → H∗ and VBF processes. The ratio of
the gg → H∗ and VBF processes is assumed to be equal to the one
predicted in the SM. (b) Limits on the signal strength µgg→H

∗→V V
off-shell

for the gg → H∗ → V V process. The production rate for the VBF
off-shell process is fixed to the SM prediction. The green (yellow)
bands represent the 68% (95%) confidence intervals for the CLs
expected limit.
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Systematic uncertainty 95% CL limit on µoff−shell

Interference gg → (H∗ →)V V 7.2
QCD scale KH∗(mV V ) (correlated component) 7.1
PDF qq̄ → V V and gg → (H∗ →)V V 6.7
QCD scale qq̄ → V V 6.7
Luminosity 6.6
Drell–Yan background 6.6
QCD scale KH∗

gg (mV V ) (uncorrelated component) 6.5
Remaining systematic uncertainties 6.5
All systematic uncertainties 8.1
No systematic uncertainties 6.5

Table 6.19 Expected 95% CL upper limits on µoff-shell for the combined
ZZ and WW analyses, with a ranked list of the indiviudal
systematic uncertainties, and comparison with the results obtained
by incoporating all or no systematic uncertainties. The limits are
evaluated with the CLs method, assuming RB

H∗=1. The ratio of the
gg → H∗ and VBF processes is assumed to be equal to the one
predicted in the SM.

The uncertainties from the impact of higher-order QCD corrections on the gg →
H(∗) and qq̄ → V V processes are considered correlated between the on-shell

and off-shell measurements. The PDF uncertainties are treated as uncorrelated

between the on-shell and off-shell analyses. The correlations between the PDF

uncertainties for the on-shell and off-shell analyses are expected to be small, with

the exception of the ones for the qq̄ → V V process, which has a negligible impact

on the on-shell results.

In addition to the main theoretical uncertainties, the common experimental

systematic uncertainties are treated as correlated.

The results reported in the following are based on two different assumptions:

• Determination of ΓH/Γ
SM
H when profiling the coupling scale factors κg and

κV associated with the on- and off-shell gg → H(∗) and VBF production

and the H(∗) → V V decay, assuming κg = κg,on-shell = κg,off-shell and κV =

κV,on-shell = κV,off-shell
6. In other words, the fit is performed using different

signal strengths for the gg → H(∗) and the VBF production modes 7.

6To set an upper limit, the assumption in Eq. (5.10), and the equivalent assumption for the
VBF production mode, is sufficient.

7In all results, the signal strength for V H is assumed to scale as the VBF production, while
the bb̄H and tt̄H processes scale with gg → H. These additional production modes are expected
to give negligible contributions to the off-shell measurements, but have small contributions to
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• Determination of Rgg = κ2
g,off-shell/κ

2
g,on-shell when profiling the coupling scale

factor κV = κV,on-shell = κV,off-shell associated with the VBF production

and the H(∗) → V V decay. The ratio ΓH/Γ
SM
H =1 is fixed to the SM

prediction. The parameter Rgg is sensitive to possible modifications of the

gluon couplings in the high-mass range with respect to the on-shell value.

The negative log-likelihood scans for the fitting configurations described above, as

well as the combined upper limit at 95% CL on ΓH/Γ
SM
H and Rgg are illustrated in

Figs. 6.27 and 6.28, with the corresponding limits listed in Table 6.20. The limits

are all computed with the CLs method, taking the SM values as the alternative

hypothesis.

The limit on ΓH/Γ
SM
H can be translated into a limit on the total width of the

Higgs boson, assuming the value of RB
H∗=1 and under the assumptions described

above. It corresponds to an observed (expected) 95% CL upper limit on the Higgs

boson total width of 22.7 (33.0) MeV.8

Observed Median expected Assumption
RB
H∗ 0.5 1.0 2.0 0.5 1.0 2.0

ΓH/Γ
SM
H 4.5 5.5 7.5 6.5 8.0 11.2 κi,on-shell = κi,off-shell

Rgg = κ2
g,off-shell/κ

2
g,on-shell 4.7 6.0 8.6 7.1 9.0 13.4 κV,on-shell = κV,off-shell, ΓH/Γ

SM
H =1

Table 6.20 Observed and expected 95% CL upper limits on ΓH/Γ
SM
H and Rgg

for the combined on- and off-shell ZZ and WW analyses. Results
are shown for values of RB

H∗= 0.5, 1.0 (bold font) and 2.0, and two
different assumptions.

6.5 Prospects for Run 2

The schedule of the LHC spans long periods of data-taking (the Runs), with three

long shutdowns (LS) scheduled in between them. The second LHC run (Run 2)

started in 2015 with an energy increase to
√
s = 13 TeV, and with the aim to

achieve
√
s = 14 TeV collisions in 2018. The bunch spacing was reduced from

50 ns (Run 1) to 25 ns. During 2016, LHC will provide one billion collisions per

second to the experiments, with the objective of reaching an integrated luminosity

of around 25 fb-1 by the end of the year. The ATLAS detector expects to record

the on-shell signal yields.
8We use the value of the SM Higgs boson width of 4.12 MeV at a mass of 125.4 GeV [40] to

convert the ΓH/Γ
SM
H limit into a total width limit.
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Figure 6.27 (a) Scan of the negative log-likelihood as a function of ΓH/Γ
SM
H

when the coupling scale factors κg and κV for the on- and off-shell
gg → H(∗) and VBF production and the H(∗) → V V decay are
assumed to be the same. The black solid (dashed) line corresponds
to the observed (expected) likelihood function when incorporating
all systematic uncertainties, while the red solid (dashed) line
corresponds to the observed (expected) likelihood function without
any systematic uncertainties. (b) Observed and expected combined
95% CL upper limits on ΓH/Γ

SM
H as a function of RB

H∗ under the
same assumption as (a). The limits are calculated with the CLs
method, with the SM being the alternative hypothesis. The green
(yellow) bands represent the 68% (95%) confidence intervals for
the CLs expected limit.
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Figure 6.28 (a) Scan of the negative log-likelihood as a function of Rgg =
κ2
g,off-shell/κ

2
g,on-shell when profiling the coupling scale factor κV

associated with the on- and off-shell VBF production and the
H(∗) → V V decay. The ratio ΓH/Γ

SM
H is set to 1.0. The

black solid (dashed) line correponds to the observed (expected)
likelihood function when incorporating all systematic uncertainties,
while the red solid (dashed) line corresponds to the observed
(expected) likelihood function without any systematic uncertainties.
(b) Observed and expected combined 95% CL upper limits on Rgg
as a function of RB

H∗ under the same assumption as (a). The
limits are calculated with the CLs method, with the SM being the
alternative hypothesis. The green (yellow) bands represent the 68%
(95%) confidence intervals for the CLs expected limit.
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an integrated luminosity of 100 fb-1 by the end of Run 2 (2018). This new scenario

opens up unexplored regions for the production of high-mass new particles, but

also precision measurement can greatly benefit by the large increase in the size

of the collected datasets.

The Higgs total width is one of the precision measurements that will benefit from

the new Run 2 conditions. The following study checked the sensitivity in Run 2

under two different scenarios, by assuming integrated luminosities of 10 fb-1 and

100 fb-1. Signal and background MC samples simulated for the Run 2 conditions

were not available, so the Run 1 8 TeV samples were extrapolated to the upgraded

settings. The signal and background cross section were scaled according to the

parton luminosity ratios when moving from
√
s = 8 TeV to 14 TeV [146]. The

main assumption in this extrapolation to a higher energy and luminosity, is that

the signal and background experimental efficiencies computed with the 8 TeV

fully simulated samples are preserved in the Run 2 scenario. The event selection,

analysis strategy, and systematic uncertainties used for Run 1 analysis [1] are

identical in this study. NLO calculations for the gg → ZZ continuum process are

expected to be available, so the results are not presented as a function of RB
H∗ .

The upper limits are calculated considering just the Run 2 simulated data.

Table 6.21 shows the expected 95% CL upper limits on µoff-shell and ΓH/Γ
SM
H

using the scan of the negative log-likelihood, −2 ln Λ, for the ZZ → 4` and

ZZ → 2l2ν channels. Figure 6.29 shows the projected µoff-shell upper limit, by

taking into account the result without systematics uncertainties and considering

only the ZZ → 4` channel. The µoff-shell limits are calculated considering a ratio

of the off-shell production rates gg → H and VBF equal to that predicted by

the SM, namely an off-shell signal strenght parameter equal to 1. The ΓH/Γ
SM
H

is calculated assuming that the off- and on-shell couplings are the same for both

gg → H and VBF production modes (i.e., κg,on-shell = κg,off-shell and κV,on-shell =

κV,off-shell). The upper limits are calculated at 95% CL using a cut-based analysis

method, and by assuming a 10% background uncertainty.

The sensitivity obtained in the Run 2 analysis with an integrated luminosity of

10 fb-1 is similar to the one achieved with double the luminosity of Run 1. This

improvement is due to the increased cross section. The sensitivity achieved with

an integrated luminosity of 10 fb-1 in the ZZ → 2` 2ν channel is higher than

in the ZZ → 4` channel. However, at 100 fb-1 the roles are reversed. This

indicates that the four lepton final state benefits to a larger degree by an increase

in statistics. The upper limit at an integrated luminosity of 100 fb-1 is improved
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by approximately 60% compared to the Run 1 result in the same ZZ → 4`

channel.

µoff−shell ΓH/Γ
SM
H

L = 10 fb-1 L = 100 fb-1 L = 10 fb-1 L = 100 fb-1

ZZ → 4` analysis 9.1 4.4 9.0 4.3
ZZ → 2` 2ν analysis 8.5 5.7 8.4 5.6

Table 6.21 Projected expected 95% CL upper limits on µoff-shell and ΓH/Γ
SM
H in

the Run 2 scenario for the ZZ → 4` and ZZ → 2` 2ν channels,
obtained assuming

√
s = 14 TeV and integrated luminosities of

10 fb-1 and 100 fb-1. The limits are evaluated with the scan of the
negative log-likelihood, −2 ln Λ. The gg → ZZ background K-factor
is assumed to be known.
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Figure 6.29 Scan of the negative log-likelihood, −2 ln Λ, as a function of
µoff-shell, in the ZZ → 4` channel. The black and red
lines correspond to the expected likelihood function without any
systematic uncertainties, while the blue and yellow lines correspond
to the expected likelihood function incorporating all systematic
uncertainties. The black and blue lines limits are calculated with
an integrated luminosity of 10 fb-1, while the red and yellow are
calculated with 100 fb-1. The gg → ZZ background K-factor is
assumed to be known.

One of the limitations in the evaluation of the Higgs boson total width in the
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L = 10 fb-1 L = 100 fb-1

VBF H∗ → ZZ (S) 0.07 0.88
VBF ZZ (B) 0.49 6.23

VBF (H∗ →)ZZ 0.41 5.35
qq̄ → ZZ 1.69 16.6

Table 6.22 Expected number of events in the ZZ → 4` channel in the analysis
signal region (220 GeV < m4` < 1000 GeV), in the Run 2 with√
s = 14 TeV and integrated luminosities: 10 fb-1 and 100 fb-1. The

expected events for VBF ZZ processes, including the Higgs signal,
background and interference, are reported for the SM predictions.
The VBF ZZ background K-factor is assumed to be known.

current analysis, is that it has been assumed that the off-shell and on-shell

couplings are the same. There is a possibility that new physics may contribute at

higher energy scales in the gg → H loop production process, changing the value

of the effective coupling. However, the VBF production mode is less sensitive

since it is a tree-level process. The main challenge is that the VBF production

mechanism is approximately ten times smaller than the gg → H process. It

is expected that at the end of Run 2, the increased statistics will give us the

opportunity to obtain promising results.

Table 6.22 shows the expected number of events in the analysis signal region

(220 GeV < m4` < 1000 GeV) for the VBF production mode, for the combination

of all lepton channels and with integrated luminosities of 10 fb-1 and 100 fb-1. The

gg → ZZ + 2j background process is not included due to its small contribution.

The expected 95% CL upper limit on ΓH/Γ
SM
H can be calculated using the

same cut-based analysis method and by assuming a 10% background uncertainty.

Table 6.23 shows the expected 95% CL upper limit on ΓH/Γ
SM
H using the same

method as before, but by including only the VBF production mode. The

sensitivity reached by using just the VBF production process for the combined

ZZ channel is comparable to the result obtained in the ZZ → 4` channel using

all production modes in the Run 1 analysis, and the same cut-based analysis

method. The VBF production mode was not taken into account independently in

the Run 1 analysis, since it is a low cross section process. This channel can enjoy

a significantly improvement using an MVA technique, such as the ME method.
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ΓH/Γ
SM
H L = 100 fb-1

ZZ → 4` analysis 25
ZZ → 4` + ZZ → 2l2ν analysis 15

Table 6.23 Expected 95% CL cut-based upper limits on ΓH/Γ
SM
H using the scan

of the negative log-likelihood, −2 ln Λ, for the ZZ → 4` and ZZ →
2` 2ν channels using the VBF production mode.
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Chapter 7

Conclusion

There is strong evidence that the particle observed in 2012 by the ATLAS and

CMS collaborations is the Higgs boson predicted by the SM. The measurements

of its properties have so far all been consistent with the SM hypothesis. However,

there is still some room for a scenario in which a BSM candidate (with different

properties than those of the SM Higgs boson) is what has been discovered.

Improving the precision on the measurements of the couplings of the Higgs boson

to the other SM particles could unveil deviations from the SM expectations and

give evidence for new physics. This couplings of the Higgs boson with the rest of

the SM particles can vary if an unknown exotic particle interacts in a particular

Higgs boson production or decay mode, which is a plausible scenario at higher

energies, or equivalently, invariant masses.

The measurement of the ZZ final state in the mass range above the 2mZ

threshold provides a unique opportunity for the measurement of the off-shell

coupling strength of the observed Higgs boson. By assuming the same on-shell

and off-shell couplings, this can be interpreted as a measurement for the Higgs

boson total width. In this thesis we have presented the determination of the

off-shell Higgs boson signal strength in the ZZ → 4` final state, which has then

been combined with the analysis of the ZZ → 2` 2ν and WW → eν µν channels

to provide a measurement with increased sensitivity. The result is based on pp

collision data collected by the ATLAS experiment at the LHC, corresponding to

an integrated luminosity of 20.3 fb-1 at a collision energy of
√
s = 8 TeV.

Using the CLs method, the observed 95% confidence level (CL) upper limit on

the off-shell signal strength is in the range 5.1–8.6, with an expected range of
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6.7–11.0. In each case, the range has been determined by varying the value of

the unknown gg → ZZ and gg → WW background K-factor, which is due to

a higher-order QCD correction, between half and twice the value of the known

signal K-factor.

Assuming that the relevant Higgs boson couplings are independent of the energy

scale of the Higgs production, a combination of the on-shell measurements of

ZZ and WW in the same dataset yields an observed (expected) 95% CL upper

limit on ΓH/Γ
SM
H in the range 4.5–7.5 (6.5–11.2) under the same assumptions for

the background K-factor. By using the value of RB
H∗=1 and the assumptions

summarised above, this translates into an observed (expected) 95% CL upper

limit on the Higgs boson total width of 22.7 (33.0) MeV.

If the total width of the Higgs boson is equal to the value predicted by the SM, the

same combination can be interpreted as a limit on the ratio of the off-shell to the

on-shell couplings to gluons Rgg = κ2
g,off-shell/κ

2
g,on-shell. An observed (expected)

95% CL upper limit on Rgg in the range 4.7–8.6 (7.1–13.4) is found, using the

same assumptions for the background K-factor.

The measurement of the off-shell signal strength of the Higgs boson using ZZ

events in the ZZ → 4` channel has been explored in the Run 2 scenario, i.e.
√
s = 14 TeV for integrated luminosities between 10 fb-1 and 100 fb-1. At

100 fb-1, the sensitivity is improved by approximately 60% with respect to today’s

measurements. The VBF channel is less sensitive to the assumption of same on-

shell and off-shell couplings, due to the absence of a quark loop, but has a smaller

cross-section than the ggF process. The statistics available at the end of Run 2

would be enough to carry out an independent analysis using just VBF production

mode.

The second study of this thesis presented a proposal for a more efficient filtering

of muons at the trigger in order to reduce the large background rates in the

high-occupancy environment of the HL-LHC era. A significant redesign of the

ATLAS detector and TDAQ system will be required that will be implementing

an improved rejection at early trigger stages to cope with the very high pile-

up interactions. An isolation discriminant (that could be implemented via a

hardware based track reconstruction, known as Level-1 Track trigger) will provide

an essential component for the implementation of this algorithm.

We have carried out a preliminary study, showing that the background for single-

muon selection can be reduced by a factor of ten with respect to the current
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selection by matching a muon candidate with a track identified by the Level-1

Track trigger system, for an inefficiency increase of about 7%. An additional

isolation discriminant improves the background rejection by another 20% for a

negligible efficiency loss. We have found no significant performance difference

between a calorimeter- and a track-based isolation algorithms. These studies

should be repeated for a wider range of pile-up conditions.
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Appendix A

Impact of Higgs mass to the

off-peak shapes

In this section we document the studies of the off-peak kinematic shapes varying

the Higgs boson mass. Figure A.1 shows the main kinematic distributions for the

gg → H → ZZ → 4` process with different Higgs mass. Varying the Higgs mass

from the nominal choice of 125.5 GeV by 1 GeV has little effect on the off-peak

shapes.
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Figure A.1 Kinematic distributions for the gg → H → ZZ → 4` in the off-peak
region with different Higgs mass.
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Appendix B

Dependence of the off-shell signal

and background interference on the

signal strength

B.1 Dependence of the gg → (H∗ →)ZZ off-shell

cross-sections on the signal strength

An event sample σgg→(H∗→)ZZ(µoff-shell) for the gg → (H∗ →)ZZ process with

an arbitrary value of the off-shell Higgs boson signal strength µoff-shell can be

constructed from the MC sample for the SM Higgs boson signal gg → H∗ → ZZ

(σSM
gg→H∗→ZZ), the gg → ZZ continuum background MC sample (σgg→ZZ, cont)

and a full SM Higgs boson signal plus background gg → (H∗ →)ZZ MC sample

(σSM
gg→(H∗→)ZZ) using the following weighting function:

σgg→(H∗→)ZZ(µoff-shell) = KH∗(m4`) · µoff-shell · σSM
gg→H∗→ZZ (B.1)

+
√

KH∗

gg (m4`) ·KB(m4`) · µoff-shell · σSM
gg→ZZ, Interference

+ KB(m4`) · σgg→ZZ, cont ,

σSM
gg→ZZ, Interference = σSM

gg→(H∗→)ZZ − σSM
gg→H∗→ZZ − σgg→ZZ, cont , (B.2)

where the K-factors are calculated inclusively without any selections.

As a direct simulation of an interference MC sample is not possible, Eq. (B.2)
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and RB
H∗ are used to obtain:

σgg→(H∗→)ZZ(µoff-shell) =

(
KH∗(m4`) · µoff-shell −KH∗

gg (m4`) ·
√

RB
H∗ · µoff-shell

)
· σSM

gg→H∗→ZZ(B.3)

+ KH∗

gg (m4`) ·
√

RB
H∗ · µoff-shell · σSM

gg→(H∗→)ZZ

+ KH∗

gg (m4`) ·
(

RB
H∗ −

√
RB
H∗ · µoff-shell

)
· σgg→ZZ, cont.
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[115] Fabio Cascioli, Philipp Maierhöfer, and Stefano Pozzorini. Scattering
Amplitudes with Open Loops. Phys. Rev. Lett., 108:111601, 2012. doi:
10.1103/PhysRevLett.108.111601.

[116] Ansgar Denner, Stefan Dittmaier, and Lars Hofer. COLLIER - A fortran-
library for one-loop integrals. PoS, LL2014:071, 2014.

[117] Marco Bonvini, Fabrizio Caola, Stefano Forte, Kirill Melnikov, and
Giovanni Ridolfi. Signal-background interference effects for gg → H →
W+W− beyond leading order. Phys. Rev., D 88:034032, 2013. doi:
10.1103/PhysRevD.88.034032.

[118] 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, 07:079, 2014. doi: 10.1007/JHEP07(2014)079.
optimised by the authors for the production of VBF (H∗ →)V V .

182



[119] Alessandro Ballestrero, Aissa Belhouari, Giuseppe Bevilacqua, Vladimir
Kashkan, and Ezio Maina. PHANTOM: A Monte Carlo event generator
for six parton final states at high energy colliders. Comput. Phys. Commun.,
180:401–417, 2009. doi: 10.1016/j.cpc.2008.10.005. Extended by the
authors to include the production of the VBF H∗ → V V signal process.

[120] LHC Higgs Cross Section Working Group, S. Dittmaier, C. Mariotti,
G. Passarino, and R. Tanaka (Eds.). Handbook of LHC Higgs Cross
Sections: 2. Differential distributions. CERN-2012-002, CERN, Geneva,
2012.

[121] J. Pumplin et al. New generation of parton distributions with uncertainties
from global QCD analysis. JHEP, 07:012, 2002. doi: 10.1088/1126-6708/
2002/07/012.

[122] Torbjorn Sjostrand et al. PYTHIA 6.4 physics and manual. JHEP, 05:026,
2006. doi: doi:10.1088/1126-6708/2006/05/026.

[123] Tom Melia, Paolo Nason, Raoul Röntsch, and Giulia Zanderighi. W+W−,
WZ and ZZ production in the POWHEG BOX. JHEP, 11:078, 2011. doi:
10.1007/JHEP11(2011)078.

[124] F. Cascioli et al. ZZ production at hadron colliders in NNLO QCD.
Phys. Lett., B 735:311, 2014. doi: 10.1016/j.physletb.2014.06.056. Extended
by the authors to provide NNLO/NLO K-factors as a function of mZZ .

[125] Anastasiya Bierweiler, Tobias Kasprzik, and Johann H. Kühn. Vector-boson
pair production at the LHC to O(α3) accuracy. JHEP, 12:071, 2013. doi:
10.1007/JHEP12(2013)071.

[126] Julien Baglio, Le Duc Ninh, and Marcus M. Weber. Massive gauge boson
pair production at the LHC: a next-to-leading order story. Phys. Rev., D
88:113005, 2013. doi: 10.1103/PhysRevD.88.113005.

[127] Stefan Gieseke, Tobias Kasprzik, and Johann H. Kühn. Vector-boson pair
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