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1. Higgles in History
This thesis begins with a historical perspective on the study of high energy
physics, however this must start with an explanation of nomenclature;
a description of an evolution of grammar. When new terms become
established and their names become more common place, the descriptive
additional words start to become implied and eventually superfluous. This
thesis does not describe the search for the Higgs boson. A new bosonic
resonance was discovered in 2012 that fits the description of the Higgs
boson. This thesis describes the hunt for further clarification about the
nature of this boson and the title describes clarification about how that
boson should be referred to. In the years since its discovery, Higgs hunters
and Higgs theorists have begun to drop the word boson when referring to
the Higgs. But one Higgs, a measurement makes not. So it progresses:
one Higgs, two Higgles and a Higgledy Piggledy of Higgles.
CERN is the European Organization for Nuclear Research. Its name
was originally acronym for ‘Conseil Européen pour la Recherche Nucleaire,’ CERN is now a laboratory dedicated to the fundamental research of
atomic and subatomic particles. It was founded in 1954 and is situated
at the Franco-Swiss border near Geneva. The Large Hadron Collider
(LHC) is the most recent of a series of high energy particle accelerating
machines built at the CERN site. The ‘A Toroidal LHC ApparatuS’ (ATLAS) experiment is a particle detector designed to measure the colliding
beams produced in the LHC. Together, ATLAS, the LHC, CERN and
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measurements of Higgles form the frontier of a long and colourful history,
describing the history of physics at smaller and smaller scales.
In the ancient world early scientists such as Democritus suggested a
picture of the universe consisting of empty space filled with invisible and
indivisible particles called atoms. All matter is made from these atoms.
Later scientists also noted the concept of electric charge when they rubbed
amber buttons with fur and could produce sparks. Theoretical models for
the unification of electricity of magnetism begun to arise and with it the
mathematics required to do so however it was not until 1898 that Joseph
Thompson measured the electron and invited us into a world of subatomic
entities.
Ernest Rutherford pioneered the accelerator - detector mode of research into particle physics that continues today. His team bombarded
gold atoms with alpha particles (a form of radiation) and measured the
distribution of particles that emerged from the collisions. This process let
us extrapolate the probable position of subatomic particles from the final
state measurements. The result of this was a nucleus formed of protons
and neutrons, surrounded by shells of electrons. In the years following
Rutherford’s discovery in 1911, quantum theory begun to emerge as a
theory to govern physics at the atomic and subatomic scales. The neutrino
was postulated as a way to explain the energy distribution of particles
produced in radioactive decay. In 1930 Max Born claimed that, “Physics
as we know it will be over in six months." The standard model of particle
physics at that time was formed of just three fundamental particles: the
proton, electron and photon.
This unified and complete model of physics didn’t last long. In
the 1930s the neutrino was proposed to explain the energy spectrum of
radioactive beta decay and the neutron was discovered[1]. In 1936 a
particle with 200 times the mass of the electron was observed. Originally
this was thought to be the hypothesised mediator of interactions between
protons and nucleons[2] and named, ‘the mesotron’; due to its mass
part way between light electrons and heavy nucleons. This new particle
however was later determined to be a fundamental particle; a muon[3].
The electron and muon were grouped together as a family of ‘leptons’
defined by their lack of ability to interact too strongly. Several years later
in 1947 a strongly interacting particle, the pion, was seen in cosmic rays.
This particle fulfilled the prediction of a family of meson particles with a
mass between electrons and nucleons. Looking to the sky to observe these
hidden invisible constituents of matter was becoming confusing. Several
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theories including the method of using ‘Feynman diagrams’ to calculate
the electromagnetic properties of these particles were developed[4]. Many
of these methods are still in use today.
In 1948 the Berkley synchrocyclotron began accelerating particles.
This revolutionary apparatus permitted the scientists of the time to observe
man-made pions. Several years later the neutral pion and charged kaon
were produced. In 1952 the bubble chamber was produced; A new and
much more efficient system for detecting the passage of charged particles.
Together with a new accelerator producing collisions at 1.3 Giga-Electron
Volts (GeV - a measure of energy) a huge proliferation of the number of
particles discovered began. Protons and neutrons were found to have an
internal charge density structure. Meaning even the nucleons that form
the bulk of the mass of the Atoms are not fundamental.
The Standard Model (SM) of particle physics was formed out of the
description of the patterns found in such collision experiments. Electrons
and muons form different families of leptons. Protons, neutrons, pions
and kaons are all examples of hadrons, since they are each formed of
sub-nuclear particles called quarks. The Higgs boson was the most recently discovered fundamental particle and it represents the experimental
completion of the SM[5]. Its nature represents the process of spontaneous
symmetry breaking which allows particles to have mass. Chapter 2 describes the current formulation of the SM and details the reasons why the
Higgs boson is a necessary part of our description of the universe.
One of the cornerstones of the SM is the concept of symmetry. An
experiment in 1956 aimed to experimentally verify one particular symmetry known as Parity[6]. This experiment tested whether or not the force
that governs radioactive decay, known as the weak force, acts according
to the same laws of physics when the experiment is oriented as a mirror image to itself. Radioactive atoms were aligned using a magnetic
field and the direction of the emitted radiation was measured. The weak
force was demonstrated to violate parity. This measurement lead to the
understanding that if the parity symmetry is violated in weak decays
it must also be violated in the symmetry that equates particles to their
anti-particles known as charge conjugation symmetry. If the combination
of these symmetries CP-symmetry is not conserved than the SM must
contain a third family (also known as third generation). The measurement
of CP-violation was confirmed with a measurement of the tau lepton, the
first of the third generation of particles[7]. Section 2.5.2 motivates further
the search for CP-violation and describes an addition to the SM in which
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the Higgs can violate CP.
The LHC is the latest addition to a rich history of particle accelerators.
The method for detecting the particles and measuring the physics as described by the SM and beyond is described in chapter 3. To link the theory
of particles and the measurements recorded at the LHC particles particles
can be equated to point like objects described by energy-momentum 4vectors. The theoretical distributions of the particle 4-vectors is produced
using a Monte Carlo (MC) simulation. The response of these theoretical
objects with the detector is also simulated such that the signals recorded
by the detector can be compared to the theoretical predictions. The simulation and reconstruction of tau leptons that signified the discovery of the
third generation of particles is described in chapter 4.
The title of this thesis describes a measurement of Higgs decays into
tau leptons. Chapter 5 describes some of the statistical methods employed
to observe new physics such as particle discoveries at the LHC. Chapter
6 explains the measurement of Higgs decays into tau leptons and the
subsequent measurement of the CP properties of its production via the
Vector Boson Fusion (VBF) process. This analysis was performed on data
taken during the first data taking period of the LHC (Run 1). Run 1 data
p
p
was taken with LHC collisions at two energies s = 7 TeV and s = 8
TeV. Chapter 7 describes the ongoing measurements of the Higgs decays
to tau leptons at the second run of data taking (Run 2). This analysis
represents the first attempts to measure this rare process in LHC collisions
p
at s = 13 TeV.

2. Motivating Higgs Theory
2.1

Introduction
The standard model of particle physics is a theoretical framework which
is utilised to predict both fundamental and phenomenological properties
of the subatomic processes. The concept of a model such as the SM
is commonplace in physics and might often be considered a tool of
scientific reasoning. This chapter begins with a short discussion as to the
fundamental philosophy of what a model represents before introducing
the place of the Higgs boson within the SM and eventually explaining
how effective field theories can be used to constrain extensions of the SM.
When we describe our understanding of a person, situation or process
to another we create a model. This model is a framework of information
with which to construct our own understanding of that person, situation
or process. The scientific method in its essence is the process of model
building, simplification, testing and reformulation. Though several prior
theories for particle interactions formed a necessary mathematical foundation; a short period in the 1960s saw the formulation of a theory that
we now use to describe the interaction at a sub-atomic level. This theory
is known as the Standard Model (SM) of particle physics. It followed a
similar evolution to that of our understanding of quantum mechanics with
experiments on atoms replaced with the smaller scales of the sub-atomic.
A theory was postulated to describe a reality smaller than our compre-
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hension together with observables given that ‘direct’ observations are not
possible e.g. as one cannot watch an electron orbit a proton, one cannot
weigh a Higgs boson.
We test the validity of a model by overlaying observations from experiment with predictions given by the framework of the model. As the
Standard Model has evolved it has met the precision of experimental
tests to an accuracy otherwise unknown to the frontiers of experimental
physics. In addition to its successes, the SM has been extended and
reformulated to take into account any phenomena that were not otherwise
contained within the remit of the theory. For example the discovery of the
muon indicates a second heavier generation of fermions that form heavier
siblings to those seen in atomic physics and chemistry. Though parity
violation is possible just within the weak force the later measurements
of charge-parity violation in kaon decays demanded a third generation of
fermions. The production of mesons and exotic hadrons can be grouped
by properties such as mass and strangeness in a way that demonstrate the
various symmetries of the strong nuclear force. Together all of the various
particle and force carriers form the SM. The form of the SM can be seen
in figure 2.1. Matter particles collectively termed fermions exchange
information via four fundamental forces; electromagnetism, weak nuclear
force, strong nuclear force, and gravity. Gravity characteristically acts
over the motion of planetary and galactic distances and energy scales. It
is described by the scientific field of General Relativity[8] (GR). GR describes gravity as a deformation of space-time which is so vastly different
from the quantum fields of bosonic interactions described here that that
any formalism that includes gravity is pure conjecture. The influence of
any theories that include a gravity mediating particle can be constrained as
too weak and as such are ommitted in figure 2.1. Each force represents a
symmetry of the model and has associated force carrying particles known
as the gauge bosons.
To this date there are no experimental results that might be considered
in significant conflict with the validity of the SM. There are however,
a number of physical phenomena that the Standard Model is unable to
describe: gravitational attraction between massive objects (as described
above), neutrino masses as demanded by neutrino oscillations, the observed asymmetry between matter and antimatter in the Universe, and
astronomical evidence for dark matter and the cosmological constant.
Recently a crucial aspect of the SM was verified experimentally. This was
heralded by the discovery of a new particle known as the Higgs Boson

2.1 Introduction
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Figure 2.1: The Standard Model of Particle Physics. Each constituent is
listed together with its observed mass in electron volts, charge, spin, and
full name[9].
[10, 11] which will be described shortly.
The SM is formed of several underlying symmetries which, if preserved, prohibit fundamental particles from acquiring non-zero masses.
The spontaneous breaking of these symmetries is achieved through a
theoretical interaction with a field that envelops all of nature. A theory
in ancient science postulated a similar field known as the Æther through
which light and gravity could pass in a vacuum. Though the Æther no
longer has a place in modern physics, the discovery of the Higgs constitutes proof that such a field that permeates all of nature exists. This
existence is seen as excitations in the Higgs field that correspond to the
Higgs bosons seen at the LHC.
Discovery of the Higgs is often considered as being the primary goal
of the Large Hadron Collider (LHC) physics program. As such the second
run of the LHC aims to measure the properties of the Higgs boson that
was discovered with a mass 125GeV as deviations from the predictions
of the SM might provide hints of new physics.
The remainder of this chapter briefly extends the description of the
SM with an introduction to its mathematical formalism, in turn outlining the particle content and interactions of the theory. The inclusion
of the Higgs boson into the SM is introduced through a discussion of
Electroweak symmetry breaking as described in subsection 2.2.1 together
with the manifestations of such a theory in particles in seen in nature. The
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properties of the Higgs boson relevant to this thesis are motivated and
discussed in section 2.5.

2.2

A Gauge Theory of Quantum Particles
The SM describes the kinematics and interactions of sub-atomic matter particles (fermions) through the exchange of force carrier particles
(bosons)[12]. The system is described using Lagrangian mechanics [13].
Just as the motion of classical objects such as cars and people can be
described using equations of motion; the SM Lagrangian contains a series
of terms that completely describe the particles and their motion. In order
to do this we must define certain absolute values that do not change based
on how they are observed. These relations are included as terms in the
SM Lagrangian that must obey certain global symmetries and remain
invariant under transformations in both gauge and reference frame.
In addition to invariance under the global transformations of the
Poincaré group, the SM asserts certain local gauge symmetries which
give rise to three fundamental forces. Noether’s theorem [14] relates
every transformational symmetry to a conservation law through the use
of a ‘current’ in the quantum field and therefore a conserved ‘charge’.
Meaning that the local transformations of SU(3)C x SU(2)L x U(1)Y gauge
group of the standard model contains three conserved currents.
• SU(3)C is a non-abelian group that describes the strong force. The
description of this force is known as quantum chromo-dynamics
since the conserved charge, denoted by the subscript ‘C ’, is referred
to as ‘colour charge’. [15][16] (The particles described in the SM
are of course too small to reflect light in the traditional chromatic
sense, so therefore their ‘colour’ is just an expression.)
• SU(2)L is a non-abelian, chiral symmetry describing the weak
interactions. The chiral nature refers to a property of the fermion
fields that this force only has a non-zero projection when acting
on left (L ) handed fermions. The conserved charge here is Weak
Isospin (~I)
• U(1)Y is an abelian group mediated by a single vector boson B
conserving hypercharge (Y).
The Lie algebra of the group is determined by transformations between
gauge. The choice of gauge is necessitated by redundant degrees of
freedom in the Lagrangian under this symmetry, and gives rise to a
number of generators. In QCD transformations under SU(3)C give rise
to 8 massless generators known as gluons. A combined SU(2)L x U(1)Y

2.2 A Gauge Theory of Quantum Particles
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‘electro-weak’ theory provides the gauge bosons as described in the next
subsection. It must be noted at this juncture that the formulation of
SU(3)C x SU(2)L x U(1)Y does not include any information related to the
Higgs except through omission, in that the Higgs mechanism is required
to reconcile the properties of the particles in this theory with those seen
in nature. The following subsections detail the necessity of a method for
spontaneous symmetry breaking (the Higgs mechanism) from the basis
of a SM of the form SU(3)C x SU(2)L x U(1)Y .
2.2.1 From Gauge Fields to Force Carriers
The weak interaction is seen in nature as the force responsible for the
spontaneous decay of radioactive elements. The first theory to explain this
phenomenon was a four-point interaction such as a muon spontaneously
splitting into 2 neutrinos and an electron. Whilst this interpretation
adequately describes muon decay and other low energy phenomena such
as nuclear b -decay, the predicted cross sections become unphysical at
higher energies. A small addendum to the theory was required. The
solution was to introduce a short lived massive vector boson (W± bosons)
to mediate the weak interaction. [17]
At this time the photon (g) could be understood as the mediator of
the electromagnetic interaction and described by the symmetry group
U(1)Q . An interaction that couples to all particles with electric charge Q.
However this symmetry didn’t allow for the chiral or mass properties of
the weak bosons. The formulation of a unified SU(2)L x U(1)Y electroweak group [18][19][20] gave a relation between the electric charge of a
particle to the other quantum numbers:
Q = I3 +

Y
2

(2.1)

where I3 is the third component of the weak isospin. With this unification,
it is possible to define a mixing between the bosons that arise from the
gauge interactions to form the force carriers that are seen in nature.
B = A cos(qW )

Z sin(qW )

W 3 = A sin(qW ) + Z cos(qW )

(2.2)

Where A is identified as the photon (g) and Z with a neutral weak force
carrier only if qW , known as the Weinberg angle, is defined as:
g sin qW = g0 cos qW = e

(2.3)
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where g and g0 are the coupling constants of the SU(2)L and U(1)Y symmetries respectively and e is the electromagnetic coupling constant. Meanwhile the remaining two gauge fields can be expressed as charged particles
via the relation:
p
W ± = (W 1 ⌥ iW 2 )/ 2
(2.4)
With these relations it is now possible to construct a theory of four
gauge bosons that correspond to the force carriers of electromagnetic and
weak interactions. These are the Z, g,W + ,W bosons.
The success of this unification can be seen in its explanation of parity
violation in cobalt-60 b -decay [6]. U(1) transforms under parity in a pure
vector form, i.e. it effects left and right handed forms of the particles
equally due to the algebra of the symmetry. Because of this the chiral
nature of SU(2)L is required to produce the vector, axial vector (V-A)
combination that provides the partity violation seen in experiments. This
formalism is achieved by considering the fermion spinor as the sum of left
and right handed states, y = yL + yR , such that transformations under
SU(2)L give left-handed weak isospin doublets and right-handed singlets.
This property of the weak force can be extended to the Z boson, coupling
vectorially to cV and axially to cA where:
cV = I3

2Q sin2 qW , cA = I3

(2.5)

Later observation of weak neutral currents in the Gargamelle experiment
[21] implied the existence of a weak neutral current but the existance of
the Z and W ± bosons were not confirmed experimentally until hadron
collider experiments reached the required energy. Scientists working
on experiments performed at the Super Proton Synchrotron (SPS) and
the SPS itself were awarded 1984 nobel prize[22], "for their decisive
contributions to the large project, which led to the discovery of the field
particles W and Z, communicators of weak interaction".
In summary, the SM now describes three gauge fields (W1 , W2 , W3 )
which couple to weak isospin ~I with strength g, a single gauge field
Bµ which couples to weak hypercharge Y with strength g0 and 8 gluons
coupling to quarks with strength gs . The unified SU(2)L x U(1)Y group
describes the interaction of fermions. This produces 4 exchange bosons
W ± , Z0 and g. The W ± bosons couple to weak isospin ~I with strength
g, the Z boson couples vectorially to cV and axially to cA with strength
g/(2cosqW ), and the photon couples to electric charge Q with strength
e = gsinqW .
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Higgs Theory
A fundamental property of elementary particles that can be measured
experimentally is the mass of a particle. In order to cement a coherent
theory of mass generation for the standard model several steps must be
made. A potential with a non-zero ground state must be constructed,
the Higgs mechanism is used to associate the degrees of freedom of
hypothetical scalar bosons with the longitudinal components of massive
gauge bosons and this must be applied to the specific form of electroweak
symmetry.
The theoretical model for the existence of the Higgs mechanism
was created to solve this problem and was conjectured independently by
several groups including work by Peter Higgs (after whom the particle is
named) [23, 24, 25] and groups formed of Englert and Brout, [26] and
Guralnik, Hagen and Kibble [27, 28].

2.3.1 Nambu-Goldstone Bosons
Weak interactions are well modelled at low energy by a fermi-four vertex[29], in which the decays or collisions of particles need no intermediate boson but instead uses an inherent coupling constant GF =
1.166 ⇥ 10 5 GeV 2 . This theory is however non-renormalisable, as
the predicted cross-section becomes infinite at higher energies. This is
because the integrals over momenta of virtual particles as described by
Feynman graphs with loops, lead to ultraviolet divergences in higher
orders of perturbation theory. All physical quantities in such a theory
become infinitely large, unless an ultraviolet cut-off l can be introduced.
The theory is called renormalisable, if one can get rid of this cut-off by
establishing relations between observables only. In the case of electromagnetism these physical (renormalised) observables are the charge and
mass of the electron with a coupling proportional to the electric charge
of the electron. In the case of the weak interaction, the strength of the
couplings to the corresponding neutral and charged currents, f and g and
the associated masses of these gauge bosons. These necessarily massive
W± and Z bosons are employed within the framework of a renormalisable
electroweak theory [18, 19, 20]. However, the gauge symmetry must be
spontaneously broken to explicitly allow the W± and Z bosons to acquire
mass terms.
In Condensed matter physics a principle of spontaneous symmetry breaking was discovered by Yoichiro Nambu [30] which was later
described theoretically by Jeffery Goldstone in what is known as the
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Goldstone theorem [31]. This affects any generic continuous symmetry in
which its currents are conserved, but the ground state is not invariant under
a particular transformation. Every symmetry that does not preserve the
ground state produces a new scalar particle known as a Nambu-Goldstone
boson.
An understanding of the nature of a non-zero expectation value may
be found in a Lagrangian of the form
L = (∂µ f † )(∂ µ f ) + µ 2 f † f

l (f † f )2

(2.6)

where µ 2 and l are both positive. The resulting potential resembles the
bottom of a winebottle as seen in figure 2.2.

Figure 2.2: The wine bottle potential. Quantum states tend towards the
lowest energy level in a potential. The value of the field at the minimum
is known as the vacuum expectation value (vev), currently measured as
v = 746 GeV [5].
A global U(1) transformation takes the form f ! e ia f . In this
case our chosen Lagrangian L
p is invariant, however there are infinite
degenerate vacua f = µe iq / 2l that are not invariant. Once a single
vacuum is chosen, the U(1) symmetry is spontaneously broken.
Remembering that the Goldstone theorem states postulates the existence of a number of massless scalar Nambu-Goldstone bosons, two forms
of excitation around this potential can be derived. The radial (Q-mode)
corresponds to a massless Nambu-Goldstone Boson and the azimuthal
p
(h(x)-mode) to a Higgs boson of mass 2µ.
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2.3.2 The Higgs Mechanism
As can be seen, the Goldstone theorem predicts unobserved massless
scalar bosons. The Higgs mechanism however solves this issue by considering transformations under continuous local gauged symmetries such
as SU(2) x U(1).
The Higgs Mechanism explicitly concerns the spontaneous symmetry
breaking of a continuous local symmetry. Because these symmetries are
gauged, the Nambu-Goldstone bosons of the theory form additional degrees of freedom that are acquired by the gauge bosons giving them mass.
These associated degrees of freedom appear as longitudinal components
of the massive gauge bosons.
The Lagrangian for a U(1) gauge theory with a wine bottle potential
can be given as:
1
Fµn F µn + µ 2 f † f
4

L = (Dµ f )† (Dµ f )

l (f † f )2

(2.7)

where Dµ = ∂µ + iqAµ is the covariant derivative and Fµn = ∂µ An ∂n Aµ
is the field tensor. A local U(1) transformation (f ! e ia(x) f ) of this
Lagrangian is invariant only when accompanied by a gauge transformation
of the potential Aµ ! Aµ + 1q ∂µ a(x).
The unitary gauge a(x) = q (x)/n, may be chosen in order to absorb
1
the q -mode into the photon field Aµ ! Aµ qn
∂µ q (x). Although, the
final result is gauge independent, the Nambu-Goldstone boson must still
be explicitly included in the Feynman rules. Since the q -mode is ’gauged
away’, excitations about the vacuum become
1
f (x) = p [n + h(x)]
2

(2.8)

with a lagrangian of the form
1
L = q2 n 2 Aµ Aµ
2

1
1
Fµn F µn + ∂µ h∂ µ h
4
2

µ 2 h2 + ...

(2.9)

Plus additional terms that do not correspond to either kinetic or massive contributions to system. Formulating the system in this way means
that Nambu-Goldstone boson that was previously indicated (but not observed) is no longer present in the theory. However, the particle that we
recognised as the photon has acquired a mass qn term which contradicts
the ‘light’ nature of this well understood particle. This can be resolved
by reformulating our scalar fields in light of the vev associated with the
Higgs via electroweak symmetry breaking.
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2.3.3 Electroweak Symmetry Breaking
Non-abelian gauge symmetries such as the unified SU(2) x U(1) electroweak symmetry may also be broken using an extension to the Higgs
mechanism. A Lagrangian for an SU(2) x U(1) gauge theory with a
non-zero vacuum expectation value may be constructed using the 4 gauge
fields from U(1)Y (Bµ ) and SU(3)L (Wµ ) and their corresponding generators, Y and t. This can be given as:
L = (Dµ f )† (Dµ f )

1
F µn F µn
4

1
Gµn Gµn + µ 2 f † f
4

l (f † f )2
(2.10)

where Dµ = ∂µ + 2i gtt · W µ + 2i g0Y Bµ is the covariant derivative, and
W µ ⇥ W n and Gµn = ∂µ Bµ ∂n Bµ are the
F µn = ∂µ W n ∂n W µ gW
field tensors. We define f as an SU(2) doublet of complex scalar fields
✓ +◆
✓
◆
1 f1 + if2
f
f=
=p
(2.11)
f0
2 f3 + if4

Due to the nature of the vacuum potential there are an infinite number of
solutions of the form (f12 + f22 + f32 + f42 ) = µ 2 /l . Applying the Higgs
mechanism to the system however allows the unitary gauge to absorbs the
f1 , f2 and f4 -modes into the gauge fields. Thus our scalar fields take the
form:
✓
◆
1
0
f (x) = p
(2.12)
2 n + h(x)
The Lagrangian in terms of these fields becomes:
1
L = g2 n 2W µ W µ
8

1
1
1 2 0
µ
F µn F µn + n 2 g02 Bµ Bµ
n gg Bµ W3
4
8
4
1
1
Gµn Gµn + ∂µ h∂ µ h µ 2 h2 + ...
4
2
(2.13)

which can be simplified further in terms of the physical gauge fields using
equations 2.2 and 2.4 and using the definition of Fµn as the field tensor of
QED
1
1
= g2 n 2Wµ1W 2µ
(∂µ Wn1 ∂n Wµ1 )(∂ µ W 2n ∂ n W 2µ )
4
2
1 2 2
1
n (g + g02 )Zµ Z µ
(∂µ Zn ∂n Zµ )(∂ µ Z n ∂ n Z µ ) (2.14)
8
4
1
1
Fµn F µn + ∂µ h∂ µ h µ 2 h2 + ...
4
2
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where W 1 corresponds to the W + field and W 2 is the W . This system
results in the W ± and Z bosons acquiring masses but not the photon: The
masses can be given as:
p
gn
n (g2 +g02 )
mW ± =
, mZ =
and mW ± = mZ cos qW
(2.15)
2
2
which has been verified experimentally with modern particle detectors up
to a high degree of precision.
This symmetry breaking predicts the existence of a scalar Higgs boson
with a mass derived from the expansion of the scalar potential as:
p
mH = 2l n
(2.16)
however since this is dependent on the arbitrary (positive) value of l
its true value represents a free parameter in the model and cannot be
determined from other parameters.
2.3.4 Yukawa Potential
Fermions such as leptons and quarks aquire masses through an extension
of this theory through Yukawa couplings. A generic interaction between
the scalar doublet and the fermion fields can be introduced:
LYukawa = G iuj Q iL ef ⇤ uRj

G idj Q iL f dRj

G iej L iL f eRj + ...

(2.17)

Where G iuj , G idj and G iej are generic 3 x 3 matrices that mix the contribution of the 3 fermion families and e is the total antisymmetric tensor in
2 dimensions. If this lagrangian is now considered acting on the scalar
fields with zero vacuum expectation value (equation 2.12) using a suitable re-definition of the fermion fields that diagnolises the G matrices we
obtain the Yukawa lagrangian LYukawa :
LYukawa =

1
p (v + h) · [gil (ēiL eiR + ēiR eiL ) + giu (ūiL uiR + ūiR uiL )
2
(2.18)
i ¯i i
i i
¯
+gd (dL dR + dR dL )]

Where each term is controlled by a coupling term g f that forms an eigenvector of the corresponding G matrix. This can therefore can be generalised to each particle in the form
LeYukawa = ge (`¯eL f eR + ēR f † `eL )
ge
= p [n + h](ēL eR + ēR eL )
2

(2.19)
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Since the yukawa coupling to each fermion in equation 2.18 can be
generalised in this way a relation between the mass of a fermion and the
strength of its interaction with the Higgs boson:
mf =

vgif
2

(2.20)

When considering quarks, the rotation to mass eigenstates generates a
mixing among fermion families that does not occur for leptons (due to
the absence of right-handed neutrinos). This mixing of down-type weak
eigenstates d 0 , s0 and b0 and the mass eigenstates d, s and b is described
by the Cabibbo-Kobayashi-Maskawa (CKM) matrix [32, 33]:
0 01 0
10 1
d
Vud Vus Vub
d
@ s0 A = @Vcd Vcs Vcb A @ s A
(2.21)
b0
Vtd Vts Vtb
b

The off-diagonal elements of this matrix are non-zero. The resulting
phenomena can be seen directly in the coupling of the W boson simultaneously to two quarks belonging to different families. At first glance the
introduction of this matrix introduces several additional free parameters
into the SM, however this matrix can be completely described in only 4
parameters: 3 mixing angles relating each family and one complex phase
responsible for the CP violating phenomenon.

2.4

Properties of the Higgs Boson
Whilst the other bosons in the SM couple to electric, colour and weak
hyper-charges, the Higgs boson is predicted to couple to all massive
particles. In addition it should have zero spin, positive parity and no
electric or colour charge.
The measurable properties of the Higgs include the mass of the proposed new boson and its the production cross sections (XS) and branching
ratios (BR) of decay. Since each of these properties are coupled, each
property is constrained by a measurement on the others.
The LHC is a hadron collider, and therefore the production of new
particles must arise from the interaction of either quarks or the gluons.
Since gluons are massless and the Higgs does not couple to massless
objects the dominant mode of Higgs production occurs via a loop of
massive coloured particles, mainly top quarks given their higher mass.
This process is known as gluon-gluon fusion (ggF). Other important
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production modes include vector boson fusion (VBF), Higgs-strahlung
(Higgs produced in association with a W /Z) and top fusion (ttH) as seen
in figure 2.3. Figure 2.4(a) demonstrates the theoretical cross-sections of
various production modes possible at the LHC. Though expected to occur
less often than ggF, other production modes may produce a recognisable
final state signature. VBF can be understood as the emission of two vector
bosons from quarks that fuse to produce a Higgs. The quarks therefore
gain a ‘kick’ in transverse momentum and form two highly energetic
jets that retain most of their longitudinal momentum and are seen in the
sections of the detector that are close to the direction of the beams. ttH
and Higgs-strahlung are both examples of Higgs by associated production.
Therefore the Higgs can be reconstructed as an additional contribution to
events that already contain a reconstructed W, Z or t t¯ pair.
As is common in quantum mechanical phenomena the lifetime of the
Higgs is sufficiently short to assume that it decays instantly and might
never be observed directly in a detector. Figure 2.4(b) demonstrates the
fraction of times the Higgs is predicted to decay into each possible final
state. These are the Higgs decay branching ratios (BR). These BRs are
calculated including two features of particle decay kinematics: particles
may be created ‘off-shell’ this is seen for example when a Higgs of mass
125 GeV decays into two particles each of 91 GeV; massless particles
such as gluons and photons are also possible in final states through the
introduction of loops of massive charged particles, for example gg and Zg
final states are possible primarily through loops of electrically charged W
bosons.
Experimental searches for the Higgs are optimised for each decay
channel since each experiences different backgrounds and require different reconstruction techniques. For example the bb̄ decay is predicted to
constitute the largest fraction of Higgs decays, however distinguishing
Higgs decays from other modes of bb̄ production is often prohibitive in
terms of the sensitivity of a search. Similarly only a minority of tau leptons
decay into lighter leptons (e, µ) instead of hadronic final states, however
inefficiencies in measuring, identifying and reconstructing hadronic objects mean that often di-tau final states with at least one lepton have more
possible Higgs events that survive the selection criteria than those used in
the fully hadronic analysis.
CP violation is necessary for describing the matter anti-matter disparity that forms our observation of the universe. Since no such process
has been measured within the standard model that could account for the
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Figure 2.3: Higgs production modes relevant at LHC. Feynman diagrams
for the tree level processes that are suitable for searches and property
measurements at the LHC. (a) Gluon-gluon Fusion (ggF) is the dominant
process. (b) Vector Boson Fusion (VBF) is recognised by two forward
jets produced in association with the Higgs. (c) Associated production
of Higgs with vector boson (VH) also known as ‘Higgs-strahlung’ as the
Higgs is seen to ‘radiate’ from the vector boson. (d) production with
associated top pair (ttH) also known as top fusion.

amount of CP violation necessary, a small extension to the SM could
provide an answer in the Higgs sector. However to measure the CP state
of the Higgs decay either the angular distribution of all of the decay
products must be very cleanly resolved or the initial production mode
isolated such that the final state is only used for ‘tagging’ Higgs events
for analysis.
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Figure 2.4: (a) Higgs production cross-section at various center of mass
energies at the LHC [34] (b) Higgs decay branching ratios to various
channels [35]

2.4.1 Discovery of Higgs At 125 GeV
In 2011 and 2012 the ATLAS and CMS collaborations based at CERN
near Geneva performed measurements of the Higgs boson production and
decay rates and formed constraints on its couplings using proton-proton
p
(pp) collision data at a center of mass energy s of 7 and 8 TeV. Six
different decay modes were considered; WW, ZZ, tt, gg, bb̄ and µ µ and
the five different production modes shown in figure 2.3 where the boson
produced in VH constitutes two very distinguishable final states. Each
experiment produced an observation compatible with with the predictions
of production and decay of a SM Higgs boson. ATLAS [10] and CMS
[11] each observed a significance of 5.9 and 5.8 standard deviations
respectively. Both of these experiments saw the highest contribution
to this measurement from the ZZ ! 4` and gg final states, which also
correspond to the two final states with the highest resolution on the mass
of this newly discovered particle [36]. A combination of ATLAS and CMS
results in these channels was performed to provide a combined measured
mass of the Higgs boson of mH = 125.09 ± 0.21(stat.)±0.11(syst.) GeV.
A combination of all ATLAS and CMS results was used to produce
observations of vector boson fusion production process and for the H !
tt decay process of 5.4 and 5.5 standard deviations, respectively [37].
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Determining the SM nature of the Higgs
The discovery of a possible Higgs boson with a mass of 125GeV was
the subject to several successive stringent tests as to its nature. It was
identified as the first fundamental scalar (a spin 0 Higgs boson) particle
through a measurement of its decays to various channels[37]. Decays to
photon pairs (H ! gg) and spin 1 bosons, (measured in the H ! WW ⇤ !
`n`n and H ! ZZ ⇤ ! 4` channels) rule out a spin 1 Higgs, and half
integer spin states. Measurements of the decay angles in these channels
rule out a spin two state[38, 39] with a high confidence that was later
confirmed by a measurement of Higgs decays to fermions (such as the tau
lepton). A careful measurement of the mass measurements in the H ! gg
and H ! ZZ ⇤ ! 4` channels did not find evidence for multiple Higgs
bosons with slightly degenerate masses[40].
Current analyses aim to measure the relative coupling strengths of
Higgs decays to di-bosons and fermions and compare the various production modes in order to enhance searches for or further rule out signs for
BSM physics in the Higgs sector.

2.5.1 Effective Field Theories
One of the defining features of physics is the application of scale. Cosmology often deals with time frames of the order of the age of universe,
about 1018 sec, whereas particle physics addresses problems of the scale
of the lifetime of a W or Z which decay in the order of 10 25 seconds.
Researchers working in any regime must therefore be able to isolate the
physics that is applicable to their field such that differences of 43 orders
of magnitude need not be considered all at once. Each field therefore is
not a complete theory of physics but an effective one. When constructing
such a partition between scales two properties must be considered: the
importance of a contribution and its propriety. If a process is important
then it relates to a parameter in the theory that differs in a noticeable and
significant (measurable) way from another. A process is appropriate when
its description of physics is valid in the parameter space being considered
[41].
An effective field theory (EFT) forms several particularly useful roles
in high energy physics. The production of particles at the smallest scales
should include many short distance features that can be ignored in an EFT.
All of the particles that are too heavy to be produced can be cut off. This
means they do not contribute in an observable way to the process. This is
particularly useful in the case of ultraviolet regularization[42], in which
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the singularities of the small scales removed by the running of coupling
constants with the renormalization scale.
EFT approaches can be grouped into two main groups: top-down
and bottom up. In the top down approach, the non-local interactions
from virtual heavy particle exchange are replaced with a set of local
interactions, constructed to give the same physics at low energies. In this
approach the effective theory is only a valid description of the physics
at energies below the masses of the heavy particles. Thus the domain of
utility of an effective theory is necessarily bounded from above in energy
scale. In the bottom up approach we do not know what the renormalizable
theory at high energy is, or even that it exists at all. Because we do
not know what is going on at very high energies, we can use an EFT to
parametrize our ignorance about the new physics in a useful way. The
EFT manifests as an expansion of the field theory that describes physics at
a given energy scale, E, to a given accuracy, e, with a finite set of scaling
parameters. Since the action of this field must be dimensionless in terms
of mass,
these scaling parameters take on a dimensionality d in the form
R
S = d d xL with x being the position and L the Lagrange density. From
a dimensional analysis it follows that there parameters can take on any
integral mass dimension from two to infinity.
In terms of characterising BSM contributions to the SM Lagrangian
in the Higgs sector the later, bottom up, approach is of particular value.
Numerous searches for high mass Higgs bosons and signs of new physics
have been performed at the LHC and none found. Therefore we can
parametrise the energy scale of new physics at the limit of our current
experimental limits, or indeed at some arbitrarily large value. The energy
scale E and accuracy e are therefore useful for producing a finite set of
observables from the myriad of possible parameters of the theory.
Two principles govern the formulation of a bottom up EFT: there
are a finite number of parameters that describe the interactions of each
dimension, k; the coefficients of each of the interaction terms of dimension
k is less than or of the order of
1
where E < M
Mk

(2.22)

for some mass M independent of k. These principles allow us to employ
the accuracy e such that only a finite number of parameters are required
to calculate physical quantities at each energy. Now the contribution of
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each interaction is now proportional to:
✓

E
M

◆k

(2.23)

Thus we need only include terms up to dimension ke because E/M
is always less than one, as the order of the interaction increases, the
contribution of each term drastically decreases. By imposing a cut off
in this way the number of interactions which contribute at this scale are
finite.
Building a bottom up EFT in this manner leaves us usually with
a number of interactions of the order of thousands. Of these we now
choose which we feel are well motivated (e.g. CP violation or lepton
flavour violation). The remaining contributions can then be ordered in
terms of precision as some may already be constrained by prior measurements. Usually the only remaining parameters can be directly applied
to experiments with few assumptions (e.g. only the measured process is
contributing)
If we consider the dominant Higgs production process, ggF, for example; we observe only the incoming and outgoing particles (and even
then only indirectly). Figure 2.5 demonstrates that even at leading order
the particles that contribute to the coupling Hgg are not restricted to the
top-quarks commonly depicted. Vector bosons (as in the case of Higgs
decays to gamma gamma), lighter quarks (b quarks for example), leptons, and hypothetical processes such as super-symmetric particles or Z 0 s
might all make a contribution to this loop. In essence, until the complete
characterisation of the Higgs is complete, any prediction for the coupling
of two gluons to a Higgs boson must be cut off at the scale of physics
understood by the SM (such as the top mass). Conversely, BSM theories
can already be constrained by the possible contributions of new particles
to this effective coupling.
In this way EFTs can very usefully be used to test for new physics
contributions to physics at the energy scale of the LHC in a model independent way. Measurements of EFT parameters can be used to place
constraints on several (or many) models at once.
2.5.2 CP Violation
Charge Parity (CP) violation is a principle of nature required in order to
build a model for our universe[43] but the nature of this violation has
not yet been explained. We observe a universe with a clear abundance
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Figure 2.5: Feynman diagrams for the production of a Higgs boson via
gluon-gluon fusion. a) is the nominal SM diagram whereby the dominant
process inside the loop is shown b) is a parametrised diagram of the
coupling whereby all possible contributions, including BSM contributions,
to the process are accounted for.
of matter with respect to antimatter. This indicates that at some point
in the early universe there must have been a difference in the way that
matter and antimatter interacts. Charge Parity (CP) violation relates
to a postulated CP-symmetry whereby the combination of C-symmetry
(charge conjugation symmetry) and P-symmetry (parity symmetry) should
leave the Lagrangian invariant.
The concept of CP violation was introduced in the previous chapter
as a complex phase in the CKM matrix. This is required due to the discovered 3rd family of fermions. If there were only two mass generations,
the mixing matrix could be described entirely with a single parameter; the
Cabibbo angle qC [32, 33]. However several theoretical indications drove
the search and eventual discovery of the third generation of fermions.
Since there are three fermion generations unitarity requires three mixing
angles and one CP-violating complex phase.
Let us return to the Yukawa Lagrangian from equation 2.18. The
CP operation transforms as CP(y¯Li f yR j ) = y¯R j f † yLi such that if we
construct the charged current coupling from the Yukawa Lagrangian in
the basis of quark mass eigenstates, we can transform:
g
Lkinetic,cc (QL ) = p u¯iLVi j gµ W
2

µ

g
diL + p d¯iLVi⇤j gµ W +µ uiL (2.24)
2

into
g
g
CP
Lkinetic,cc
(QL ) = p d¯iLVi j gµ W +µ uiL + p u¯iLVi⇤j gµ W
2
2

µ

diL (2.25)
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To allow for CP violation in the CKM matrix the complex elements must
satisfy the relation Vi j 6= Vi⇤j This relationship can be tested in nature
through measurements of decays into different mesons. The measurement
of these angles can be used to place limits on the amount of CP violation
that is possible in the universe due to this complex phase in the CKM
matrix.
The CP violation measured in the CKM matrix is unfortunately far
too small to account for the observed matter-antimatter difference in the
early universe. This leads to other theories such as leptogenesis[44] that
hope to explain this matter-antimatter asymmetry. A second source of CP
violation has been measured in a process that allows neutrinos to mix as
described later in this section. However the current limits[45] are yet to
measure the CP violating phases in the lepton sector required to explore
such theories conclusively. New physics beyond the SM however may
be a source of CP violation and would appear as additional terms in the
Lagrangian that characterises the properties of the Higgs as discussed in
the following subsections.
CP violation in VBF Higgs Production

The most general Lorentz invariant tensor structure of the coupling of the
Higgs boson to massive gauge bosons can be written as:
T µn (p1 , p2 ) = a1 (p1 , p2 ) gµn
+ a2 (p1 , p2 ) [p1 · p2 g
+ a3 (p1 , p2 ) e

µnrs

µn

µ
p2 pn1 ]

(SM: CP even)
(BSM: CP even) (2.26)

p1r p2s

(CP odd)

with the ai being momentum dependent form factors and the pi denoting
the four-momenta of the electroweak gauge bosons coupling to the Higgs
2m2
boson. In the Standard Model (SM) a1 = v V , a2 = 0, a3 = 0 holds. The
case of a CP-odd anomalous
admixture to the dominant SM-like structure
2mV2
corresponds to a1 = v , a2 = 0, a3 6= 0. It must be noted that whilst a
BSM CP-even admixture to this tensor is possible, it is not explicitly CP
violating and is more easily probed through precision fits of the Higgs
branching ratios.
In the context of effective field theory three CP-odd operators of mass
dimension 6 can be formed from the Higgs doublet F and the U(1)Y and
SU(2) gauge field Bµ and W a,µ (a = 1,2,3) respectively. The effective
U(1)Y and SU(2) invariant Lagrangian is then given by:
Leff = LSM +

fB̃B
f
f
O + W̃W
O
+ B̃ O
L2 B̃B
L2 W̃W L2 B̃

(2.27)
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with the dimension six operators
OB̃B = F+ B̃ˆ µn B̂µn F
O
= F+W̃ˆ Ŵ µn F
µn

W̃W

+ ˆ µn

OB̃ = (Dµ F) B̃ Dn F

(2.28)
(2.29)
(2.30)

and the covariant derivative Dµ and the field strength tensors and dual
field strength tensors:
Dµ
B̂µn + Ŵµn
B̃µn
a
W̃µn

i
= ∂µ + g0 Bµ + igWµa
2
g0
g
a
= i Bµn + i s aWµn
2
2
1
=
eµnrs Brs
2
1
=
eµnrs W a,rs
2

(2.31)
(2.32)
(2.33)
(2.34)

The last operator OB̃ contributes to the CP-violating charged triple gauge
couplings k̃g which was measured at LEP[46, 47, 48, 49, 50] and neglected in the following.
Considering the mass basis in terms of Higgs boson H, photon g, W
and Z bosons, W /Z, the additional terms in the effective Lagrangian for
Higgs couplings, where the top Yukawa couplings are set to zero, [51]
Leff can be written:
+
Leff = LSM + g̃Hgg Ãµn Aµn + g̃HgZ Ãµn Z µn + g̃HZZ Z̃µn Z µn + g̃HWW W̃µn
W

µn

(2.35)
where the four couplings g̃i can be expressed in terms of two couplings d˜
and d˜B as:
g̃Hgg

=

g̃HgZ =
g̃HZZ =
g̃HWW

=

g
(d˜sin2 qW + d˜B cos2 qW )
2mW
g
sin2 2qW (d˜ d˜B )
2mW
g
(d˜cos2 qW + d˜B sin2 qW )
2mW
g ˜
d
mW

(2.36)
(2.37)
(2.38)
(2.39)
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and the relation between d,˜ d˜B , fB̃B and fW̃W are given by:
d˜ =
d˜B =

2
mW
f
L2 W̃W
2
mW
tan qW2 fB̃B
L2

(2.40)
(2.41)

where d˜ = d˜B = 0 recovers the Standard Model. Several other analyses
with the ATLAS experiment use a model called the Higgs characterisation
model[52] which forms an approximation to the effective field theory
approach in which additional contributions from BSM physics in the
Higgs Lagrangian can be parametrised in a series of couplings k and
a single mixing angle a. The choice of d˜ = d˜B yields k̂W = k̂Z such
that the result might be compared with the result of the combination of
the H ! W +W and H ! ZZ analysis which use this association. This
choice yields:
g̃Hgg
g̃HgZ

1
g ˜
= g̃HZZ = g̃HWW =
d
2
2mW
= 0

(2.42)
(2.43)

and the same values for the a3 in the tensor structure.
Hgg

a3

1
2g ˜
= aHZZ
= aHWW
=
d
3
3
2
mW

(2.44)

d˜ is related to the fit parameter k̂W used in H ! W +W CP investigations
[38] via:
d˜ = k̂W = k̃W /kSM tan a

(2.45)

In terms of matrix elements, M , one can write:
Mnon-SM = MSM + d˜ · MCP-odd .

(2.46)

Taking the squared matrix element, one gets:
⇤
|Mnon-SM |2 = |MSM |2 + d˜·2¬(MSM
MCP-odd )+ d˜2 ·|MCP-odd |2 . (2.47)

It can be noted that the term d˜2 · |MCP-odd |2 is CP-even and thus does not
contribute to CP violation, however it signifies a quadratic increase of the
total cross section due to the CP-odd admixture. On the other hand, the
⇤ M
term d˜ · 2¬(MSM
CP-odd ) is CP-odd and constitutes the source of CP
violation in this description.
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Chapter 6 describes an investigation of the HVV tensor structure by considering events produced through Vector Boson Fusion, measuring the
value of d.˜ In this context, the assumption is made that the couplings
of the Higgs boson to fermions behave as in the Standard Model. As a
consequence, no anomalous couplings are considered for Higgs events
produced via the gluon-fusion production mode, which constitute a background to the VBF-produced signal events and are modelled assuming a
fully SM-like behaviour.
2.5.3 Lepton Flavour Violation
Early particle accelerators saw the creation a second group of hadronic
particles that decayed only through the weak interaction with much longer
lifetime than the similar r and p 0 mesons. These particles were said to
have a property called ‘strangeness’ [53] or ‘eta-charge’ [54] since this
property of the hadron is conserved in the strong interaction. The weak
interaction is shown to violate quark flavour as characterised in the CKM
matrix seen in equation 2.21. The remainder of this section describes the
evolution of an effective theory to describe the possibility of lepton flavour
violation; as seen in neutrino oscillations and proposed for searches for
charged lepton flavour violation at the LHC.
Neutrino Oscillations

In the introduction to this chapter the concept of neutrino oscillations
was introduced as a phenomenon not currently explained by the SM. The
existence of neutrinos can be inferred from the momentum spectrum of
the electron produced in nuclear b decay. This spectrum suggests that a
second undetectable particle carries off part of the energy of the reaction
[55]. Similar experiments looking at the decay of the muon concluded
that the muon decays into an electron and two other particles [56]. Whilst
both of these additional particles are neutral, neither particle is a photon
[57]. Early calculations said that the cross-section for atomic interactions
was too small to observe these neutrinos [58], but that the probability for
electron or muon interactions was almost equal [59]. Amongst these early
experiments is already evidence for lepton flavour conservation, in that
the muon decays into an muon anti-neutrino and an W boson which in
turn decays into an electron and an electron anti-neutrino, with lepton
flavour conserved at each vertex.
It was not until the 1960s [60] that neutrino flavours were confirmed
but meanwhile an idea had emerged [61] that muonium (a coupled antielectron, muon system) could oscillate into anti-muonium (an electron,
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anti-muon system) and vice versa in a leptonic parallel to the k0 ⌦ k¯0
system [62]. After the discovery of the neutrino flavour this theory was
expanded by Bruno Pontecorvo [63] into a theory in which (given a
violation of lepton flavour conservation) neutrinos and anti-neutrinos can
oscillate and similarly an electron neutrino can become a muon neutrino
and vice versa.
So revolutionary was this idea by Pontecorvo that it predicted that
experiments hoping to measure the flux of neutrinos produced in the
nuclear reactions in the sun would observe a deficit owing to oscillations
between neutrino types. Early solar neutrino experiments indeed saw
a deficit [64] which the oscillation of neutrinos across solar distances
can aptly explain. The embedding of the SM Lagrangian into a large
effective theory in which lepton flavour is violated requires that neutrinos
are characterised by a non-zero mass [65].
In current schemes (including the 3rd generation of tau neutrino) neutrino mixing is characterised by the Pontecorvo–Maki–Nakagawa–Sakata
matrix (PMNS matrix) in a direct analogy to the CKM matrix seen in
equation 2.21:
0 1 0
10 1
ne
Ue1 Ue2 Ue3
n1
@nµ A = @Uµ1 Uµ2 Uµ3 A @n2 A
(2.48)
nt
Ut1 Ut2 Ut3
n3

Here a generic neutrino state expressed in the flavor basis is constructed
from the PMNS matrix multiplied by a vector representing the same
neutrino state in the mass basis. A neutrino of a given flavour ` is thus a
mixed state of neutrinos with different mass. Experimentally each neutrino’s mass would be measured as mi with probability |U`i |2 . However,
since neutrino masses are so small (in parallel to the CKM matrix), the
matrix can be parametrised into three phases: q12 ,q13 and q23 and at least
one CP violating phase d . These values can be fit indirectly from several
measurements.
Model independent evidence of neutrino oscillations was obtained
from atmospheric [66, 67], solar [68, 69], reactor [70] and accelerator [71,
72, 73] neutrino experiments. The small mixing angle q13 was measured
at reactor experiments [74, 75] and fit to previous constraints by the Nufit
collaboration [45].
The Higgs Mechanism was introduced earlier in this chapter in order
to explain the observed masses of SM particles. The existence of neutrino
masses requires a very small, unnatural Yukawa coupling. Therefore it is
not included in the minimal SM.
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Charged Lepton Flavour Violating Decays

The discovery of neutrino oscillations in combination with the minimal
extension of the Standard Model (SM) predicts lepton flavour violation
for the charged leptons, albeit at an unobservable level [76]. Figure 2.6
demonstrates an example diagram whereby LFV neutrinos mediate a
Higgs decay into a LFV lepton pair. Such a diagram is suppressed by a
factor (Dmi j /mW )4 where Dmi j is the difference in the neutrino masses.
Such a process is considered completely negligible in all cases. In contrast
several BSM models that attempt to explain neutrino oscillations also
predict LFV for charged leptons at such high rates that might already be
in conflict with existing experimental bounds [5].

¯
H

`+
W±

Figure 2.6: Feynman diagram for neutrino mediated lepton flavour violating Higgs decays
Generally speaking, direct searches for charged Lepton Flavour Violation (cLFV) fall into two categories: searches for cLFV in lepton decays,
such as µ ! eg, t ! `g and t ! ``` [77, 78]; and searches for LFV in
charged leptonic final states, such as Z ! `t and H ! `t. In each case
the vertex is treated as an effective coupling allowing limits on the system
to be placed in a model independent way.
Searches for LFV in the decays of the Z boson were performed at LEP
using the Delphi [79] and Opal [80] detectors to place strong limits on the
Br(Z ! `t) processes. Whilst searches for cLFV in Z boson decays are
still ongoing at the LHC, models for cLFV involving Higgs decays are
much less constrained. Such models include: those with more than one
Higgs doublet [81, 82, 83, 84], composite Higgs models [85, 86], models
with flavour symmetries [87] and Randall–Sundrum models [88].
We consider the following mass basis Lagrangian for the Yukawa
interactions:
ci j
LY = p h`¯iL `Rj + h.c. , i, j = e, µ, t
(2.49)
2
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p
where cSM
i j = di j 2mi /n and n = 246 GeV. The strongest bounds on
LFV couplings ci j (with i 6= j) are derived from the upper limits on
the processes µ ! eg, t ! µg and t ! eg as described above. The
inferred bounds on |ct µ | and |cte | however, are much weaker, allowing
for branching fractions BR(H ! t µ) or BR(H ! te) as high as O 10%
[89].
This process allows us to place limits on several BSM models including those with more than one Higgs doublet via a measurement of the
process whereby the Higgs decays to two leptons of different flavours.

3. ATLAS and the LHC
3.1

The Large Hadron Collider
The LHC is sometimes referred to as the world’s most powerful microscope. A microscope differs from a simple magnifying glass in that a
microscope shines light through an object rather than just focusing the
light reflecting off it. The more powerful this light, the smaller the diffraction limit and therefore the smaller the distances the microscope can
resolve. A particle detector aims to resolve subatomic distances using
charged particles such as a beam of electrons or protons instead of photons. The higher the energy of the beam, the smaller the distance resolved
and the rarer and more complex the process that can occur. The LHC was
designed to probe this region of phase space known as the energy frontier.
[90]
Residing in a tunnel roughly 100m under the ground below the border
between Switzerland and France lies the LHC. The LHC is the world’s
largest and most energetic particle accelerator. Rather than colliding
beams of particles against walls of atoms as in the earliest subatomic
physics experiments, the electrons are stripped from atoms such as hydrogen or lead to form charged hadrons, these are passed through a series of
progressively larger accelerator rings and collided within huge particle
detectors. The largest of these accelerators is the LHC. The structure of
the CERN accelerator complex can be seen in figure 3.1
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Figure 3.1: A diagram representing the passage of a proton (denoted p)
through the a simplified LHC accelerator complex. The protons enter at
the bottom of the diagram in the linear accelerator (linac) and progress
through a series of accelerator systems before colliding in one of the 4
detectors pictured. Here PS is the Proton Synchrotron (with the attached
PS Booster), SPS is the Super Proton Synchrotron and the LHC is the
Large Hadron Collider. Other facilities such as the anti-mater decelerator
and heavy ion facilities are not shown here.

Sixteen superconducting radio-frequency accelerator cavities form the
driving force behind collisions at the LHC [91]. Synchrotron accelerators
such as the LHC are circular since then the particles can pass through each
magnet repeatedly, gaining a small amount of energy each time. 1232
dipole magnets are used to bend the beam in order to maintain this almost
circular path. Since charged particles radiate electromagnetic energy
when curved in this manner, the radio cavities must also compensate
for this loss of energy. The LHC tunnel was originally built to house
the Large Electron Positron (LEP) Colider [92]. Since this energy loss
is inversely proportional to the fourth power of the mass of the particle
being accelerated (by the bending magnets to maintain the circular path),
p
in order to reach the 14TeV Center-of-Mass (CM or s) energy the
accelerator complex had to be upgraded to house the heavier proton
machine in use today. The heavier protons in the LHC beam require
more energy to accelerate however lose less energy due to radiation
during bending. To maximise the sensitivity to rare processes, the LHC
is designed to hold 2808 proton bunches, each bunch spaced a minimum
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of 25 ns apart and each containing roughly 1.15 ⇥ 1011 protons. This
increases the probability for interaction known as the luminosity which
was designed to reach L ⇡ 1034 cm 2 s 1 . In order to maintain and focus
these bunches, 392 quadrupole magnets are employed.
The LHC collides particles within 4 large detectors, ATLAS CMS,
LHCb and ALICE. In order to cope with the large influx of data these
detectors were required to develop several new technologies such as
radiation hard silicon sensors and ultra-fast electronic readouts. The
LHC itself is constructed from novel cryogenic technology to produce
ultra-high power superconducting magnets.
The LHC was designed to optimise luminosity and as such optimised
the twin parameters corresponding to the collision area of the bunches
Sx,y = 16.7µm and the frequency of revolution frev = 11.25 kHz. This
higher luminosity however comes at the cost of a larger number of additional proton-proton interactions, known as pile-up. Signals originating
from pile-up are often indistinguishable from the desired physics process
originating in the Interaction Point (IP). This process not only damages
the detector and slows down the data taking process (occupying the system) but in addition, higher levels of pileup are often detrimental to the
resolution of a physics measurement. As such the data readout of detectors must be optimised not only to record an increased sample of the rarer
processes that interest the analyses but also form a robust measure for
identifying processes that actually originate from the desired interaction
point.

3.2

The ATLAS Detector
Unlike the LHCb and ALICE detectors that are designed to probe bphysics and heavy ion physics respectively, ATLAS is a general-purpose
particle detector. This means its systems must be capable of performing
precise measurements of Standard Model (SM) processes as well as
searching for signatures of new physics in varied and vastly different
final states. The ATLAS detector therefore must strive towards a good
performance in reconstructing all physics objects that interact with the
detector. These physics objects form several groups: Muons traverse
the whole detector; electrons and photons leave similar energy deposits
but are distinguished via charged tracks; jets are formed from hadronic
tau decays or the interaction of quarks and gluons via QCD, both of
which leave signals in several detectors. The inference of the existence
of non-interacting particles such as neutrinos is obtained through the
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measurements of the imbalance of transverse momentum in each event.
A representation of the passage of these objects through a simplified
particle detector can be seen in figure 3.2. In order to distinguish the
flavour of QCD jets a good vertex resolution is needed and this can also
be used to distinguish pile-up events. As mentioned previously, due to
the high luminosity the detector must implement a system to recognise
‘interesting’ events. This system is the trigger system. This is designed not
only to speed up analysis but also to make the data rates more manageable
since 50-60TB of raw detector signals are produced by 40 million events
per second. The ATLAS detector is described in detail in the ATLAS
technical design report (TDR) [93, 94] and later in a technical paper [95].

Figure 3.2: A representation of particles traversing the 4 main sections of
a particle detector. The different signals left in each subdetector allow the
reconstruction and distinction of different physics objects
The ATLAS detector layout can be seen in figure 3.3. The detector
forms a cylinder around the beam pipe and is symmetrical in both the
forward and backward directions around the interaction point at the centre.
The detector is formed of 3 main sub-systems the trackers, calorimeters
and muon spectrometer. Each are comprised on the general form of a
central barrel with end-caps. This design allows almost total coverage. A
more detailed description of each subsystem follows.
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Figure 3.3: A ‘cut out’ representation of the ATLAS detector shows the
various layers that make up the detector.
3.2.1 Inner Detector
The inner detector (ID) is designed for the non-destructive measurement
of charged tracks. This is possible since electrically charged particles
interact with the ID to produce a track via ionisation or production of
electron-hole pairs such that the momentum of the particle is affected
as little as possible. The whole sub-detector is surrounded by a 2T
solenoidal magnetic field. The reason for this is twofold: the momentum
of a particle can be measured from the curvature of its track; and low
energy particles curl completely within the tracker reducing anomalous
energy deposits in the calorimeters. The ID has the highest granularity of
any detector subsystem and covers the region |h| < 2.5 [95]. The ID is
formed of three sub-detectors, two of which are silicon semiconductors
sensors. These silicon semiconductor sensors are constructed from a thin
doped crystalline substrate to form a reverse-biased p-n junction. The
doping acts in a way such that when a charged particle passes through the
depletion region it creates a current of electron-hole pairs, which travel to
the respective electrodes and produce a signal.
The use of doped semiconductor sensors enables one of the most
accurate spatial measurements of charged particle tracks possible. This
increased accuracy comes at the cost of large amounts of non-sensitive
material used for the readout and support of these systems which can
cause particles to shower (lose energy via radiation or decay) prematurely,
and can therefore degrade the event reconstruction efficiency.
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• The IBL and Pixel detectors The innermost ID subsystem consists of several layers of silicon pixel detectors used for vertex
reconstruction and several layers of silicon strip detectors. The Insertable B Layer (IBL) was an addition to the existing three layers
of silicon pixel detectors installed in 2014 [96] for use in Run 2.
p
Measurements at s = 7, 8TeV were performed without the IBL.
These detector systems are used to resolve the secondary vertex
produced by the hadronic jets containing b hadrons as well as verifying that physics processes are produced in the nominal interaction
point. These detectors are positioned closest to the beam pipe, and
therefore require the highest granularity. More than 80 million
silicon pixels, each of area 50 ⇥ 400µm2 and thickness 250µm
provide a spatial resolution of signals (hits) within an accuracy of
10µm ⇥ 115µm in rf z space in the barrel. Measurements of
the average spatial resolution of hits in the IBL are of 10.0± 0.1
(statistical) µm and 66.5±0.8µm determined along the r f and z
projections respectively[97].
• Semiconductor Tracker (SCT) The SCT is formed of four layers
of modules in the barrel and nine in the end-cap in order to ensure
that each track passes through at least four modules. 15,912 silicon
strip sensors are paired into modules with a stereo angle of 40 mrad,
in order to measure the coordinate parallel to the strip. The SCT
provides hits with an intrinsic accuracy is 17µm ⇥ 580µm in rf z
space for the barrel and rf r space for the end-cap.
• Transition Radiation Tracker (TRT)The TRT is a xenon based
system of drift chambers that extends the track reconstruction and
momentum resolution capabilities of the silicon detector components but at a lower material cost whilst also providing a secondary
measure of a particle’s mass via the production of transition radiation.
The TRT drift chambers consist of 370,000 straws of 4mm diameter
constructed from kapton and with a conductive coating that forms
a cathode at -1530V. These straws are filled with a gas mixture
that is ionised when traversed by charged particle whereby the
freed electrons drift to an anode to produce a hit. The resolution is
further increased by timing signal to indicate the time between a
collision and a signal. Straws are aligned parallel to the beam pipe
in the barrel and perpendicular to the beam direction in the region
|h| < 2.0 that forms the end-caps. The combined resolution of all
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straws in the TRT is 130µm in rf .
When charged particles traverse the boundary between substances
with drastically different refractive indices, there is a probability for
the particle to emit a pulse of X-ray transition radiation (TR). This
radiation is absorbed by the ionised xenon gas which drifts towards
the cathode to produce a pulse with a higher amplitude than would
have been seen without TR. The probability for emission of TR is
inversely proportional to the mass of the particle. As such it is much
more likely for lighter particles such as electrons to produce TR
than it is for heavier particles such as charged pions that otherwise
produce similar signals to electrons.
3.2.2 Calorimeter Systems
Unlike the process of tracking charged particles used in the ID, calorimetry
is a destructive process. Dense materials are used to stop the particles as
they traverse this sub-detector and the energy of that particle inferred from
the size of the shower of particles produced in doing so. When a particle
traverses the coulomb potential of an atomic nucleus of a material, it has
a probability of interacting to either, split into two less energetic particles
or to radiate a particle. Each of the particles produced may undergo a
similar process and so on in a cascade until the particles no longer have
enough energy to split. This process is known as the simple shower
model. Calorimeters are typically constructed from dense materials so
as to encourage the probability of interaction. Active material is used to
sum up the energy of either photons or electrons produced in a shower
and used to infer the energy of the original particle. The ATLAS detector
utilises sampling calorimeters, whereby layers of dense (non-sensitive)
material are used to produce a shower and alternating layers of active
material record the energy deposits.
The length scale for different particles is vastly different. Energy loss
via this method for electrons and photons occurs over a much shorter
radiation length X0 than the nuclear interaction length l for necessary for
hadronic showers.
The ATLAS calorimeter consists two main sub detectors. The first of
which is an inner electromagnetic calorimeter (ECAL) with a fine granularity that is primarily used for measurement of electrons and photons.
This detector was designed that almost all electrons and photons deposit
all their energy within [98]. Hadronic interactions also occur within the
electromagnetic calorimeter. Since the showers produced in these interac-
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tions are so large, an outer hadronic calorimeter with a lower resolution
but much larger size is included. This HCAL is designed such that the
jets measured by this detector deposit all their energy before reaching the
muon spectrometer. Together the calorimeters cover the regions |h| < 3.2
and |h| < 4.9 with ECAL and HCAL respectively. The total thickness of
the electromagnetic calorimeter corresponds to more than 22X0 and the
total thickness of the entire calorimeter corresponds to more than 10l .

• Electromagnetic calorimeter (ECAL) Electromagnetic interactions are measured in the ECAL. The ECAL is formed of layers
of lead and liquid argon (LAr) as absorber and active material respectively. The layers are arranged in an accordion geometry in
order to ensure uniform f -coverage. A LAr is used because it has
a high atomic number in order to encourage showering but also
gives a linear response to ionisation which produces stable signals.
Since the detector experiences such a high rate of collisions the
geometry and choice of LAr enable the detector to reset quickly
between interactions and produce a stable performance not only
between events but also over the entire lifetime of the detector.
The dimensions of the detector are motivated by the requirement
that single photons can be distinguished from p 0 ! gg. To this end
the ECAL has a minimum granularity in h ⇥ f of 0.003 ⇥ 0.025
and is segmented into three layers. A LAr presampler is installed
before the first lead layer in the barrel (|h| < 1.8) to aid tracking
particles between ID and ECAL and to help estimate the energy
lost by electrons and photons before entering the calorimeter.
• Hadronic calorimeter (HCAL) The HCAL is much larger than
the ECAL. It is constructed from tiles made of layered steel and
plastic scintillation material. This tile calorimeter covers the barrel
region |h| < 1.7 and has a minimum h ⇥ f granularity of 0.1 ⇥
0.1.
• Hadronic End-Cap (HEC) and forward calorimeter (FCAL)
The HEC and FCAL cover the regions 1.5 < |h| < 3.2, and 3.1 < |h| <
4.9 respectively. Similar to the ECAL, the HEC and FCAL both use
LAr as the active medium used to estimate the energy deposited in
the material. The HEC uses a copper absorber throughout, whereas
the FCAL only uses copper in the first layer and tungsten in the
two layers that follow.
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3.2.3 Muon Spectrometer
The muon spectrometer (MS) provides precise tracking of muons that
have exited the calorimeters. A huge air-core toroid magnet system
generates a 0.5 T field in the barrel increasing to 1T in the end-caps,
enabling momentum to be inferred from track curvature measurements.
Four types of tracking chamber are installed.
• Monitored drift tubes (MDTs) and cathode strip chambers (CSCs)
MDTs and CSCs provide precise momentum measurement, with
a resolution of about 40 µm in the bending plane. MDTs cover
the region |h| < 2.7, but the innermost end-cap is replaced with
CSCs to withstand the higher particle flux. CSCs are multiwire
proportional chambers with cathode planes segmented into strips
in orthogonal directions.
• Resistive plate chambers (RPCs) and thin gap chambers (TGCs)
RPCs and TGCs provide less precise tracking, but at a faster readout speed needed for triggering. They also provide orthogonal
coordinates to those of the MDTs and CSCs. RPCs and TGCs are
gas-filled parallel plate detectors.
3.2.4 Trigger
The ATLAS detector is a general purpose detector designed for the search
and measurement of new or rare processes. To optimise data-taking
towards this goal bunches arrive within the detector at a nominal design
rate of 40 million collisions a second. Of this raw 50-60 TBs of data
per second only a tiny fraction is considered ‘interesting’. A three stage
trigger system is employed to reduce the data flow to a manageable rate
that can be sorted later for analysis whilst simultaneously filtering events
in order to preserve signals that might feature a desirable process.
The first stage is the hardware based Level-1 (L1) trigger designed
to reduces the data flow to a rate of 75 - 100 kHz. Calorimeter system
readouts are built with a threshold to quickly recognise photons, electrons,
high energy jets and hadronicaly decaying taus. The MS also contributes
to this L1 trigger when traversed by high-pt muons. The output of this
system is a fast formation of regions of interest (RoI) which can be further
analysed. These RoIs correspond to a cone in h f with the origin at
the interaction point (IP). These RoIs are then passed to a read out buffer
(ROB) where it can be passed to the other two trigger levels before being
written to memory. [99]
In Run 1, the Level-2 (L2) and Event Filter (EF) collectively formed
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the High Level Trigger (HLT) as they are both software based. In Run 2
the HLT is a standalone system. The two layers were designed to streamline the reconstruction process as the EF constructs, leptons, photons,
jets, missing-Et (MET), muons and taus in much the same way as the
full offline reconstruction. The Level 2 trigger reduces the rate to 3 kHz
using the full detector granularity within the RoI designated by L1. This
means that the EF, which uses the full detector information, can perform
its actions on a full event readout and reduce the rate to roughly 400Hz
which can then be stored for analysis offline.
3.2.5 Physics Objects
Pattern recognition algorithms are used to associate signals (hits) formed
along the trajectory of particles through the detector. A charged particle
will leave a trail of hits in the form of charge deposits throughout its passage through the inner detector. Electrons will deposit all their energy in
the ECAL leaving a collection of hits in each layer, hadronic constituents
of jets give hits in both the ECAL and HCAL and muons will leave hits
throughout all three detector sub systems. Such hits are tracked through
the detector and combined to form reconstructed particle trajectories.
The curvature of the track in the magnetic fields that envelop the ID and
MS determines the charge, and the momentum of the particle. In most
cases, in order to reduce the influence of pileup, this reconstructed track
must be traced back to the IP to verify that it originates from the primary
vertex (PV) of the hard p-p collision. Jets arising from the production
of b-hadrons however are identified by a displaced secondary vertex in a
process known as flavour tagging.
As described in section 3.2.2 the magnitude of the signal deposited in
the calorimeter can be used to infer the energy of the parent particle. In
addition the shower depth and shape can be used to discriminate between
particle types. Electrons and photons typically deposit all of their energy
in the ECAL in dense and narrow showers. Jets are formed of multiple
hadronic particles that have several tracks that lead to broader showers
which penetrate deeply into both the ECAL and HCAL. Hadronic taus
leave similar signals to jets but generally have lower track multiplicity
and narrower deposits in the calorimeter.
The physics available using the ATLAS detector is determined by
which stable and detectable particles can be reconstructed from signature
energy deposits. The principle physics objects we can reconstruct have
the following signatures:
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• electrons: produce a narrow shower contained in the ECAL connected to a single track in the ID associated to the PV.
• muons produce tracks in the MS. These are matched with the
tracks in the ID and small energy deposits through the complete
calorimeter system.
• photons are recognised by narrow showers contained completely
in the ECAL with no associated tracks in the ID. Photons can
also produce an electron pair with a displaced vertex in the ID
(converted photon)
• jets form broad showers in the HCAL with multiple associated
tracks in the ID. These consist of both charged and neutral components
• hadronic taus produce narrow showers that typically penetrate
partly into the HCAL with only 1 or 3 tracks in the ID.
The resolution typically obtained by the various detector systems
is summarised in table 3.1. Also shown here is the h coverage of this
detector subsystem.
Detector Component
Inner detector
Electromagnetic Calorimeter
Hadronic Calorimeter:
Barrel and end-cap
Forward region
Muon spectrometer

Resolution
s pT /pT = 0.05%
p · pT 1%
sE /E = 10%/ E 0.7%
p
sE /E = 50%/ pE 3%
sE /E = 100%/ E 10%
s pT /pT = 10% at pT =1 TeV

|h| coverage
2.5
3.2

3.1

|h|

Table 3.1: The design resolution and coverage of the main ATLAS detector subsystems [10].

3.2
4.9
2.7

4. Taus with ATLAS
4.1

Phenomenology of Tau Decays
Tau (t) particles, together with electrons (e) and muons (µ), form a family
of particles called leptons. These leptons all follow very similar rules and
have similar properties. All have the same electrical charge, are colourless
(no QCD interactions) and when they participate in weak interactions they
conserve lepton quantum number. As such leptons are often produced
in association with invisible neutrinos. The primary difference between
all three leptons are the masses. The tau and the muon are both heavier
than the electron with masses 1777, 106, and 0.5 million electron volts
(MeV) respectively and both are unstable and decay at a rate that can be
predicted. After a period of time the muon will decay into an electron.
The tau will decay via the same process to an electron or to a muon with
equal probability however due to the the higher mass of the tau it may
also decay into hadrons. The physics particular to tau decays was well
sumarized prior to the start of data taking at the LHC[100].
The leptonic coupling g` at the W ! `n̄` vertex is well defined. Here
L is any ‘heavy’ lepton (muon or tau) and ‘leptonic’ always refers to
either electron or muon (` = e, µ). The partial widths of this coupling
can be computed including radiative corrections and safely neglecting
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neutrino masses:
G(L ! nL `n̄` (g) =

GL G` m5L m2` L L
f
d d
192p 3 m2L W g

(4.1)

where
g2
G` = p ` 2
4 2MW

3 m2L
dWL = 1 +
2
5 MW
✓
◆
a(mL ) 25
L
2
dg = 1 +
p
2p
4

f (x) = 1

8x + 8x3

x4

(4.2)

12x2 ln x

In the case for taus the radiative and W propagator corrections are small:
µ
dWt = 1 + 2.9 ⇥ 10 4 , dgt = 1 43.2 ⇥ 10 4 , dW = 1 + 1.0 ⇥ 10 6 ,and
d µg = 1 42.4 ⇥ 10 4 . This gives electronic and muonic branching fractions Be and Bµ , which are currently recorded with a relative precision
of 0.3% as:
Be = (17.83 ± 0.04)%

(4.3)

Bµ = (17.41 ± 0.04)%

(4.4)

The values for Be and Bµ agree with the universality assumption of equal
leptonic couplings, ge = gµ = gt as predicted theoretically [5].
A naive calculation of the possible W vertex would assume that the
decay of the tau into electrons,muons, and hadrons would occur in the
ratio 1:1:3 due to the 3 possible colour states of the hadrons. If we take
unitarity into account, we expect each leptonic tau decay to take roughly
20% of the decay width and hadrons to take up 60%. In reality this is
not far from the truth since the leptonic branching fractions we have
seen as just below the expected 20% and the remaining hadronic fraction
(t ! nt + hadrons, Bhad ) can be calculated assuming lepton universality
and unitarity.
Bhad = 1

Be

Bµ = (64.853 ± 0.063)%

(4.5)

The deviation from the naive estimate is due to the fact that there
exists a small probability for the tau to decay into strange (containing a
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mode
e ne nt
µ n µ nt
p nt
p p 0 nt
p 2p 0 nt
p 3p 0 nt
p p + p nt
p p + p p 0 nt
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Best Fit Branching Ratio (%)
17.83 ± 0.04
17.41 ± 0.04
10.83 ± 0.06
25.52 ± 0.09
9.30 ± 0.11
1.05 ± 0.07
8.99 ± 0.06
2.70 ± 0.08

Table 4.1: Global best fit values for the chance of a tau to decay into each
configuration of child particles [5].
strange quark) mesons such as kaons and other radiative corrections. The
most common branching ratios as basis modes and fit values(%) for the
most recent fit to t branching fraction data [5] can be seen in table 4.1.
As can be seen in figure 4.1 the vast majority of tau decays can are found
in just 6 modes: 2 leptonic modes, 3 with a single charged pion and 1
with 3 charged pions.

4.2

Object Reconstruction for Tau Decays
The myriad topology of tau decays and the associated activity of related
processes in events with taus makes it necessary to reconstruct not only the
hadronic taus, electrons, muons and missing transverse energy (ETmiss ) for
the neutrino contributions, but also the reconstruction of jets is important
for background suppression.
For each physics object used in an analysis, there is a set of recommended parameters for how that particular physics object is best used.
These pre-recommendations are produced by dedicated combined performance groups within ATLAS. The pre-recommendations for which
object definitions are used for each analysis are updated regularly and
are always considered in their most up-to-date form, though they always
follow a general prescription.
• Electron reconstruction begins with tracks in the inner detector that
are matched to clustered energy deposits in the electromagnetic
calorimeter. Electron candidates are required to pass a “loose”
likelihood based (as described in chapter 5) identification selection
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Figure 4.1: Basis mode branching fractions of the t. Six modes account
for 90% of the decays, 25 modes account for the last 10%. [5]

point, have pT >15 GeV and to be in the fiducial volume of the
detector |h| < 2.45. The transition region between the barrel and
end-cap calorimeters (1.37 < |h| < 1.52) is excluded.
• Muon candidates are identified by tracks reconstructed in the muon
spectrometer and matched to tracks reconstructed in the inner detec-
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tor. Muons are required to pass a “medium" identification selection,
which is based on requirements on the number of hits in the inner
detector and the muon spectrometer. Muon candidates are required
to have pT > 7 GeV and |h| < 2.5 and to satisfy a gradient isolation
criterion that is expected to be 90% efficient for muons of pT > 25
GeV increased to 99% for muons of pT > 60 GeV.
• Jets are reconstructed using the anti-kt algorithm [101, 102] with a
distance parameter of R = 0.4 starting from 3D clusters of calorimeter cells called topo-clusters. The jet energy is calibrated using
the electromagnetic scaling scheme (EM). In order to identify the
jets initiated by b-quarks, the MV2c20 algorithm [103] is used
in the analyses presented here, however more recent algorithms
have been employed since. These flavour tagging algorithms combine variables constructed by the IP2D, IP3D, SV1 and JetFitter
algorithms [104] into a multivariate discriminant “w” with values
between minus and plus one. A working point that corresponds to
an average efficiency of 70% for b-jets in events is chosen (corresponding to a weight wMV 2C20 > - 0.0436). ‘Tagging’ is the ability
to correctly identify a b-jet. Conversely, ‘mis-Tagging’ is the false
identification of light jets (jets initiated by up, down, charm or
strange quarks) as b-jets. Tagging and mis-tagging efficiency scale
factors relate efficiencies as determined in various data samples
to their counterparts in simulation. They are used in all simulated
events, after having applied the b-tagging algorithm to the jets. The
b-tagged jets are required to pass the pT > 20GeV and |h| < 2.4
requirements. Jets with pT < 50 GeV and |h| < 2.4 are required
as well to have |JVT|>0.64. JVT is the output of the jet vertex tagger algorithm, used to identify and select jets originating from the
hard-scatter interaction through the use of tracking and vertexing
information.
• Missing Transverse Energy (ETmiss ) has several definitions. This
analysis uses an object-based definition for the ETmiss . It is computed
using fully calibrated and reconstructed physics objects. The soft
term of the ETmiss is computed using the TrackSoftTerm (TST)
algorithm [105] which is the default for most analyses with tau
leptons.

54

4.3

Chapter 4. Taus with ATLAS

Hadronic Tau Reconstruction
Since hadronic tau decays correspond to the majority of decay modes
special care must be given to this particularly difficult object to reconstruct.
Decays into pions are most prominent. Unlike electrons or muons these
particles do not leave a clear signal in the detector. Tracks can be formed
by 1 or 3 charged particles present in the decay with additional calorimeter
deposits produced by neutral pions. Finally the hadronic nature of pions
mean that although the majority of the particle’s energy is deposited in the
ECAL, a significant fraction is often (but not always) left in the HCAL.
Since the HCAL has a much lower energy resolution, and since not all of
the particle’s momentum is carried by charged objects, all prescriptions
for reconstructing tau leptons decaying in this manner use the majority of
the detector.

4.3.1 Calorimeter Based Reconstruction
The standard prescription for thad vis (only the visible part of the hadronic
tau is reconstructed as indicated by had vis however this is often shortened to thad ) reconstruction, is to construct candidates for hadronic tau
decays from jets reconstructed using the anti-kT algorithm with a distance
parameter value of 0.4. Topo-clusters, calibrated using a local hadronic
calibration, serve as inputs to the jet algorithm. The calculation of the
thad vis four-momentum uses clusters within the core region (DR < 0.2
from the initial jet-axis) and includes a final tau-specific calibration derived from simulated samples, which accounts for out-of-cone energy,
underlying-event and pile-up contributions and the typical composition of
hadrons in hadronic tau decays. Inner detector tracks with pT > 1 GeV in
the core region that pass strict quality criteria are associated to the thad vis .
The thad vis charge is reconstructed from the sum of the charges of the
associated tracks. Hadronic tau decays are identified with a multivariate
algorithm that employs boosted decision trees (BDTs) to discriminate
against quark- and gluon-initiated jets using shower shape and tracking
information. The tau identification (ID) efficiency is independent of pT
and pile-up. Separate discriminants are provided to suppress candidates
arising from the misidentification of electrons and muons. In ATLAS, it
is standard procedure that all tau candidates are required to have one or
three associated tracks (taus are referred to as being ‘1-prong’ or ‘3-prong’
in reference to this) pT > 20 GeV and to be in the fiducial volume of the
inner detector, |h| < 2.5. They must also pass tau ID criteria, corresponding to an efficiency for 1-prong/3-prong candidates of about 55%/40%
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as described later in this chapter. A three-level trigger system is used to
select interesting events. Single tau triggers are very efficient in most pT
ranges used for analyses, however this efficiency must also be taken into
account when calculating rates. As such, hadronic tau objects are usually
required to have a pT above 25 GeV.
4.3.2 Tau Substructure
Over 90% of hadronic (thad ) decays are comprised of just five dominant
decay modes, consisting of one or three charged pions (p ± ), up to two
neutral pions (p 0 ) and a tau neutrino. The modes with two and three pions
proceed predominantly through the intermediate resonances known as the
r and a1 resonance (these can be understood as excited states of the pion).
For the purpose of thad vis reconstruction, the p ± s are essentially stable
in the ATLAS experiment, the p 0 s decay instantly and almost exclusively
to a pair of photons and the neutrino goes undetected. The goal of the
substructure based reconstruction of hadronic taus described here is to
identify these five decay modes and to reconstruct the individual p ± s and
p 0 s[106].
A shorthand notation for the decay modes is introduced, depicting
the number of charged hadrons (prongs), p, and neutral pions, n. Decays
into higher multiplicity states are accommodated by also including modes
with more than two p 0 in the 1pXn category and more than one p 0 in
the 3pXn category. e.g. a decay into a single p ± would be a 1p0n and
a decay into three charged pions together with neutral pions is 3pXn.
Decays with more than 3-prongs are not considered. No attempt is made
to reconstruct neutral kaons due a different average shower topology in the
calorimeter (though these events can be vetoed as ‘poorly reconstructed’)
or to separate charged kaons from charged pions (charged kaons give the
exact same tracks as charged pions).
Since charged components of the taus can most accurately be reconstructed from the information obtained from the tracking detector the
key issue in reconstructing thad vis lies in the identification of the neutral
components.
0 , within hadronic
The reconstruction of neutral pion candidates, pcand
0
tau decays, proceeds as follows. First, p candidates are created by reclustering the energy in the ECAL in the core region. In the next step,
0
the pcand
energy is corrected for contamination from p ± . To do this, the
energy that each p ± deposits in the ECAL is estimated as:
trk
EpEM
± = Ep ±

EpHAD
±

(4.6)
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where Eptrk± is the energy of the p ± from the tracking system (using the p ±
mass hypothesis) and EpHAD
is the energy deposited in the HCAL that is
±
±
associated to the p . To calculate EpHAD
± , all clustered energy deposits in
the HCAL in the core region are assigned to the closest p ± . This distance
is determined using the track position extrapolated to the layer of the
± is then subtracted from
cluster with the most energy. The EpEM
± of each p
0
the energy of the closest pcand .
0
At this stage, many of the pcand
in reconstructed hadronic tau decays
0
do not actually originate from p , but rather from p ± remnants, pileup or
0
other sources. The purity of pcand
is improved by applying a minimum
0
pT threshold and an identification criterion designed to reject pcand
from
0
0
other sources. The p identification (p ID) uses a BDT and exploits
0
the properties of the pcand
clusters, such as the energy density and the
width and depth of the shower. A full list of the variables is given below.
The BDT is trained using a sample of 1-prong thad vis from simulated
0
Z ! tt events. The pcand
are split into signal and background based
on whether they originated from a generated p 0 . The pT and ID score
thresholds are optimised in five |h| ranges to maximise the number of
0 .
thad vis with the correct number of reconstructed p ± and identified pcand
The pT thresholds are in the range 2.1–2.7 GeV. The separation of the
t decay modes using this method is quite accurate, however, distinction
between 1p1n and 1pXn remains difficult. As can be seen in figure 4.2
the largest contributions to the misclassification arise from 1pXn decays
where one of the p 0 failed selection or where the energy deposits of both
p 0 were grouped into a single cluster [106].

4.3.3 Substructure Four-Momentum
There are several benefits afforded by the ability to resolve the substructure of hadronic tau decays. Perhaps the most predominant is the accuracy
with which we can resolve the four-momentum of the reconstructed system. Since a neutrino must be present in any decay of the tau lepton, some
fraction of the energy-momentum of the tau cannot be resolved within
a traditional particle detector. Therefore, the closest description that a
reconstructed tau can have to the hadronic decay process will be that of
the sum of the remaining visible components of the simulated decay. This
ideal reconstruction is called the ‘visible truth level’ and is, in effect, the
four-momentum of the ‘true tau’ used to simulate the event minus the
undetected four-momentum of the tau neutrino.
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Figure 4.2: Decay mode classification efficiency matrix showing the
probability for a given generated mode to be reconstructed as a particular
mode by the substructure algorithm in simulated Z ! tt events. Decays containing neutral kaons are omitted. The statistical uncertainty is
negligible.

The visible components of hadronic tau decays are normally comprised of charged and neutral pions only. A decay referred to as 1p1n is
assumed to be comprised of a single charged pion and a single neutral pion
only, and the substructure algorithms are optimised as such. When testing
a tau reconstruction algorithm, the relevant properties to compare are the
four-momentum of the reconstructed tau with the ideal four-momentum
of the visible tau decay. A useful quantity that is chosen to investigate the
performance of the transverse momentum reconstruction is the ‘fractional
deviation from the visible truth tau pT ’ or the ‘fractional difference from
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the visible truth tau’, which is defined as:
preco
T

pvis,truth
T

pvis,truth
T

or

preco
ptrue
T
T
ptrue
T

(4.7)

This is conventionally referred to as pT resolution. The ideal lies at
0 as underestimation of the visible transverse momentum would lead to
contributions in the negative side of the resolution distribution, whilst
events in the positive side would indicate that the reconstructed hadronic
tau pT has been over estimated with respect to the visible truth tau.
To be confident that the tau reconstruction algorithms can form an
accurate picture of the event using only the detector information, they
must be tested using simulated events. In addition to the simulation of
the readings that the detector would record, the complete history of the
particles at truth level is also recorded. This allows the algorithm to be
precisely tested, as the reconstructed event can be compared with the true
event that occurred in the simulation.
Z bosons can decay into pairs of leptons. This process is ideal for
investigating hadronic tau decays, since such decays can typically produce
a large quantity of isolated taus. For the resolution studies, Z ! t + t
and Z 0 ! t + t Monte Carlo samples are used. These events are simulated with the Pythia8 MC [107, 108] event generator with the CTEQ6L1
parametrisation of Parton Density Functions (PDFs)[109]. The predictions for the di-tau production are normalised to cross-sections calculated
at LO. In order to increase the statistical significance at regimes with very
high transverse momenta, five different Z’ samples with each a different
simulated mass of the hypothetical boson: 250, 500, 750, 1000 and 1250
GeV, have been combined.
In the resolution studies, reconstructed hadronic tau candidates with
pT> 15 GeV and |h| < 2.5 are used. These candidates are furthermore
required to have electric charge ±1 and must have either 1 or 3 tracks
assigned to them (referred to as either 1 or 3 prong candidates). Following
their reconstruction: candidate leptons, hadronically decaying taus and
jets may point to the same energy deposits in the calorimeters (within
DR < 0.2 Such overlaps are resolved by requiring that the reconstructed
tau lepton must match a visible truth tau in a geometrical distance of
DR < 0.2
The difficulties faced in reconstructing non-isolated neutral calorimeter clusters lead to the prevalence of calorimetric based tau reconstruction
during LHC Run 1. This method relies on information from the hadronic
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calorimeter to reconstruct the event, and is therefore prone to large uncertainties due to the poor resolution of this detector component. The
calorimetric four-momentum is a robust quantity calculated from the sum
of all energy deposits in the calorimeter.
Tau-substructure based reconstruction attempts to resolve the charged
and neutral constituents before building them into a tau object. This
allows a more insightful approach for tau four-momentum reconstruction
since the four-momentum of each individual charged and neutral decay
product can be reconstructed as precisely as possible. For example, the
four-momentum of the charged components is taken from the tracking
system, which has a much better resolution than the calorimeter at low
energy. Furthermore, whereas calorimetric measurements of charged
pions must be performed with the HCAL, neutral pions decay almost
instantly to photons which can be measured completely to a much higher
precision in the ECAL.
The substructure based method for reconstruction is therefore expected to provide improved accuracy in spatial and energy reconstruction
of reconstructed taus. Figure 4.3 demonstrates that regardless of identification criterion, the substructure-based reconstruction algorithm is able to
provide a better resolution for both the 1- and 3-prong tau decay classes.
4.3.4 Effects of Neutral Cluster Selection on Resolution
As described previously, the substructure algorithms have been optimised
to correctly identify the number of neutral components present in a decay.
This section presents an investigation into the assumption that the components of the hadronic tau will provide the optimum resolution when
correctly identified. Potential tau component clusters that are not associated to the track are assessed for quality. If a neutral cluster is rejected,
it is because it is not likely that this cluster was produced by a neutral
pion in the decay of the particular tau. Here it is demonstrated that adding
clusters of energy based on their compatibility with a particular tau model
also provides the best estimate for the resolution of the tau.
In addition to a pT threshold to protect the tau from detector based
noise and clusters that might not originate from the p 0 , the substructurebased algorithms use multivariate techniques to judge whether or not a
neutral cluster should be added to the tau. In the substructure algorithm
this is a BDT score that ranges from -1 to 1. The nominal decision
requires that the candidate cluster score a certain cut of around 0.5 (upper
quantile) that depends on the pseudo rapidity h of the candidate. Figure
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(a)

(b)

Figure 4.3: Comparing the pT fractional difference in reconstruction of
(a) 1-prong (b) and 3-prong hadronically decaying tau candidates. Here
PanTau is the particular substructure algorithm used and tauRec is the
purely calorimeter based equivalent. All distributions are normalised by
setting integrals equal to unity. The four-momenta of the reconstructed
tau candidates are associated to the visible four-momenta of taus at truth
level. The number of prongs for the reconstructed and visible truth taus
does not necessarily have to be the identical. The pT fractional difference
is shown for taus reconstructed with the substructure algorithm (solid
line) and calo-based (dashed line) algorithms. All hadronically decaying
tau candidates with pT >15 GeV are required to pass a medium BDT
identification criteria against jets [110].

4.4 shows the standard deviation of the resolution of all tau modes for a
given modification of this multivariate requirement. The pT threshold is
also varied to demonstrate that the most accurate decay mode selection
also gives the most accurate estimate for the tau four-momenta.
Here we conclude that the optimum resolution is indeed achieved by
the optimum classification and therefore the classification is not introducing a bias that adversely affects the overall resolution of the taus. This is
demonstrated in figure 4.4. This plot demonstrates the result for all decay
modes included. Figure 4.5 shows that for events with a single track.
The optimum BDT requirement for pT resolution gives very different
response depending on how many neutral clusters are contained. Tighter
constraints improve the resolution of events with no neutral clusters and
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relaxed constraints improving the resolution of events with more than one
true neutral cluster.
This study also shows that for the nominal BDT selection of neutral
clusters the Pt threshold has very little effect on the overall resolution of
the taus.

RMS Error
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ATLAS Work in Progress
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0
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0.2 0.1 0.05 inal -0.0 -0.1 -0.2 -0.3 -0.4 -0.6 BDT
5

Figure 4.4: Comparison of the variance of the pT fractional difference for
all taus passing the selection criteria for different values for the allowed
pT threshold and BDT scored required. The RMS for each scenario is
recorded on the y axis. A lower RMS signifying a higher resolution
All taus were reconstructed by the substructure algorithm and matched
to visible hadronic taus at the truth level. All hadronically decaying
tau candidates are selected with pT > 15 GeV and |h| <2.5. A BDT
discriminant to distinguish hadronically decaying tau leptons from QCD
jets is not required.

4.4

Simulating Taus in ATLAS
The physics of the electroweak decay of the tau lepton was measured at
previous generations of particle detectors. The nuances of its behaviour
are now absorbed into precise theoretical predictions and simulated using
Monte Carlo (MC)
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(c)

Figure 4.5: Distribution of pT fractional difference for: (a) true 1-prong-0neutral taus. Here neutral clusters are falsely accumulated by the clustered
object as the selection criteria are relaxed (b) true 1-prong-1-neutral taus.
These are resolved fairly optimally with nominal settings. (c) True taus
with more than one neutral cluster. These taus seem to benefit from
a relaxed neutral selection however these taus have a lower branching
ratio and therefore do not contribute conversely to the quality cuts. All
hadronically decaying tau candidates with pT >15 GeV are required to
pass a medium BDT identification criteria against jets [110].

A MC generator transforms a interval of random numbers into a
distribution according to a given set of rules. MC generators at the LHC
produce fully differential predictions for every single process encountered
within the analysis. Every background and signal process is modelled
with MC generators. These MC events are transformed according to a
MC description of the detector and then a MC description of the readout
system. These events are then as close as physically possible to ‘real’
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events produced in p - p collisions. The main difference is that in MC
we simulate the events we want to see, in data we remove those we do
not want. This difference is ameliorated by scaling each sample to the
number of events expected for a given cross-section of data after factoring
in the various efficiencies.
One of the most essential tools for data analysis in particle physics is
a Monte Carlo simulation of the detector. The current standard simulation
suite for the ATLAS detector is based on a detailed description of the
detector geometry and of the simulation of particle interactions in the
detector material with Geant 4 [111]. The drawback of such a detailed
simulation is a CPU time requirement of several minutes per event, of
which more than 90% is spent simulating interactions within the calorimeter systems. With the rapidly increasing LHC luminosity, this CPU time
requirement is a challenge for the production of sufficiently large Monte
Carlo samples. Hence an accurate but fast detector simulation, such as the
FastCaloSim package [112] for the calorimeter system, is useful. The aim
of the FastCaloSim package is to provide a parametrized simulation of
the particle energy response and of the energy distribution in the ATLAS
calorimeter and hence reduce the calorimeter simulation time to a few seconds per event. The parametrization is based on the Geant 4 simulations
of single photons, electrons and charged pions in a fine grid of simulated
particle energies and directions.

4.4.1 Z+jets MC and Embedding
In the case of Higgs searches with taus, the major irreducible background
for all final states is the decay of the Z boson in association with jets. This
background is particularly difficult to model in MC due to the numerous
different production modes, initial and final state radiation and mixing
between the Z and photon. This effect is seen as a discrepancy between
data and MC in the soft jet topology associated with the Z production and
the Z pT spectrum. The lepton activity resulting from the Z decay itself
however is well understood.
Two approaches may be considered to model this process. A relatively
pure Z ! µ µ sample may be extracted from data and the muon kinematic
properties projected onto well understood simulated taus, leaving the jet
topology intact. This method is known as embedding and was widely
employed for use in Higgs searches with taus at 7 and 8 TeV[113]. The
second method for modelling Z decays with taus with associated jets relies
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on the development of theoretical predictions and tuning to early LHC
data. The MC description of Z+jets is produced and validated with respect
to data using events featuring two same flavour leptons (e+ e /µ + µ ).
Since the MC generator is agnostic to the difficulties in reconstructing
neutrinos associated with taus, a validation for the simulation of tau
leptons can be performed independently from the validation of the Z+jets
process.
In Run 1, careful pT re-weighting was performed to bring each generator distribution in line with the data [114]. However, MC simulations
produce complex multivariate distributions. Re-weighting was usually
performed based only on one parameter, pZT , since this allowed to tune
the lepton distributions to data at the cost of the accuracy with respect
to data in jet multiplicity. MC generators used in early Run 2 analyses
however are much more accurate. Figure 4.6 shows distributions of jet
kinematics in Z type events with two jets at 8TeV. Such MC predictions
can be used in very high precision experiments such as the search for EW
production of the Z boson, in which more than 3000 Feynman diagrams
are considered in order to extract this signal from pure QCD production
of the same variables.
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Figure 4.6: Kinematic distributions of the mass of the dijet system (a) and
the difference in rapidity (b) for events with two same flavour leptons in
the Z boson kinematic region. As used for validation of Z MC and for
searches for EW production of Zjj at ATLAS [115]
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4.4.2 Fast Calorimeter Simulation with ATLfastII
The aim of the fast calorimeter simulation FastCaloSim [112] is to provide
a sufficiently good simulation to run the same standard ATLAS detector
reconstruction software as is used with data and Geant 4 simulated events.
This means that the key features of reconstructed object properties are well
reproduced. Differences in details due to simplifications in the simulation
model have to be accepted, but should not lead to large and unpredictable
differences at the analysis level.
It is clear that any significant improvement in speed must stem from
simplifications in the simulation model. The design baseline was to make
the simulation algorithm as fast as possible in all areas that cost a large
amount of time. Hence the following decisions were taken:
• The simulation uses the reconstruction geometry of the calorimeter
that describes calorimeter cells as cuboids in h, f and the depth of
the calorimeter (forward calorimeter cells are cuboids in x,y,z). This
is a reasonable assumption for the homogeneous regions of the EM
calorimeter, but only an approximation for the other calorimeters
or for calorimeter edge regions.
• The simulation of the development of particle showers in the
calorimeter takes a large amount of time and is therefore replaced
by parametrizations. The fast simulation mode reproduces the longitudinal shower properties, including fluctuations and correlations,
but only average lateral shower properties and uncorrelated lateral
energy fluctuations.
• Only three types of particles are parametrized and used for the
simulation: photons, electrons and charged pions. The charged
pion parametrization is used for all hadrons (neutral and charged).
A refined treatment of the response to different hadrons is under
development.
4.4.3 Pion Splitting for a ATLfast Upgrade
In hadronic showers, FastCaloSim fails to describe the substructure of
the groups of topologically related deposits in the ATLAS calorimeter
cells. These topo-clusters, are the base of ATLAS jet reconstruction and
provide a key basis for hadronic tau identification. Hence, FastCaloSim
can not be used for analyses that need a realistic simulation of these
clusters, such as jet substructure studies. Two approaches were studied in
hopes of improving the modelling of topo-clusters. The first introduces
additional statistical fluctuations in the transverse shower development
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and the second provides a parametrization of the probability that a single
pion shower will split into two or more. A comparison of the performance
of the standard FastCaloSim with a modified version that incorporates
these new features has been investigated.
The samples, at generator level, consist of single pions at a fixed
energy of 50 GeV, and where the pseudo-rapidity h and azimuthal angle f are randomly drawn from a flat distribution with |h| < 0.2 and
|f | < p Generated events are simulated using the Integrated Simulation Framework (ISF)[116], in three configurations. In the first, the full
detector is simulated using standard Geant4 simulation, in the second
the calorimeters are simulated using standard FastCaloSim and in the
third, the calorimeters are simulated using modified FastCaloSim with the
modifications explained in the sections below. Both the full and fast simulations have been run without calorimeter noise. For all configurations,
following simulation, events are passed through the standard ATLAS
digitisation and reconstruction chain; 5,000 events are generated in each
configuration.
A method for improving the modelling of the shower shape uses a
Geant4 derived parametrisation of the energy deposition as a function
of the distance between the pion’s path. The parametrisation defines
with which probability a pion will be treated as two split pions, for a
given energy and angular distance. The split pions are then treated in
the FastCaloSim simulation, and will originate more clusters in the far
DR(p, cls) region, where standard FastCaloSim fails to produce clusters.
The splitting approach is complementary to a second method based on
random fluctuations, and the combination of both methods is expected
to yield better agreement with respect to full Geant4 simulation than
each of the methods separately, and than the standard FastCaloSim. The
second approach artificially creates secondary clusters by implementing
random fluctuations in the shower propagation. Figure 4.7 shows the
effect on a particularly sensitive cluster variable with respect to a variable
related to the cell level and shower shape. As can be seen the merged
approach in figure 4.7 (c) yields a great improvement in the modelling of
ATLFast. However the pion splitting approach proved highly sensitive
to the parametrisation used and as such only the more effective random
fluctuation approach was followed up.
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(b)

(c)

Figure 4.7: The ratio of the energy in the second cluster and the energy
in all topoclusters, as a function of the DR(p,2nd cls) for (a) full Geant4
simulation, (b) Standard FastCaloSim and (c) modified FastCaloSim with
the random fluctuations and splitting approaches merged [117]

4.5

Performance of Taus in Early 13TeV Data
The performance of reconstruction and simulation of hadronically decaying tau leptons must be constantly assessed in order that any changes
to the detector or reconstruction change can be applied directly to any
analysis that uses these objects. This section represents a snapshot of
the activities of a large number of people and is summarised in the two
documents leading up to analysis of Run 2 data[118] and preceding the
start of key Higgs analyses at 13TeV[119].
p
Several changes in this procedure as performed at s = 8TeV are
p
applied to reconstruction at s = 13 TeV that directly affect tau lepton
performance. Most notable of these changes are related to the addition
of the IBL as described in chapter 3. This new detector system increases
the resolution on the tau impact parameter and tau decay vertex however
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increases the amount of material between the interaction point and the
calorimeter. Other changes affect: the recalibration of the calorimeter
readout, electron overlap, and miscellaneous technical improvements.
The calorimeter has been optimised for operation with a 25ns bunch
separation and discrimination against electrons has been harmonised with
full electron identification instead of a dedicated veto, to enhance the
removal of overlap between these objects.
The following systematic uncertainties on the performance are evaluated using dedicated Z ! tt samples generated with different configurations:
• Uncertainty on the inner detector material, which affects track
reconstruction efficiency, photon conversion rate and the amount of
energy loss in front of the calorimeter.
• Uncertainty in the calorimeter performance and calibration as estimated by varying the noise thresholds in the reconstruction of
topo-clusters.
• Uncertainty due to underlying event tunes as derived by comparing
the nominal sample with one created using a different PDF tune.
• Uncertainties on the modelling of interaction with the detector,
assessed using events generated with a different hadronic shower
model.
Systematic uncertainties are evaluated in different |h| regions as a
function of the candidate thad pT .
4.5.1 Reconstruction Efficiency
The thad reconstruction algorithm as was used in the 2012 data-taking
has been deployed for use with 13 TeV data-taking with only minor
modifications. The substructure reconstruction algorithm as described
previously will be commissioned for use in analyses due for publication in
2017 as it requires validation with a large sample of Z ! tt data. As such
both the 8TeV and 13TeV analyses of Higgs decays to taus as described in
chapters 6 and 7 use almost identical tau lepton reconstruction algorithms
as described in 4.3.1.
An assessment of the tau reconstruction efficiency is essential for producing scale factors that relate fraction of simulated hadronically decaying
tau leptons that are successfully reconstructed in data. This performance
is most notably affected by the association of tracks originating at the IP,
to narrow calorimeter deposits.
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Tracking and Vertexing

To reduce the effects of pile-up and increase reconstruction efficiency, in
addition to the primary vertex, the tau lepton production vertex must be
identified since these do not necessarily coincide.
The tau vertex (TV) association algorithm uses all tau candidate tracks
in the region around the jet seed with a window of DR <0.2. Of these
candidates, the TV is chosen as that which contains the highest fraction
of the sum of the pT of all the candidates.
Tracks are also required meet the DR <0.2 window of the tau jet seed
direction with several additional requirements: ptrack
> 1 GeV, at least
T
two pixel (including IBL) hits and at least 7 in pixel and SCT detectors,
finally the track must match the TV in both the transverse and longitudinal
plane at less than a distance of 1.0mm and 1.5mm respectively.
Reconstruction Performance

The reconstruction efficiency is defined as the fraction of 1-prong (3prong) hadronic tau decays which are reconstructed as 1-track (3-track)
thad candidate.
Ultimately tau candidates are required to have 1 or three associated
tracks (prongs) so underestimation or overestimation of the number of
prongs is a leading cause of efficiency loss. Underestimation is primarily
due to hadronic interactions in the inner detector and overestimation is
mainly due to photon conversions that pass the track selection criteria.
Both of these values are negatively affected by the addition of the IBL
to the ATLAS detector for use in Run 2. The ATLAS detector is almost
fully efficient for finding a jet-seed for a thad candidate with pT > 20 GeV
within the pseudo rapidity acceptance.
The performance of the tau reconstruction efficiency for one and three
prong tau candidates can be seen in figure 4.8 (a) and an example of
the relative systematic uncertainties can be seen in figure 4.8 (b). The
efficiency for 3 prong taus has a dip at low pT due to the minimum
transverse momentum requirement and a reduction at high pT due to
overlapping track trajectories resulting from the increased collimation of
decay products.
4.5.2 TauID
The tau identification (ID) is used to distinguish tau candidates from jets
originating from QCD multi-jet processes. It takes various inputs and
employs a strong multivariate technique to produce a ID score which can
range from 0 to 1. The following variables are used:
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(a)

(b)

Figure 4.8: a) Total efficiency for hadronic tau reconstruction and b)
relative systematic uncertainties on the efficiency for reconstructing the
same number of tracks as the number of charged decay products of the
tau lepton as a function of pT
• Central energy fraction ( fcent ): Fraction of calorimeter transverse
energy deposited in the region DR < 0.1 with respect to all energy
deposited in the region DR < 0.2 around the candidate.
1
• Leading track momentum fraction ( fleadtrack
) The transverse energy of the tau candidate deposited in the calorimeter divided by
the transverse momentum of the highest-pT charged track.
• Track radius (R0.2
track ) pT -weighted DR distance of the associated
tracks to the tau candidate.
• Leading track IP significance (|Sleadtrack |) Absolute value of transverse impact parameter of the highest-pT track in the core region,
calculated with respect to the TV, divided by its estimated uncertainty.
track ) Scalar sum
• Fraction of tracks pt in the isolation region ( fiso
of the pT of tracks associated with the tau candidate in the region
0.2 < DR < 0.4 divided by the sum of the pT of all tracks.
• Maximum DR (DRMax ) The maximum DR between a track and the
calorimeter deposit direction.
flight
• Transverse flight path significance(ST ) The decay length of
the secondary vertex in the transverse plane, calculated with respect
to the TV, divided by its estimated uncertainty.
• Track mass (mtrack ) Invariant mass calculated from the sum of
the four-momentum of all tracks in the core and isolation regions,
assuming a pion mass for each track.
track HAD
• Fraction of EM energy from charged pions ( fEM
) Frac-
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tion of the electromagnetic energy of tracks associated with the tau
candidate in the core region.
EM ) Ratio of the
• Ratio of EM energy to track momentum ( ftrack
sum of cluster energy deposited in the electromagnetic part of each
TopoCluster associated with the tau candidate to the sum of the
momentum of tracks in the core region.
• Track-plus-EM-system mass (mEM+track ) Invariant mass of the
system composed of the tracks and up to two most energetic EM
clusters.
• Ratio of track-plus-EM-system to pT (pEM+track
/pT ) Ratio of
T
the tau pT , estimated using the vector sum of track momenta and
up to two most energetic EM clusters in the core region to the
calorimeter-only measurement of tau pT .

(a)

(b)

Figure 4.9: (a) BDT score for hadronic tau decays (red circles) and simulated multi-jet events (black squares). (b) Efficiency for tau identification
(open symbols) and combined reconstruction and identification efficiency
(full symbols) as a function of the Tau pT

Three working points, labelled Tight, Medium and Loose, are provided, corresponding to different tau identification efficiency values. For
each working point, requirements on the BDT score are determined as
a function of thad pT . Signal efficiencies are, respectively, 0.6, 0.55 and
0.45 for the 1-prong Loose, Medium and Tight working points. The
corresponding 3-prong working points have efficiencies of 0.5, 0.4 and
0.3.
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4.5.3 Electron Overlap Removal
The likelihood (LLH) electron veto (e-veto) algorithm operates by placing
pT and h dependent cuts on the likelihood score used to identify prompt
electron candidates matched to the reconstructed tau candidates within
DR <0.4. The cuts on the LLH score are designed to reject as many
electron candidates as possible whilst retaining at least 95% of all thad
events in simulated Z ! tt MC.
4.5.4 Tau Energy Scale
The baseline calculation of thad energy is described briefly earlier in
section 4.3.1. The calibrated tau energy is computed as:
Ecalib =

ELC
R(ELC

Epileup
Epileup , |h|, nP )

(4.8)

where Epileup is the pile-up offset correction, R is the calibration function
also known as the response and n p is the number of prongs in the decay.
ELC specifies that the topo-clusters used to construct the tau jets are calibrated using the nominal ‘local hadronic’ scale. The detector response
visible distribuis extracted as the Gaussian mean of the (ELC Epileup )/Etrue
tion. The response is computed for 1-prong and multi-prong tau decays
separately, for various Evis true and |h| bins. For each pseudorapidity bin,
an analytic function is then used to fit the response as a function of the
average pileup-corrected energy. The resolution on the calibrated energy
vis distribution.
is computed as the Gaussian width of the Ecalib /Etrue
This resolution performs well at high-pT but quickly degrades at
low-pT . The new method of particle substructure based reconstruction
significantly improves the tau energy resolution at low-pT due to the
superior measurement of the charged pion momentum from the tracking
system. A new calibration is currently being commissioned in which the
information from the baseline and particle substructure reconstruction
methods are combined together with some additional calorimeter and
tracking information via a multivariate-analysis (MVA) technique known
as a boosted regression tree (BRT) method. The performance of this
proposed method in comparison to the others is shown in figure 4.10.
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Figure 4.10: The resolution of the MVA-based thad energy calibration,
compared to the baseline and tau substructure reconstructions, and the
resolution-weighted average of both (Combined). The resolution, shown
as a function of the generated tau pT , is defined as the half-width of the
symmetric 68% confidence interval of the ratio of the calibrated pT to the
true visible pT .

5.

Analysis Methods and
Statistical Tools

Ernest Rutherford, a man remembered as one of the founding experimentalists in the field of particle physics, is often quoted as saying, “If
your experiment needs statistics, you ought to do a better experiment".
However, in this age of big data such sentiments seem foolish. Statistical
methods allow us to construct a picture of the world from the data we
experience and to infer from this a picture of what will come.
This chapter returns to the philosophical concept of a model. As in
chapter 2 which describes the SM as a framework on which observations
are tested, here we explore the statistical nature of testing the parameters
of this model. The SM in essence is mathematical model that can be used
for calculating the probability of transition for a set of particles from one
quantum state to another. As such the parameters of this model can not
be directly measured. The mass of a particle, for example, is not quoted
as the result of the most precise single measurement but instead as the
combination of many measurements to provide a ‘best fit’ value with a
certain uncertainty. An example of this can be seen in the values for the
tau branching ratios given in table 4.1. A combination is performed by
fitting a statistical model to the data. A more precise measurement is
made by reducing the uncertainty on this fit. The uncertainty is therefore
the result of three quantities: the statistical, theoretical and systematic
uncertainties. A more precise measurement might therefore be obtained
either through more measurements (reducing the statistical uncertainty) or
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by redesigning the experiment such that each measurement is more exact
(reducing the systematic uncertainty). The ‘correctness’ of the model
also affects the measurement. In science we hope to account for as many
sources of influence on our result as possible. Therefore, although it might
be possible to construct a simpler statistical model with more precision,
the parameter measured would not necessarily correspond to the desired
phenomenon. A statistical model can be built from a large plethora of
possible observable distributions. In particle physics these distributions
can be given by the SM. The statistical model, under the assumptions of
the experiment, now represents both the probability density function and
normalisation of data collected by the experiment. The statistical model
is a foundation of statistical inference and as such hypothesis tests and
statistical estimators must be derived from the statistical model given.
This chapter features examples built from the Kaggle Higgs Machine
Learning data set [120]. This dataset was built from official ATLAS fulldetector simulation. Simulated H ! t t + signal events are mixed with
different backgrounds. The simulation process yields simulated events
with properties that mimic the statistical properties of the real events with
additional information on what has happened during the collision, before
particles are measured in the detector. A full introduction to the physics
motivation for this analysis was provided as well as an introduction to the
statistical methods as part of the challenge. These statistical methods are
elucidated here together with an overview as seen in various texts on the
topic[121, 122].

5.1

Parameter Estimation

5.1.1 Probability Density Functions
The study of probability can be seen through its early roots in the field of
gambling; the less certain of a result you are the more of a risk is contained
in predicting that outcome. Probability however is not constrained to
discrete predictions as usually employed in bookmaking (gambling). If
we consider a variable x that we can observe either in some experiment
or in nature such that the range of x covers all possible values that x can
take. It is possible to consider the probability density of x, as is given
by the value of the function, f (x) at the infinitesimal interval around x.
This function is known as the Probability Density Function (p.d.f.). The
results of an experiment can be recorded such that they form a function
that approximates to ‘true’ p.d.f. in much the same way as the outcomes
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of a series of sporting events can be remembered to calculate the odds of
placing a bet on the next event.

(a)

(b)

Figure 5.1: (a) Stacked histogram of reconstructed mass of Higgs candidates. (b) approximate p.d.f’s constructed from predicted signal and
background processes
Figure 5.1 (a) shows the distribution of the reconstructed mass of
Higgs candidate events as used during the Kaggle Higgs Machine learning
challenge. Here we can observe visually that events with a mass around
100 GeV are much more likely than events with 50 GeV. This display is a
histogram representation of the data and features a range of intervals of
the parameter on the x axis and the number of times a measurement falls
within that interval on the y axis. The area under the histogram is equal
to the total number of events and approximates a p.d.f in shape. A true
p.d.f. of these events f (x) corresponds to the histogram of x normalised
to unit area (unity) in the limit of zero bin width and infinite events.
We can characterise the distribution as having a number of entries,
a mean value and a variance. The mean and variance represent features
of the p.d.f. and are related to the value expected when sampling from
this distribution and the amount this value can be expected to shift with
successive samplings. However it should be noted that a distribution
can also contain other features which drastically affect the shape of the
p.d.f. and some distributions are not well characterised by the mean and
variance. In addition, in rare cases such as the Cauchy distribution, the
mean of a distribution can be ±• or even not definable. We can now
rewrite our p.d.f. as f (x; q ) where q = (q1 , ..., qm ) are any number of
parameters that describe the distribution of x and m is the number of
parameters.
Probabilities need not be one dimensional. The height of a human
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population will have a certain distribution (a p.d.f. of human height) as
does the age. This distribution however will change depending on the
age of the individual. For example a height of 170 cm might be a fairly
probable height for a random person, sampled from all of humanity, but
is extremely unlikely for someone under the age of 10 years. In this
way a probability can be expressed as P(height , age), or more generally,
P(A,B) with a joint p.d.f. expressed as f(A,B). We can now characterise
the distributions as having a new characteristic, covariance. This can
be understood as a mathematical relation between the variables and is
demonstrated for the physics case of the angles between tau objects from
the Higgs dataset seen in figure 5.2.
Experiments are usually concerned with some description of the
distribution being measured e.g. the number of measurements gathered at
a particular interval. If a set of observables are strongly correlated and not
all observables are measured then value of the unmeasured observables
may influence the result of the experiment. Tests of single variables
assume that the p.d.f. produced is true for all values of unobserved
variables. This correlation needs to be accurately accounted for.

(a)

(b)

Figure 5.2: (a) correlation matrix of example final state products. Transverse momentum (pT ) is correlated among all final state objects and not
correlated with the production angle f . The angle f however is anticorrelated between the two tau candidates (b) correlation between the
production angle of the two leptons in the event
5.1.2 Maximum Likelihood Estimation
The method of maximum likelihood estimation allows the estimation
of the parameters of a statistical model given a set of data. Moreover,
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several variations of the parameters of a model are used to predict the
outcome and compared to the result of the experimental data to produce
a distribution. The maximum of this distribution can be considered the
most likely estimator for that parameter. This method maximizes the
agreement of the selected model with the observed data, however it
must be remembered that the method only maximises the probability
of the observed data for a discrete set of random variables. Non-linear
correlations between parameters for example may have a strong impact on
the estimate as will be mentioned briefly later in reference to likelihood
ratios.
Several methods for parameter estimation exist, however each is susceptible to flaws. The maximum likelihood estimator achieves a good
balance between accuracy and robustness. As such, the maximum likelihood is suitable for parameter estimation with minimal loss of information,
in cases both of low and high statistics[121].
Spurious correlations may be one possible source of bias, as may
be the form of the statistical model being considered. It is possible
that two variables may appear correlated purely by chance (spuriously)
and therefore skew a fit or degrade the performance of an algorithm.
Most models assume that all parameters are independent such that if the
measured variables of this model are partially correlated this may lead to
un-necessary sources of uncertainty in the fit.
We can construct a composite hypothesis for a p.d.f. of some variable
x in the functional form f (x;qq ) where q = (q1 , ..., qm ) are additional parameters where at least one is unknown. Maximum likelihood estimation
allows us to estimate the values of these parameters given a finite data set.
This is done by scanning over values of q and giving the product of all
probabilities for each measurement given the functional form of f (x; q ).
The probability for each measurement xi is given by:
n

P(xi ; q ) = ’ f (xi ; q )dxi

(5.1)

i=1

which gives a value independent of the interval dxi . We can therefore
construct the link between the probability and the likelihood by writing
this function as:
n

L(qq ) = ’ f (xi ; q )

(5.2)

i=1

In this way we see that the value of this equation is maximal for the
values of the parameters that agree most with the data. In many cases the
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calculation of the exact functional form of f (x) is not known or is difficult
to describe. Instead we can construct a statistical model that accounts
for a single measurement split across several bins of a histogram. This
histogram is then populated with data compared to the predictions from
simulation. Each bin requires a calculation of the likelihood for dx which
otherwise would be approximated to infinitesimal in the functional case.
In figure 5.3 it is assumed that the dominant background to the Higgs
searches are given by the decays of a Z boson into taus. Given that the
Z decays according to a well defined distribution, a statistical model and
maximum likelihood estimator for the mass of the Z is constructed. The
function that describes the theoretical mass distribution of the Z is the
relativistic Breit-Wigner function[123], which has a special case related
to particle decays in the form:
f (x; G, x0 ) =

1
G/2
2
p G /4 + (x x0 )2

(5.3)

where x0 and G are parameters that correspond to the mass and width of a
resonance. To account for other non-resonant backgrounds this model can
be combined with a polynomial. It can be seen in figure 5.3(a) that the
data does not follow the functional form, since the Z mass does not equal
91.19 GeV. In figure 5.3(b) it is shown that the mass resolution of the
events in this sample is biased due to the object selection and resolution.
It is evident that these parameters must also be taken into account in the
fit in the form of nuisance parameters, as will be discussed later in this
chapter.
5.1.3 Extended Likelihood Formalism
As seen in the previous example, statistical models are often constructed
from several processes. Indeed, the theme of this thesis is distinguishing
Higgs signal events from background processes. A composite model M(x)
can be constructed from a model describing signal S(x) and a separate
model describing background B(x) as:
M(x) = f S(x) + (1

f )B(x)

(5.4)

where f is the fraction of events in the sample that are signal-like. Adding
p.d.f.s in this way means that M(x) does not need to be explicitly normalized to one. If S(x) and B(x) are both normalized to one then by
construction M(x) is already normalised to one.
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Figure 5.3: The reconstructed mass of background events with a statistical
model formed of a Breit-Wigner distribution and a Polynomial distribution
overlaid. If the background events were all Z type events they would
follow a Breit-Wigner distribution with a mean value of the Z mass.
Often we would rather express a measurement as a number of events
rather than a fraction. i.e.
ME (x) = Ns S(x) + NB B(x)

(5.5)

where ME (X) is normalised to NS + NB = N instead of to one. This means
that ME (x) is not a true p.d.f. but rather an expression for two quantities,
the shape and the number of events in the distributions are given by:
✓
◆
✓
◆
NS
NB
M(x) =
S(x) +
B(x)
(5.6)
NS + NB
NS + NB
In a model where the number of signal events (NS ) and number of background events (NB ) are the only parameters (qq ) we can express them
jointly as:
Nexpected = NS + NB

(5.7)

Where Nexpected is itself the mean value of Poisson random variable for a
given number of events (Nobserved ).
Since the maximum likelihood method is the value for the parameters
in the model that give the best agreement with the data, the numbers of
both classes of events can be jointly estimated by using a method known
as the the extended likelihood formalism. In this case the Likelihood for a
Poisson random variable for a number (n) of of observations with a mean
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value of Nexpected :
L(Nexpected , q ) =
=

n
Nexpected

n!
e

Nexpected

n!

Nexpected

e

n

’ f (xi ; q )

data
n

’ Nexpected f (xi ; q )

(5.8)

data

where q = (NS , NB ). For convenience in calculation we often take the
logarithm:
log L(Nexpected , q ) = Nexpected +

n

Â log(Nexpected f (xi ; q ))

(5.9)

data

Where additive terms not depending on the parameters have been dropped
since the estimators depend only on derivatives of logL. Combining with
equation 5.6 gives the ability to estimate NS and NB given the observed
data:
log L(NS , NB ) = Nexpected +

n

Â log(NS S(x) + NB B(x))

(5.10)

data

This formulation of the likelihood assumes that the forms of the p.d.f.s
S(x) and B(x) are assumed known and are normalized to unit area within
a fixed range. This approach however is not limited to signal and background event counts. The p.d.f. M(x), of a a variable x can be the
superposition of several components:
m

M(x; q ) = Â = qi fi (x)

(5.11)

i=1

where m is the number of components and qi is the relative contribution
of each component.
In figure 5.4 a composite signal plus background model is presented.
Instead of fitting the distributions to some mathematical p.d.f. we fit
Signal+Background data to a composite model of Signal and Background
p.d.f.s that are created from MC using the extended Maximum Likelihood
Method.

5.2

Hypothesis Testing
Though the existence of a Higgs boson has far ranging and vast implications on nature, measurements of the Higgs have only ever occurred
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Figure 5.4: A statistical model formed from MC predictions of signal and
background p.d.f.s. an extended likelihood fit is employed to extract the
number of signal and background events

at hadron collider experiments such as the LHC. This is because the
measurement of some property is an estimator of that property under
some scenario, not an observation of some the true probability in nature.
Measurements of the Higgs within the ATLAS detector are optimised to
search for a new particle. This section discusses how hypotheses such as
the existence of the Higgs boson can be verified experimentally.
The nature of ‘discovery’ is a quantity relating to the degree of belief
that the hypothesis is true. In the case of the Higgs, this equates to the difference in agreement of an observation under two different hypotheses; a)
that the observation is due to a combined p.d.f. of signal and background
or b) the observation is due to the observation of background only. For
example, there is some probability of Higgs bosons being produced at
p
LEP collisions at s = 91GeV. However, the addition of a Higgs term in
the likelihood estimator for Z boson production can be assumed to have
no significant effect on the other measured parameters, since the Higgs
production cross-section for lepton collisions (as in LEP) in this energy
range is too small. Equally, though an excess of possible Higgs events
were measured at the Tevatron [124], this measurement did not have the
resolution to discern a Higgs discovery from the background without the
LHC results to guide the hypothesis.

Chapter 5. Analysis Methods and Statistical Tools

84

5.2.1 Constructing a Fit Model
It is important to optimise an analysis for the desired measurement. The
combined signal+data model seen in figure 5.4 has the signal contribution
scaled by a factor 50. In reality a selection need to be made that isolates
the desired process from other sources of background. Even if the desired
measurement is more complex than whether or not the signal exists,
overwhelming backgrounds can cause inaccuracies in measuring the
desired process.
Three steps must be optimised when constructing a fit model:
• Categorisation
• Signal extraction
• Controls
Figure 5.4 shows an example Higgs data set. Whereby the simulation of
several Higgs production mechanisms form the signal component and
several SM processes form the background. The selection at this stage
is that these events are well reconstructed and have two potential taus
in the final state. If we optimise for one particular process, for example
VBF production, we can remove many sources of background and group
the remaining signal events into those with similar event topologies. An
example VBF categorisation is shown in figure 5.5.

Events / ( 10 )

Events / ( 10 )

525(462) signal

Data
Z→ττ
Multijet

1000

800

7794(7857) background

1000
Data

800

Shape Uncertainty

Normalisation Uncertainty

600

600

400

400

200

200

0
0

20

40

60

80

100

120

140

160

180

200

0
0

20

40

60

80

100

(a)

120

140

160

180

200

MMC mass (GeV)

MMC mass (GeV)

(b)

Figure 5.5: VBF categorisation of the example Higgs data. (a) Shows an
estimate for the background contributions in this category. (b) Demonstrates the number of signal and background events in this category together with the MLE for those parameters (in brackets). Also shown in (b)
is an example uncertainty band for shape and normalisation systematics.
After categorisation particular backgrounds can be addressed. By
looking at simulated variable distributions, discriminating features can
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be identified and used to select regions of variable-space in which an
enhanced signal to background ratio might be found. In figure 5.5 (b), a
clear distinction between the mass of the resonant Z ! tt background
and the mass of the signal can be seen. A signal region can be defined as
those events with a MMC mass between 100 and 150 GeV as is seen in
figure 5.6(a).
The previous subsection details the maximum likelihood estimator.
It describes the process of scanning over values for all parameters in a
model that effect the agreement of that model with the data, in order to
determine the most ‘likely’ value for those parameters. The figures in
this chapter have been designed to demonstrate that the multivariate data
used in high energy physics measurements, is dependent on many sources
of systematic error that can skew the measurement. These additional
parameters should be contained in the q parameter in the likelihood
function. A visual representation of such systematics have been added to
the plots in figure 5.6. Two categories of systematic variation exist: shape
systematics and normalisation systematics. Shape systematics change
the functional form of terms in the likelihood estimator, normalisation
terms effect the normalisation of the p.d.f.s affected. Each of these
uncertainties contribute to the likelihood estimate in that the central value
of each parameter will be the estimator of a Gaussian distribution with
the deviation set by these up and down variations.
Systematic contributions are calculated independently of the nominal
value. Commonly, an up variation and a down variation are calculated
and such that the difference between these values is approximated to the
standard deviation of a Gaussian distribution. For example, the mass of
the reconstructed Higgs is effected by the tau energy resolution (TES)
as described in chapter 4. The nominal mass is calculated with the best
estimate for the TES, again with the TES at the maximum possible expected value and finally with the minimum expected value. The derived
mass might be effected a great deal by an increase in the resolution but
the effect of decrease may be mitigated by the resolution of another component. The mass calculated by the nominal TES does not necessarily
equal the estimator given from the up and down variations. The difference between the nominal value of each parameter and the mean of this
Gaussian constraint is its pull. A likelihood fit scans over the profile of all
likely values of each systematic to provide the best possible estimate for
each parameter. A common way to assess the impact of these variations
is to rank the pull of each systematic, in terms of the impact of this pull
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on the fitted parameter of interest. Together with statistical and theoretical uncertainties on the measurement these systematics are commonly
referred to as nuisance parameters.
Control regions can be used to mitigate the effect of systematics on the
signal region. A well understood region is used to scale the uncertainties
and therefore increase the accuracy on the parameters of the model. This
is done by adding all nuisance parameters to the maximum likelihood fit
to the data. An example control region is shown in figure 5.6.
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Figure 5.6: (a) Signal region optimised for the VBF Higgs process. (b)
Control region to validate background modelling. Overlaid are example
uncertainties. The SR features large uncertainties due to the energy resolution of the objects (calibrated to Zpeak) and background normalisation
each of which are much smaller in the CR

5.2.2 Test Significance
An experiment can be used to quantify the discrepancy between the
observed data and a given hypothesis. When searching for new events
such as the Higgs, the parameter of interest is the number of signal events
ns which can be considered a Poisson variable with a mean ns . Similarly
the number of background events in our test statistic nb can also be treated
as Poissonian with a mean value of nb . Finally the total number of events
is given by n = ns + nb and is by definition also Poissonian with a mean
value n = ns + nb . This gives the probability to observe n events as:
f (n; ns , nb ) =

(ns + nb )n
e
n

(ns +nb )

100

MMC Mass (GeV)

(5.12)
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With this function we can calculate how likely it is to observe nobs events
or more under each hypothesis (the P-value):
p(n

nobs ) = 1

nobs 1

Â

n=0

nbn
e
n

nb

(5.13)

This p value will have a value ranging between 0 and 1 and represents
the degree to which it can be said that the data is produced in accordance
with a given hypothesis. In particle physics the one-sided p-value corresponding to evidence of a new particle is p=0.003 and for discovery,
p=0.0000003. This is referred to as 3s and 5s respectively.
For particle physics, the significance, Z as given in s is used. This
corresponds to the standard deviation arising from a Gaussian distribution
of data also known as a bell curve. A simple translation between Z and p
is possible:
Z = F 1 (1

p)

(5.14)

where F is the inverse of the standard cumulative distribution from a
mathematical Gauss curve. In a perfect bell curve, 68% of the data is
within one standard deviation of the mean, 95% is within two, and so
on. In the case of a 5s deviation we state that an experimental result
corresponds to randomly selecting a point from the bell curve that only
provides the tiniest fraction of events. Therefore it is highly improbable
to have been produced by that hypothesis.
5.2.3 Neyman-Pearson and the Optimal Critical Region
As demonstrated in the previous section, a critical region can be constructed by placing a cut on some observable. In one dimension, a single
cut determines both the efficiency and purity of the signal region. By
varying this cut an optimal region can be found trivially. For a multidimensional critical region, we can explore many different options for
discrimination hoping for a more powerful test.
The Neyman-Pearson lemma states that for a given threshold h or
desired significance level, the optimal variable to distinguish between two
simple hypotheses H0 and H1 is given by the likelihood ratio t(x). This
can therefore be reformulated as:
t(xx) =

f (xx|H0 ) L(H0 |xx)
=
f (xx|H1 ) L(H1 |xx)

(5.15)
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This formalism for Hypothesis tests however requires that we know fully
the ‘true’ values for the functions. If the hypotheses deal with perfect
mathematical functions such as the breit-wigner described earlier, with
perfectly uncorrelated observables, this method is highly useful. However,
for complex hypotheses the optimality of this concept breaks down, and
only linear relationships between parameters are strictly considered. In
high energy physics it is possible to form MC templates that approximate
the Likelihood function however only if the dimensionality of the critical
region is small.
5.2.4 Test Statistic for Discovery
The test statistic t(x), as introduced previously, can be multidimensional,
however the increased information comes at a cost. Higher dimensionality
means that a fixed number of measurements must populate a much larger
probability space and often this decreases the ability of the statistic to
discern between different hypotheses.
Revisiting equation 5.12 in the case of multiple bins we can construct
a likelihood function as the product of Poisson probabilities for all bins:
N

(µs j + b j )n j
e
nj
j+1

L(µ, q ) = ’

(µs j +b j )

k
um
k
e
k=1 mk

M

’

uk

(5.16)

and
µ=

n
b

1

(5.17)

where si and bi are the integral of the signal and background p.d.f.s
respectively in that bin interval scaled to the total number of events n as
described in subsection 5.1.2. The parameter µ determines the strength
of the signal process, with µ = 0 being the background only hypothesis
and µ = 1 the nominal signal hypothesis. This equation introduces terms
for the number of events in a control region. For a set of m values for
the number of events in M bins where the expected values (u) for each
parameter q are well understood and therefore calculable. The indices
j, k indicate the bin numbers in signal and control regions respectively.
From this we can define the profile likelihood ratio from equation 5.15 as:

l (µ) =

L(µ, q̂qˆ )
L(µ̂, q̂q )

(5.18)
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where the numerator is a conditional maximum Likelihood estimator of
q for a given µ and the denominator is unconditional (µ̂ and q̂q are each
given by their respective maximum likelihood estimators). In this fashion
q̂qˆ is a function of µ. Using this formulation it is possible that an estimator
µ̂ for any single parameter of interest follows a Gaussian distribution
[125]. Rather than use complex and computationally intensive‘toy’ MC
to estimate the shapes and correlations of all parameters in each estimator,
the ‘Asimov data set’ [122] is often used, in which the Gaussian distribution for µ̂ with a mean of µ 0 is set to the value µ 0 . In this way the Asimov
data set is defined as that which provides the true parameter values when
used to evaluate the estimators for all parameters.
The Asimov data set can be used in this way to evaluate the likelihood
and therefore the profile likelihood as:
lA (µ) =

LA (µ, q̂qˆ )
LA (µ 0 , q )

(5.19)

which demonstrates that the estimators for the parameters are equal to their
hypothesized values when the likelihood is evaluated with the Asimov
data set.

5.3

Multivariate Methods
Many of the concepts dealt with previously concern the treatment of single
variables such as the mass. Figure 5.2 demonstrates that the correlations
between variables can also characterise the parameters of the underlying
model. This section discusses several applications of Mulivariate Analysis
(MVA) in particle physics. The use of MVA in high energy physics is
getting more and more common since it often permits a more efficient use
of the complex multivariate data available through complex simulation of
an exact theoretical model.
An MVA can be used for several goals; most notable of which in a
particle physics context are the fields of categorisation and regression.
The process of regression takes multiple variables as input in an attempt
to reconstruct a desired parameter. For example reconstructing the mass
of a particle from track momenta and calorimeter hits. In the case of
classification, an algorithm is trained to discriminate between classes of
events. For example: separating signal events from background.
There is a significant overlap between the fields of MVA and machine
learning (ML). In many cases the algorithms applied in MVA can be optimised in an automated way. Many of the analyses addressed in this thesis
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apply the analysis of several variables but not all utilise ML techniques.
The choice of which approach to use is often driven by restrictions on
either computational (with technical restrictions) requirements, or considerations of correctness. The systematics introduced in the previous
section can often be well understood in terms of a mass distribution but
are less clear when applied to the n-dimensional output of ML algorithm.
5.3.1 Matrix Element Method
The matrix element method MEM is a technique that utilises all information contained in an event to construct a variable that theoretically has
the optimal testing power. This is possible in high energy physics since
the processes that we measure are described so completely by theoretical
predictions.
The SM gives us the tools for calculating the differential probability for observing a set of final state particles. These are reconstructed
four-momenta. The p.d.f. for this final state is equivalent to the differential cross section. For a set of given final state four momenta pobs the
probability density can be given as:
P(pobs |qq ) =

1
s (qq )

Z

⇣
⌘
d ptrue |M q |ptrue |2 R pobs |ptrue

(5.20)

where M (qq |ptrue ) is the theoretical matrix element fo the specific
process, and s (qq ) is the total cross-section of the process. To account for
the acceptance and detector response, the transfer factor R pobs |ptrue is
introduced.
This equation must be convoluted with the parton density functions
and summed over all possible flavour compositions for use at a hadron
collider. This gives an non-trivial integral over both initial and final states.
From event to event, given a proper normalisation, this method can
be used calculate the likelihood of the event given the theoretical model.
Since the largest contribution to this calculation is always the matrix
element the method derives its name thus.
In this way the MEM can be used to directly construct estimators for
theoretical properties such as the top quark mass [126, 127] through the
method of maximum likelihood or to construct an optimal test statistic
for new processes as described in section 5.2.3. In chapter 6 this method
is revisited in order to calculate a variable sensitive to the CP state of the
Higgs production vertex.
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The MEM is an idealised experimental tool. It assumes that the
functional form of the likelihood is perfectly known and the parameters
therein are perfectly independent. Often in practice the matrix element
method does not perform as well as expected due to correlations between
observables in the final state, especially correlations between the nuisance
parameters (which govern experimental uncertainties) which are often
tied to the parameters that govern the MEM calculation. Often in practice,
a less optimal but more robust test, gives a better performance.
5.3.2 Boosted Decision Trees
Measurements in particle physics have many highly correlated variables
and often the dimensionality of the final state is far too complex to derive
a suitable test statistic. Machine learning (ML) allows us to reduce the
dimensionality of the final state into one variable that optimally separates
the p.d.f.s of the two hypotheses. The output can be considered a projection of the input data such that signal like events are projected to one end
of the distribution and background like events at the other.
A decision tree is a binary tree structured classifier. A series of cuts
are made on single variables of the test statistic forming progressively
smaller subsets, each with a label of either signal-like or background-like.
Since the algorithm contains parameters that are obtained from training
on labelled data, the cuts can be determined such that it optimises the
signal purity in each subset. Once a certain stopping criterion is reached
(such as a minimum number of events in each region) the tree structure
is saved. Now unlabelled ‘test’ data can be fed into the tree structure
following the cuts that were determined previously. Each event is now
classified according to which class had the majority of events in this final
leaf node during training.
The decision tree is a simple logical determination of signal and
background classification. The decision tree alone however very rarely
gives the optimal classification. The decision tree process can be repeated
several times to form a composite classifier. Forests of trees can be
obtained from a composite of multiple decision trees, in each iteration
of the tree a boosting algorithm aims to reduce the quantity of errors
produced. Boosting refers to the process of increasing the importance of
a training event that is placed in a final leaf node of the decision tree that
is given a label that does not match the event’s classification. Boosting
maps each point in phase space to a point from -1 (always a majority of
background events) to +1 (more likely to have a majority of signal like
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events)
The adaboost (adaptive boosting) algorithm [128] as applied to decision tree is given as follows. The decision tree acts upon a vector of
N training events each described by n variables xi 2 Rn , i 2 1, ..., N and
a corresponding vector of class labels yi 2 0, 1. In this example signal
is labelled y = 1 and background y = 0 however a number of different
labels can be applied. The event weights are given by wi 2 R. If the
subset of training events complete with labels and weights at node m is
represented as Q, then Q can be partitioned into two subsets using a cut
q on a variable v and a cut threshold t giving Qleft (q ) and Qright (q ). To
identify which of these subsets corresponds to which label the purity at
this node (node m) is used:
pm =

Âi2Q wi ⇥ I(y = 1)
Âi2Q wi

(5.21)

where I is the indicator function that has a value of 1 if yi = 1 and zero
otherwise. An error function is then defined:
H(Q, q ) =

Â

i2Qleft (q )

wi G(Qleft (q )) +

Â

wi G(Qright (q )) (5.22)

i2Qright (q )

Where G is a function, G(Q) = pm (1 pm ) known as the Gini index[129].
This function is minimised into give the optimal value for q . This optimal
cut is applied on the set, thus forming two daughter nodes, and the process
is repeated for each of these subsets. This process continues until a
stopping criterion is met such as the minimum number of events in a node
or maximum number of daughter nodes created. This stopping criteria is
optimised per analysis with the final node indicated as M. This process
produces a single decision tree. The event weights must be normalised
to unity for each tree. The signal purity as obtained for each event as
sig
pM (x) can now be interpreted as the class probability and be mapped to
a response for this particular tree (M) as:
sig

hM

sig

log pM (x)

1
log pkM0 (x)
2Â
k

(5.23)

for k =(signal, background). The response of each tree M is improved
each iteration (denoted M 0 ), by modifying the weights according to the
boosting algorithm:
✓
◆
1 T
wi wi ⇥ exp
b yi log pM (xi )
(5.24)
2
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where b is another variable of the learning algorithm known as the learning rate which controls the strength of the boosting and y can take one
of two values. y = 1 in the case that an event is correctly classified but
y = 1 if incorrectly classified. In this way the misclassified events have
a stronger influence in the next iteration. If it is misclassified again the
weight gets stronger and therefore has an even stronger influence on the
choice of q in each node. The output of all trees is averaged to give the
ensemble signal response for a single event:
Csig (xi ) =

1

Ntrees

Â
Ntrees M=1

sig

hM (xi )

(5.25)

A response such as this is computed for all classes and the result projected
onto some output. In the two class case of signal and background, the Cbkg
probability is multiplied by -1 and summed with the signal probability to
produces a single variable. If this variable is positive it is more ‘signal’
like than ‘background’ like.
BDTs are often used when training samples are subject to larger
statistical fluctuations, since the boosting stabilises the classifier response
to produce a more robust outcome. BDTs are found at almost all stages
of the analysis procedure in ATLAS. A BDT is trained to retrieve physics
objects [104], another is used for object reconstruction [106] and these
objects form data sets that are reduced using BDTs and the resulting events
used to form new observables on which a test is performed [130]. Many
experiments endeavour to reduce the result’s dependence on multivariate
techniques in order to facilitate the propagation of experimental errors
in the experiment however numerous techniques are being developed in
order to exploit the increased sensitivity afforded by ML techniques
Figure 5.7 shows the outcome classifying the Kaggle Higgs Machine
Learning Challenge data using a BDT. As can be clearly seen here in
comparison with figure 5.6, even a simple setup can give very large boosts
to the sensitivity of an experiment via this method. The BDT is used over
other Multivariate Analyses (MVA) because it is fast and robust, but also
due to the simple binary nature of the decision tree base classifier there is
often very little correlation between the errors in the final state.
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(a)

(b)

Figure 5.7: 30 variables are fed into a Boosted Decision Tree using the
AdaBoost Algorithm [128], 500 Estimators and a maximum of 10 decisions before stopping. Training data is labelled as signal or background
and seen in blue or red respectively. The algorithm creates a series of
weights that can be used to classify a series of unlabelled test data. The
two distributions are seen here normalised to the expected number of
events. In figure (a) A blue area is highlighted, representing an enhanced
critical region c(x) as a subset of the test statistic t(x), corresponding to the
top scoring 20% of unweighted events. In figure (b) the distribution in the
critical region is shown including the number of signal and background
events found in this region.

6. Higgs Properties at 8 TeV
6.1

Introduction
The investigation of the origin of electroweak symmetry breaking and the
experimental confirmation of the Brout–Englert–Higgs mechanism, was
one of the prime goals of the physics programme at the Large Hadron Collider (LHC). In 2012 the ATLAS and CMS collaborations each announced
the discovery of a Higgs boson with a mass of approximately 125 GeV
[10, 11, 36, 37]. As the data taking period of the LHC continues, effort
are extended towards more precise measurements of the properties of the
discovered particle, in particular; tests of the spin and parity quantum
numbers.
Part of the effort to establish the mass generation mechanism for
fermions within in the SM was the search for evidence of direct couplings
of the Higgs boson to fermions and the strength of each of these fermionic
coupling strengths in relation to its mass, in particular to the heaviest
lepton; the tau.
Searches for Higgs decays into taus are particularly promising since,
whilst they have a lower predicted cross-section than the more numerous
H ! bb̄ decays, the H ! tt decays produce a signature that should be
easier to extract from the backgrounds relevant to each search.
The ATLAS collaboration performed a search for H ! tt based
on the full proton–proton dataset collected by the ATLAS experiment
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during the 2012 data-taking period, corresponding to a total integrated
p
luminosity of 20.3fb 1 at s = 8TeV. Together with a complementary
p
analysis at s = 7 TeV, this analysis found an excess of events over
the expected background from other Standard Model processes with an
observed significance of 4.5 standard deviations. [131]
Whilst the theoretical implications of an observation can be a tool to
search for new physics it is postulated that this same dataset and analysis
formulation [132] may be re-purposed for a measurement of the properties
of the particle discovered in 2012. This chapter presents a method for
probing the HVV tensor structure using the Vector Boson Fusion (VBF)
production mode and the thad thad final state of the H ! tt decay.
The analysis was optimised to provide final state selections that are
each sensitive to one of the major production processes of a SM Higgs
boson and resulted in two signal regions per di-tau decay channel. A
‘boosted’ channel sensitive to Higgs production via gluon fusion (ggF),
and a VBF channel sensitive to vector-boson fusion (VBF). As described
in chapter 2, production of the Higgs via VBF is characterised by 2
‘tagging’ jets. As such the VBF signal region selects events with 2 jets
while the Boosted region requires that the event fails the VBF selection
and requires in addition a large transverse momentum of pT >100GeV.
The Higgs decays into taus were optimised into three channels:
name
process
label
fully leptonic
H ! tt ! `` + 4 ⇥ n
tlep tlep
semi-leptonic H ! tt ! `h + 3 ⇥ n tlep thad
fully-hadronic H ! tt ! hh + 2 ⇥ n thad thad
where ` = e, µ and h = hadrons.
A novel method was successfully used to measure the CP properties
of the Higgs[133], in which the observables being tested are relatively
agnostic to the final state selection. The author of this thesis was a major
contributer to this work and several of the results presented in this chapter
are also contained therein. This analysis draws heavily on the ATLAS
analysis used to establish 4.5s evidence for the H ! tt decay [131].
This chapter describes first how di-jet variables in the VBF category of
Higgs decays can be used to test the CP state of the Higgs. The fully
hadronic channel of the Higgs coupling analysis is described in detail in
section 6.2 as a precedent to the description of the modifications that were
made to this analysis in order facilitate CP measurements of the Higgs in
this channel. The statistical treatment specific to this analysis is described
in 6.3 with results presented in section 6.4. Also presented is the result
of a combination between the fully hadronic optimal observable and the
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fully leptonic and semi-leptonic channels.
6.1.1 A CP Sensitive Di-Jet Variable
In events where a Higgs is produced via VBF, it is suggested that a test of
CP invariance can be performed via a measurement of the two associated
jets [134]. As seen in figure 6.1, the forward and backward tagging
jets which form the characteristic features of the VBF process and their
distributions and correlations can be exploited to reveal information on
the tensor structure of the HVV vertex, independent of the Higgs decay
mode. In this diagram the momentum labels and Lorentz indices for the
internal weak bosons correspond to the vertex function of the HVV which
can be written as:
T µn (q1 , q2 ) = a1 (q1 , q2 ) gµn
+ a2 (q1 , q2 ) [q1 · q2 g
+ a3 (q1 , q2 ) e

µnrs

µn

µ
q2 qn1 ]

q1

(CP even) (6.1)

q1r q2s

µ

q

(SM: CP even)
(CP odd)

q
W± /Z
H

q2

Q

W /Z

Q

Figure 6.1: Feynman diagram of a Higgs production via VBF from quark
anti-quark pairs q̄Q ! q̄Q at tree level.
as described in equation 2.26. A constant a1 (with a2 = 0 = a3 )
represents the SM case while sizeable form factors a2 and/or a3 would
represent new physics. In order to probe the nature of these BSM contributions we must consider only variables that, whilst sensitive to the tensor
structure shown in figure 6.1, are also relatively insensitive to additional
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for the H ! thad thad channel in figure 6.2.
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Figure 6.2: Distributions of Df jsign
j in the signal region (a) of the thad thad

channel. Comparison of Df jsign
j for various signal models (b), normalized
to unity: pure SM (black), signal model of d˜ = 0.2 (pink) and a model
of d˜ = +0.6 (blue).
The mean azimuthal angle formed between the two tagging jets can
be used as a test for CP invariance. Using the full distribution, any
differences in the shape from those expected can be seen as a clear
indication of contributions to the Higgs Lagrangian beyond the SM. This
contribution follows from equation 2.26 and takes the full form:
r

µ

eµnrs b+ bn+ b bs = 2pT+ pT sin(f+
= 2pT+ pT sin Df j j
µ

f )

(6.2)

µ

Where b+ and b represent the normalised four-momenta of the clockµ
µ
wise and anti-clockwise proton beams, p+ and p and f+ and f the
four-momenta and azimuthal angles of the 2 tagging jets where the sign
represents directionality with respect to the detector. This is in order to
remove ambiguity due to the sign in the standard Df j j calculation.
sign

Df j j = f j1

f j2

(6.3)
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where the jets are ordered in h instead of pT . The VBF selection (Dh j j >
2) ensures that the jets are pointed in opposite directions in h such that j1
is defined as the jet that is pointed in the positive h direction.
Since the SM distribution (at tree level) is Df j j -even, the parity violation must originate from a parity- odd coupling, namely a3 in the HVV
vertex. This term is also CP-odd. Such a coupling, occurring at the same
time as the CP-even SM amplitude or the CP-even coupling a2 , implies
CP-violation in the Higgs sector. In this sense, the observation of an asymmetry in the Df j j distribution would directly demonstrate CP-violation in
the Higgs sector.
sign
In figure 6.3 the sensitivity of the Df j j variable is shown in comparison to an alternative matrix element method as described in chapter
5. This alternative method includes not only the full jet four-momentum
vectors but also additional information from the incoming partons and
the reconstructed Higgs system as described in the next subsection. As
described later in this chapter, the size of the difference between the SM
value (d˜ = 0.0) and that at any mixed value represents the strength of
this variable to exclude BSM CP mixing models. A difference in the
negative log likelihood value (DNLL) of 0.5 corresponds to a one sigma
sign
exclusion. The Df j j variable has an expected sensitivity of less than one
tenth of a sigma. Given that the local Higgs signal cross section for VBF
Higgs production and decay to hadronic taus was 2.4 times that expected
from the SM predictions [131] a small increase to this sensitivity might
be expected. However for the such low sensitivity it is unlikely to make
a significant difference. At such levels the results are highly subject to
statistical fluctuations and as such this variable is no longer considered
here.
6.1.2 Optimality in Observation
As discussed in Chapter 5 the most powerful hypothesis test possible at a
given threshold is given by the ratio of a likelihood formed of all available
information. The concept of the optimal observable is a single variable
formed from all of the information contained in the higher dimensional
phase space via the matrix element method. The Optimal Observable
method was used in studies of CP invariance in Z ! tt by the OPAL
collaboration [135] and later for measurements of the top quark [136]
and the polarisation of the tau [137], but has not before been used in the
context of Higgs VBF production at the LHC.
The concept of a CP mixed contribution to an effective Higgs produc-
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Figure 6.3: Difference in sensitivity between Df j j and the OO1 calculation.
tion Lagrangian is given in section 2.5.2. The visible contribution of such
CP mixing must take the form of some contribution to the matrix element
as follows:
Mnon-SM = MSM + d˜ · MCP-odd .

(6.4)

In order to determine the value of d˜ i.e. to distinguish the Standard Model
from CP-mixed cases, the Optimal Observable is used in this analysis.
Both a first and a second order Optimal Observable can be defined, as
follows:
⇤ M
2¬(MSM
CP-odd )
,
|MSM |2
|MCP-odd |2
OO2 :=
.
|MSM |2

OO1 :=

(6.5)
(6.6)

The first order Optimal Observable, OO1 , has a mean value of 0 if CP
is conserved, whereas if CP is violated (d˜ 6= 0) its mean value is shifted
from zero in the positive or negative direction, depending on the sign of
d.˜
Figure 6.4 shows the distribution of OO1 , both for the Standard Model
case and for non vanishing d˜ 6= 0 values, which introduce an asymmetry
in the distribution and yield a non vanishing mean value.
The Matrix Elements required for calculating the values for the Optimal Observable at both first and second order were obtained using code
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Figure 6.4: Distribution of OO1 at generator-level for various d˜ values.
The Standard Model sample was generated using aMC@NLO at leading
order, and then reweighted to different d˜ values using the same procedure
as described in section 6.2.2. A typical VBF selection has been applied
as described in section 6.2.1
extracted from HAWK [138]. At truth-level the necessary inputs are the
Bjorken x values, the four-vectors of the outgoing Higgs boson and the
final-state partons (before hadronisation). At reconstruction-level, these
inputs need to be replaced by the equivalent reconstructed objects – the
following inputs are used:
• The reconstructed Higgs boson four-momentum vector, being the
sum of the two t four-vectors obtained using the MMC algorithm
as described in subsection 6.2.1.
• The leading and sub-leading reconstructed jets. The jets are reconstructed using the anti-kT algorithm [101, 102] with a distance
parameter R = 0.4, and are subject to channel-dependent selections
on their pT and pseudo-rapidity separation, discussed in Section 4.
• The reconstructed Bjorken x obtained from the equations
Mfinal
x1reco = p eyfinal
s
M
final
x2reco = p e yfinal ,
s

(6.7)
(6.8)

where Mfinal and yfinal is the mass and rapidity respectively of the
vectorial sum of the two leading jets and the two t four-momentum
vectors obtained as discussed in the preceding items.

102

Chapter 6. Higgs Properties at 8 TeV

In the present study only the first order Optimal Observable is used. This
is primarily due to the increased complexity resulting from trying to
combine OO1 and OO2 (e.g. through a two-dimensional fit), compared to
the relatively small gains obtained by including the second order Optimal
Observable. More specifically, the low signal statistics in the signal region
imply that a two-dimensional fit requires a coarser binning, which in turn
reduces the sensitivity compared to a one-dimensional fit of the first order
Optimal Observable with a relatively finer binning. From this point on,
unless explicitly specified, the expression ’Optimal Observable’ will refer
to the first order Optimal Observable.

6.2

Analysis Description

6.2.1 Searches for Higgs Bosons Decaying to Tau Lepton Pairs at
p
s = 8TeV
p
The search for a SM Higgs with a mass of 125 GeV at s = 8TeV used the
output of a multivariate analysis to test the hypothesis of Higgs couplings
to tau pairs. Six boosted decision trees as described in section 5 were
trained using tau leptons, electrons, muons, jets and missing transverse
energy objects as described in chapter 4; one BDT for each dominant
Higgs production mode (VBF,Boosted - targeting ggF production) in
each channel (tlep tlep , tlep thad , and thad thad ). The remainder of this
subsection describes the process for selecting, categorising and modelling
this analysis in the fully hadronic (thad thad ) channel.
The use of a MVA in the di-tau final state is due to the relatively
high background rates following identification, overlap removal and preselection. The separation into the six divisions mentioned above means
that the algorithm can make use of complex relations between variables,
the varied topology associated with different predicted Higgs production
modes, whilst still giving optimum classification across three channels
with different background compositions. Z ! tt events are common
throughout the analysis. The semi leptonic (tlep thad ) the fully hadronic
(thad thad ) final state experience high rates of QCD multijet events. Events
with at least one lepton (tlep tlep , and tlep thad ) have large backgrounds
from W and t t¯. The fully leptonic channel requires special treatment for
Z/g ! `` backgrounds.
A likelihood based fit was used to test the signal hypothesis using the
BDT output as discriminant. The parameters of interest in the tlep tlep
signal regions were fit simultaneously with control regions designed
to constrain uncertainties due to top, Z ! ``, Z ! tt and fake lepton
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production. tlep thad also features 4 control regions for top, W , Z ! tt
and fake lepton production. thad thad features predominantly only fake
and Z ! tt backgrounds and the contribution to these is constrained via
a ‘rest’ control region which contains both major backgrounds and is
defined as all events which pass pre-selection criteria but neither the VBF
nor Boosted selection.
Whilst many features of this analysis are common throughout channels this subsection describes the specific considerations that formed the
search for Higgs decays in the fully hadronic (thad thad ) tau channel. The
sections that follow describe: the event selection, categorisation, background estimation, MC simulation, systematic treatment and the features
that were used as input to the BDT.
Event Selection

The analysis at ATLAS is performed in several parts. After the selection
of events with tau and jet candidates but before the definition of analysis
categories, a ’pre-selection’ is made. This pre-selection stage removes
poorly reconstructed events in order to provide a smaller subset of data
containing good quality Higgs candidates. This data reduction allows
the later analysis to be performed locally at a higher rate than would be
possible otherwise.
The pre-selection for fully hadronic di-tau higgs candidates is as
follows:
• Good Run List (GRL). Data events must be contained in the GRL
which is a list of events that pass the ATLAS data quality assessment
for blocks of data that are free of defect.
• Trigger. A double hadronic tau trigger with a medium selection
criteria is used to select candidates.
• Vertex. The primary vertex has at least four associated tracks.
• Calo. No associated calorimeter errors. E.g. a high voltage trip
• Jet Quality. Reconstructed jets satisfy “looser" jet quality requirements
• Lepton Veto. Light lepton veto (no electrons or muons)
• Tau ID. At least two selected tau candidates passing the medium
BDT identification threshold and at least one passing tight
• Leading tau pair Leading and subleading taus candidates are defined by pT
• Tau pT cut. Leading tau pT > 35 GeV and subleading tau pT >
25 GeV
• Same vertex. Both leading tau candidates must originate from the
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same primary vertex
• DRtt cut - The anglular separation between the taus must be between 0.8 < DRtt < 2.4, in order to suppress non-resonant backgrounds and overlapping taus.
• ETmiss cut. The missing energy (from tau neutrinos) must be above
ETmiss >20 GeV.
• ETmiss centrality. The f component of the missing energy vector
must be between that of the two tau candidates or within a distance
of Df (ETmiss t) < p/4 of either tau.
Event Categorisation

For any subset of events that are selected by the objects in some final
state there are several possible processes that might contribute. The event
topology for VBF Higgs candidates and ggF Higgs candidates with taus in
the final state is very different. Any region that targets both of these Higgs
production modes is likely to be non-optimal. Instead, two individual
analysis categories are defined and optimised individually. One targets
the VBF production of the Higgs whilst the other targets ggF production
in a boosted frame (to reduce background contributions)
The VBF categorisation used for the multivariate analysis is formed
from two requirements:
• Di-jet. Events must contain at least two hard jets with a pT of 50
and 30 GeV respectively.
• Jet separation. The longitudinal separation of di-jets is characteristic of VBF production. A |Dh( jet1, jet2)| > 2 defines two,
‘VBF-tagged’ jets.
Many VBF analyses veto events with additional jets that lie between the
VBF-tagged jets. This analysis avoids the additional theoretical uncertainties associated with the suppression of events due to real emissions
from higher-order QCD corrections by placing no cut on the topologies
of any additional jets.
The boosted Higgs category is defined by a single cut on the transverse
momentum of the Higgs candidate, pH
T > 100 GeV in addition to the
requirement that neither VBF cut is fulfilled. Similarly a ‘rest’ region is
defined by events that pass neither the VBF nor boosted requirements. The
events in this region by definition have fewer than two good quality jets
and a low transverse momentum. Since the VBF and boosted categories
are designed to optimise searches for Higgs events, the rest category
contains high numbers of background events with kinematics that are not
dissimilar from those in the signal regions. As such the rest category is

6.2 Analysis Description

105

ideal for helping to constrain the background normalisation as described
later in this section.
Multi-jet Background Model

The multi-jet background is the joint name given to a number of processes
in which QCD processes produce a narrow jet which ‘fakes’ the tau
signature. Rejection of such processes is crucial in the development of tau
identification algorithms but a notable number of events still survive the
selection criteria. A data driven approach is employed to minimize the
dependence of modelling this background on simulation and the influence
of any associated systematic uncertainties.
The pre-selection for di-tau events does not include the requirement
that the tau candidates have opposite charges (q1 ⇥ q2 = 1). This requirement is applied individually in each region such that the multi-jet
background can be estimated from an orthogonal region that does not
meet this requirement. The target region in all categories is the isolated
opposite-sign (OS) region. In addition to the charge, OS taus are both
required to have either one or three tracks. The isolation requirement is
discussed in chapter 4. For each category the multi-jet backgroud shape
(Fakes) is estimated for events in the non-isolated nOS region as:
Fakes = data

b ⇥ Z ! tt

Others

(6.9)

Where b is a free parameter related to the Z ! tt normalisation, and
Z ! tt and Others are the estimates for the contribution from non-multijet
backgrounds.
Embedded Z ! tt

The Z ! tt process forms the primary irreducible background to Higgs
searches with taus. Whilst the physics of electroweak Z decays is well
known, during Run 1, the production of Z type events at the LHC and
the associated jet topology was subject to large variations in the predicted
kinematic distribution. This was in part due to large uncertainties in
p
the theoretical prediction for proton-proton collisions at s = 8TeV, and
partly due to the selection of non-standard Z type events. To further
complicate matters the uncertainty due to this particular background can
not be extracted cleanly from a control region since a ‘pure’ Z ! tt
region cannot be defined for all channels.
A Z ! tt sample was created from data using a process called embedding[113]. Since the Z decay kinematics should be agnostic to lepton
flavour Z ! µ µ events are taken from data and the ‘clean’ muon objects
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replaced with well understood simulated taus. The simulated taus inherit
the kinematics of the muons in data and thus preserve the topology of the
event. The real benefit of this process is that the jet topology of the event
it left completely untouched.
A data set was formed of events with two muons with plead
T,µ > 20
DR<0.2
sublead
GeV, pT,µ
> 15 GeV and Âtracks pT,track /pT,µ <0.2. The muons were
required to have a common primary vertex, opposite charge and a total
invariant mass greater than 40GeV. Additional systematics were assigned
to the process to govern the uncertainty due to the embedding process.
The systematics are both related to the fact that the reconstructed muon
objects taken from data are not necessarily the clean quantum mechanical
objects that exist in theory. Though the quantities concerned are often very
small, the muon does loose energy as it traverses the detector. Therefore
the kinematic four-momentum vector that is assigned to the tau is not
equivalent to that of the particle produced in quantum mechanical decay
of a Z boson. Two systematics are assigned to account for this loss
of information. The isolation systematic governs the identification of
the muon and the simulation systematic covers changes to the muon 4momentum due to the interaction of the muon with the detector or the
measurement itself and accounts for the subtraction of muon energy from
the calorimeter. Both of these considerations will affect the shape of
the BDT discriminant so it must be recalculated for each up and down
variation.
Other backgrounds

All other backgrounds are expected to make up 4% of events in the VBF
signal region. These are dominantly from W /Z +jets events or those with
a top quark in the final state. These processes are simulated from MC but
include only those process with at least one true tau in the final state. The
dominant contribution is from W ! tn+ jets where one reconstructed
tau is real but the other is a fake originating from an additional jet. These
backgrounds differ from the multi-jet background described above in that
the multi-jet background are those in which neither candidate is a true
tau.
Background Normalisation

Equation 6.9 can be extended to give a full estimate for the background
contribution in any region:
Background = a ⇥ Fakes + b ⇥ Z ! tt + Others

(6.10)
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The normalizations of the top, diboson, and other electroweak backgrounds, combined in ‘Others’ and are fixed by their cross sections and
observed luminosity in data. The normalizations of the Z ! tt and multijet backgrounds (a and b) are free parameters. In many LHC analyses
(and in the other channels in this analysis) the normalisation of is background is constrained by a fit event yields in a region where that process
dominates (e.g. contribution of Z ! µ µ constrained from the number of
di-lepton events with an invariant mass around the Z peak. If all other selection criteria are also applied and this region is orthogonal to the signal
region, the Z ! µ µ normalisation can be assessed from the difference
between the data and MC in this region.) In the fully hadronic di-tau
analysis it is impossible to derive either a pure Z ! tt or multijet region.
Instead the normalisation can be taken from the fit of some variable in a
single region where these backgrounds have different shapes.
Since the signal contamination in the rest category is expected to
be 0.29%, and has a notable expected contribution of both Z ! tt and
multijet events (roughly 2400 and 3200 events respectively), it is ideal
for this purpose. Because the multijet data model depends on the Z ! tt
normalisation, a likelihood fit is performed on Dh(tt) at pre-selection
to get an initial estimate for the models. This processes is performed
iteratively until values for both normalisations a and b converge.
Monte Carlo Simulation

Several processes, including the Higgs signal process, were simulated
using MC. The generators used are summarised in table 6.1. Many processes are produced using two generators e.g. The gluon fusion Higgs
production is simulated with POWHEG[139] +PYTHIA8[108]. This indicates that the hard process is simulated using one program and the other
provides the simulation of the parton shower. The overall normalisation
of each process is taken from a calculation of the cross-section usually
performed at next-to-next-to-leading order (NNLO) in QCD, and some including soft-gluon resummation up to the order of next-to-next-to-leading
logarithm (NNLL). Some calculations are included at Next-to-leading
order (NLO) or Leading Order (LO).
Additional corrections to the generated pT distribution of ggF Higgs
boson are applied in order to match not only the shape but also the shape
of the distribution from a calculation at NNLO including the NNLL
corrections provided by the Hres2.1[140] program.
The VBF Higgs pT spectrum is reweighted, based on the difference
between predictions from POWHEG+PYTHIA and the HAWK[141, 142]
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calculation, to account for EW corrections for the VBF production that
depend on the pT of the Higgs boson.
Signal
ggF, H ! tt
VBF, H ! tt
WH, H ! tt
ZH, H ! tt
Background
W ! `n
Z/g ⇤ ! ``,
60 GeV < m`` < 2 TeV
Z/g ⇤ ! ``,
10 GeV < m`` < 60 TeV
VBF Zg ⇤ ! ``
t t¯
Single top: Wt
Single top: s-channel
Single top: t-channel
qq̄ ! WW
gg ! WW
WZ, ZZ

MC Generator
Order
POWHEG[139]
NNLO+NNLL
+PYTHIA8[108]
POWHEG+PYTHIA8
(N)NLO
PYTHIA8
NNLO
PYTHIA8
NNLO
MC Generator
Order
ALPGEN[143]+PYTHIA8
NNLO
ALPGEN+PYTHIA8
NNLO
ALPGEN+HERWIG[144]

NNLO

SHERPA[145]
LO
POWHEG+PYTHIA8
NNLO+NNLL
POHEG+PYTHIA8
NNLO
POWHEG+PYTHIA8
NNLO
AcerMC[146]+PYTHIA6[107]
NNLO
ALPGEN+HERWIG
NLO
gg2WW[147]+HERWIG
NLO
HERWIG
NLO

Table 6.1: Monte Carlo generators used to model signal and non-datadriven background processes.
All MC samples must pass through a full simulation of the data taking
process including: a full simulation of the ATLAS detector response
performed using the GEANT4 program [111]; and minimum bias interactions simulated using PYTHIA8, overlaid according to the luminosity
profile of the recorded data to simulate different kinds of pile-up. All MC
samples are then passed through the same selection, and reconstruction
criteria as would data to make each sample as similar as possible as would
be expected from that process seen in detector data.
Systematics

The statistical model employed to form the likelihood fit in this analysis
must take into account all possible sources of uncertainty. As described
in chapter 5, each bin of the binned likelihood fit contains not only
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the number of signal and background events, but rather each individual
background contribution is included together with the precision to which
that contribution is known. Since the fit is performed simultaneously
across several bins (a distribution) in each category, all effects on both the
total signal and background yields and on the shape of any distribution
distribution must be evaluated for all uncertainties.
The systematic uncertainties broadly fall into three main categories:
experimental, background modelling, and theoretical. Experimental uncertainties govern how accurately we can measure an object and include
contributions from object reconstruction efficiency and resolution. Background modelling systematics are designed to account for the performance
of the data-driven techniques for modelling the Z ! tt and multi-jet
backgrounds. Theoretical uncertainties govern the predictions made my
MC simulations. Since Z ! tt and multi-jet backgrounds are estimated
in a data driven manner, these systematics primarily govern the signal
modelling. A summary of these systematic uncertainties is given below.
Experimental Uncertainties
• Luminosity and Pile-up. The uncertainty on the 2012 integrated
luminosity of 20.3 fb 1 was derived as ±2.8% [148].
• Tau Identification Efficiency. As described in chapter 4, the
tau identification efficiency calculated from the identification and
misidentification rates of simulated taus and applying this error as
a variation on the data [149].
• Tau Trigger Efficiency. Trigger efficiencies are measured by comparing a selection of data and simulated events similar to that used
to measure the tau identification efficiency as described in chapter
4. This variation is not applied to the embedded Z ! tt sample,
since in this case a Z ! µ µ based factor is applied based on the
data taking conditions of the original sample.
• Tau Energy Scale (TES). As described in chapter 4, the TES
governs the detector response to the decays of hadronically decaing
taus. For this experiment this systematic is decomposed into 4 key
components:
– In-situ interpolation on true taus: this uncertainty of the in-situ
energy scale primarily effects low pT taus.
– Single particle interpolation on true taus: uncertainty of the
particle decomposition component, effects higher pT taus.
– Modelling of true taus: sum of several components related
to modelling of pile-up, underlying event, and detector mod-
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elling.
– A single systematic uncertainty is applied to govern the total
TES uncertainty arising due to the production of fake taus (as
opposed to the true taus seen in the other 3).
The tau energy resolution was assessed and found to have a negligible effect.
• Jet Energy Scale (JES). In a similar mode to the TES the JES
effects our ability to match ATLAS detector response to simulated
hadronic showers. Since the Z ! tt and multi-jet backgrounds
are both derived from data, this systematic primarily effects Signal
components which are determined from MC. Four components are
considered:
– In-situ jet energy corrections uncertainty: to account for correlations between bins in the jet calibration.
– h intercalibration uncertainty: to account for different detector response in various pseudo-rapidity regions.
– Flavour composition and response uncertainties: to account
for limitations on the theoretical quark-gluon composition of
jets.
– Uncertainties due to pile-up.
• Jet Energy Resolution (JER). The systematic uncertainty due to
JER as obtained by the smearing of jets by the uncertainty in the
resolution [150].
• ETmiss Uncertainties. Since the ETmiss is constructed from all objects in the event, the systematic uncertainties of all of the energy
scales, of all objects, are combined to recalculate the variation on
the ETmiss [151].
Modelling Uncertainties
• Embedding Method. As described previously in this chapter, the
embedding method employed to model the Z ! tt process has two
associated systematics: one variation that accounts for the isolation
of muons in the dataset and one that governs the subtraction of
muon energy from the calorimeters.
• Multi-jet Estimation. An estimate on the non-isolated, not opposite sign (nonIso-nOS) multi-jet background is obtained via a
comparison of the normalised multi-jet model with that formed
from a sample that nOS but still isolated. The difference in these
samples raises not only a difference in yields in each region but
also features a strong shape dependence. As such this systematic is
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expected to have larger variation in the high BDT region.
Theoretical Uncertainties.
• Higher order QCD corrections. Higgs boson production cross
sections the uncertainties due to missing higher order QCD corrections are estimated by varying the factorisation and renormalisation
scales by factors of two around the nominal scale [152]. The contribution of such calculations to all other backgrounds is estimated
to be negligible.
• UE/PS. Uncertainties related to the simulation of the underlying
event and parton shower are estimated by comparing the acceptance
from POWHEG+PYTHIA to POWHEG +HERWIG for both primary Higgs production modes. The contribution these differences
to all other backgrounds is estimated to be negligible.
• Generator Modelling. Variations to account for differences in the
predictions from different generators is computed by comparing the
acceptance of POWHEG+HERWIG samples to aMC@NLO[153]+HERWIG
for ggF and aMC@NLO+HERWIG for VBF.
• EW corrections. A 2% uncertainty related to the inclusion of the
electroweak (EW) corrections at NLO calculations is computed
from the difference between the POWHEG and the HAWK calculations.
• PDF. The PDF uncertainties are estimated from the largest observed
change in the acceptance when using either different PDF sets or by
varying the CT10 PDF set [154] within its uncertainties. Both the
VBF POWHEG sample and aMC@NLO ggF sample are generated
with the CT10 PDFs. These are reweighted to the following PDFs:
MSTW2008NLO [155], NNPDF [156] and the CT10 eigen-tunes
parametrisations.
• Br(H ! tt). An uncertainty on the theoretical branching ratio,
BR(H ! tt) is given as ± 5.7%[157]
Multivariate Background Discrimination

After classification into Boosted and VBF signal regions, a Boosted
Decision Tree (BDT) is trained on several discriminating variables as
described in chapter 5. The features that are selected for input into
the BDT are those that exploit differences in the event kinematics and
topologies between the Higgs signal and both dominant backgrounds.
The final list of features was the result of an iterative process, involving
the removal of weak features while checking the impact on the expected
sensitivity. The features selected for the training of the BDT in the VBF

112

Chapter 6. Higgs Properties at 8 TeV

category are as follows:
MMC Missing Mass Calculator Since the energy of a Higgs or
• Mtt
a Z must be conserved in the energy of the particles it decays
into, the primary method for classifying particles in high energy
physics is by calculating the invariant mass of the particles in the
final state. The most powerful variable when searching for Higgs
production at the LHC is the invariant mass of the tau pair due to
its inherent ability to separate Higgs decays from the otherwise
irreducible Z ! tt background. However as described in chapter
4 tau leptons decay almost instantly leaving always at least one
virtually undetectable neutrino in the final state.
The missing mass calculator (MMC) [158], provides a framework
for the full reconstruction of the estimated tau event topology via
a series of simultaneous equations with several unknowns. Since
the momentum contribution of up to 4 neutrinos (2nt , 2ne ll) can
only be estimated by a single ETmiss vector, the system is underconstrained. The MMC reconstructs the unknown parameters, and
by extension the momentum of each neutrino, by using all known
kinematic constraints (ETmiss and visible lepton four-momentum
vectors) and performing a scan over characteristic distributions in
order to fit the most likely value for these undetermined variables.
Each final state is categorised by the number and flavour of visible
leptons in order to select the correct system of simultaneous equations. The MMC then scans all possible constructions of particular
variables that are related to the angle between the visible tau products and the invisible neutrino properties that are being estimated.
Each scan point is then weighted by the probability that the estimated neutrino at that point can occur according to a pre-defined
probability density function of the unknown parameters, for that
final state, produced from simulated tau decay topologies. The
mass of the di-tau system is calculated from the value at each scan
point and the weighted mass is added to a histogram. The desired
value, mMMC , is then defined as the maximum of the histogram that
has been filled from these weighted scan points representing the
most probable combination of kinematic values given the topology
of tau decays.
Figure 6.5 shows the distribution of the MMC mass used as input
into the 8 TeV BDT. In this distribution the backgrounds were
trained against a SM Higgs signal of mass 125GeV and CP mixing
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of d˜ = 0.0. To demonstrate the degree of separation possible the
VBF Higgs signal distribution has been scaled by a factor of 50.
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Figure 6.5: Missing Mass Calculator (MMC) distribution with the SM
Higgs signal scaled by 50.
• DRtt Angular Separation Between Taus
The angular separation between taus DRtt as shown in figure 6.6 is
a feature of both VBF and boosted categories that aims to distiguish
between resonant backgrounds such as Z ! tt and the SM Higgs
and the non-resonant multijet background.
• Transverse Momentum Vector Sum pTotal
T . A well reconstructed
VBF event will approximately balance its own momentum in the
transverse plane. As demonstrated in figure 6.7, the vector sum of
the visible components of all objects will tend to be lower than for
non-VBF events.
~j
~j
pTotal
= | p~tT1 + p~tT2 + pT1 + pT2 + E~Tmiss |
T

(6.11)

• Di-Jet Variables, M j j , Dh j j , h j1 ⇥ h j2 The kinematics of a VBF
type event are characterised in three different di-jet variables. As
extension of the pre-selection criteria, the absolute pseudo-rapidity
difference between the VBF jets, Dh j j , and the invariant mass of
the two jets, M j j , are used as inputs into the BDT for VBF events.
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Figure 6.6: Angular separation between taus shown with the SM Higgs
signal scaled by 50.

Both Dh j j and M j j will tend to be larger for VBF. Though highly
correlated with Dh j j , the product h j1 ⇥ h j2 , is also considered.
This is to exploit the tendency for the two leading jets in VBF type
events to appear in opposite hemispheres of the detector. These
di-jet distributions are shown in figures 6.8a-6.8c.
• ETmiss f Centrality. The centrality of an object quantifies the
relative angular position of that object with respect to other objects
in the event. The ETmiss centrality shows the angular position of the
missing transverse energy relative to the tau decay products in the
transverse plane. This variable, shown in figure 6.9, governs the
relative contribution of each tau neutrino to the total momentum of
each tau. Therefore in final states with two ‘true’ taus, the ETmiss
more frequently bisects the f plane of the two tau objects.
• Tau h Centrality. The tau centrality is calculated independently
for each tau. This features describes the centrality of each tau
candidate in the longitudinal plane with respect to the two tagged
jets. The tau h centrality distribution should follow a Gaussian
distribution with a mean value between the two jets and a width
proportional to the separation between the jets. The value one

Events / 5 GeV
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Figure 6.7: Vector sum of transverse momenta distribution overlaid with
with the SM Higgs signal scaled by 50.
signifies the mathematical mid-point and is more common for
taus originating from a Higgs decay than for backgrounds. This
distribution can be seen in figure 6.10(a) for leading taus and in
figure 6.10(b) for subleading.
6.2.2 Measurements in a Higgs Enriched Signal Region
In the case of a MVA search with the ATLAS detector, the final discriminant can be either the shape of some variable in a region defined by
a classifier or output of the classifier itself. In the case of fitting some
discriminating variable (such as the invariant mass), the classifier may not
use that variable for training, since then the discriminating variable will be
strongly correlated with the classification. Since the reconstructed Higgs
mass has very little effect on the calculation of the Optimal Observable,
the same BDT that was trained in the VBF category for the search for
Higgs decays into taus may be re-purposed to provide an enhanced signal
region for the measurement of Higgs properties.
The couplings analysis [131, 132] is followed very closely as the
background estimation is performed in an entirely identical manner using
the same object selection, preselection and categorisation. This allows
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Figure 6.8: (a) Separation of tagged jets in the h plane. (b) Invariant mass
of tagged jets. (c) Product of leading jet h co-ordinates. Negative values
in (c) signify that jets are in the opposite hemispheres in the detector.
Also shown in all plots is a SM Higgs signal in which the VBF signal
component is scaled by 50
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the definition of a High BDT score signal region and a low BDT score
control region without retraining a new Boosted Decision Tree. In this
signal region, the Optimal Observable distribution is then used as the final
discriminating variable.
Since the signal region definition has changed, several systematics,
particularly those related to the theoretical acceptance into the signal
region depending on the selection criteria, needed to be recalculated.
Focus on CP violation in the VBF production mode means that the boosted
category is not used at all and events expected from ggF Higgs production
channels are considered a background together with those produced in
association with a Z or W .
Table 6.2 summarises the full definition of the pre-selection and the
corresponding signal region for the fully hadronic channel which will be
the focus of this chapter.
As with the other analysis channels, the preselection and signal region
definitions are identical to the VBF category of the couplings analysis as
described earlier in this section except for an additional cut on the BDT
discriminant (BDTscore > 0.57) which is defined as the highest 3 bins of
the BDT distribution in thad thad . The classifier distribution used in the
the VBF pre-selection region is shown in figure 6.11.
Figure 6.12(a) demonstrates that the Optimal Observable in the fully
hadronic final state yields adequate statistical power to separate various CP-mixing signal models from the SM hypothesis. Figure 6.12(b)
shows how different CP-mixing models will produce different Optimal
Observable shapes. To assess the dependence of the BDT cut on the
Optimal Observable, the mean values of OO1 are shown for each bin of
the classifier for various samples. This can be seen in figure 6.13. Since
no clear trend between OO1 and BDTscore can be seen, the top 3 bins of
this distribution will be used for a signal region and the lowest two for a
control region.
In the thad thad channel, as seen in figure 6.12(a) the dominant backgrounds come from Z ! tt and QCD multi-jet production in which two
jets both produce fake taus. Unlike the other channels there are no dedicated Z or top control regions. The shape of the Optimal Observable is
verified via the inclusion of the ‘rest’ control region into the simultaneous
fit. This region is defined as that region that passes all VBF selection
criteria but then fails the BDT cut of 0.57. This low BDT region is shown
in figure 6.14.
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Preselection
One medium and one tight opposite-sign thad -candidate
Events with leptons are rejected
ETmiss > 20 GeV
ETmiss points between the two visible taus in f ,
or min[Df (t1 , ETmiss ), Df (t2 , ETmiss )] < p/4
1
2 .) < 2.4
0.8 < DR(thad , thad
1 , t 2 ) < 1.5
Dh(thad
had
Signal region selection criteria
At least two jets with pT ( j1 ) > 50 GeV and pT ( j2 ) > 30 GeV
pT ( j2 ) > 35 GeV for jets with |h| > 2.4
Dh( j1 , j2 ) > 2.0
BDTscore > 0.57
Table 6.2: Summary of the preselection and the signal region selection
used in the analysis, per channel. The only difference to the corresponding
selections in [131, 132], is the final cut on the BDT score. For definitions
of the various quantities, please see Ref. [132].

Data Set

The analysis uses all data collected by ATLAS in proton-proton collisions
in 2012, at the center-of-mass energy of 8TeV as described earlier in
this chapter. Despite the inclusion of the 7 TeV dataset from 2011 in the
Higgs coupling search described previously, the decision was taken not to
make use of this for the properties analysis due to the very small expected
sensitivity gain and very large overhead associated with including that
sample.
Monte Carlo Specific to Properties Analysis

For all signal and background processes not explicitly mentioned in
the following, the same Monte Carlo simulated samples are used as
described earlier in this chapter, subjected to identical treatment in terms
of corrections and normalisations.
For gluon fusion Higgs production, ggH, a large discrepancy is observed between Bjorken x values at generator level and when calculated
from reconstruction using ggH POWHEG [139] (the default generator
for this process in the couplings analysis). The ggH POWHEG sample
is calculated at NLO for 0 jets, which means that only one parton comes
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Figure 6.11: Classifier (BDT) distribution in the VBF category of the
fully hadronic final state. The top 3 bins (BDTscore > 0.57) define the
signal region used in this analysis.
from the hard interaction, while any additional jets will originate from
the parton shower. This makes the ggH POWHEG sample unsuitable for
calculating the Optimal Observable, since it makes use of both the leading
and sub-leading jets in the event, as discussed in the preceding section.
In this study ggH is therefore simulated using MINLO [159]. A MINLO
p
1-jet sample1 was generated through central production with s = 8 TeV
and s ⇥ B = 0.5556 pb. The sample contains 917899 events and has the
dataset ID 181134. This sample is used in the present analysis instead of
the POWHEG sample.
Signal Reweighting Procedure

In order to simulate any degree of CP-mixing, a Matrix Element based
reweighting procedure is applied on the existing POWHEG +Pythia8
1 NLO

for 1-jet events, and thus LO for 2-jet events.
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Figure 6.12: Distributions of OO1 in the signal region of the thad thad
channel (a). Comparison of OO1 for various signal models (b), normalized
to unity: pure SM (black), signal model of d˜ = 0.2 (pink) and a model
of d˜ = +0.6 (blue).
Standard Model VBF signal samples. The reweighting takes as input
truth-level information for each event, and more specifically:
• the Bjorken x values,
• the four-momentum vectors of the outgoing Higgs boson (i.e. before any radiation etc.)
• the four-vectors of the final-state partons (before any hadronisation),
• the flavour of the involved partons.
Using these, the weights are obtained as the ratio of the Matrix Element
squared evaluated for the CP-mixed case one wishes to reweigh to, over
the Standard Model Matrix Element squared. All of the Matrix Element
calculations for the reweighting are performed using code extracted from
HAWK [138]. POWHEG includes matching of matrix elements and
parton shower at NLO, meaning that there can be three different kinds
of events (with q and q̄ interchangable): qq ! qqH, qg ! qqq̄H and
qq ! qqgH. The re-weighting uses the corresponding Matrix Element
at LO from HAWK for the 2 ! 2 + H or 2 ! 3 + H process, taking into
account the flavours of incoming and outgoing partons. It is important to
account for this process since a significant fraction of events in the VBF
category have more than two jets.
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Figure 6.13: Distributions of OO1 in various bins of the BDT score.
Comparison of the mean value of the OO1 for both dominant higgs
production modes (a) and comparison of the mean value of the OO1 for
the VBF signal with Z ! tt dominant background. The uncertainty
here is statistical uncertainty on the mean. No clear bias is seen as the
fluctuations around 0 are small for all classifier scores.
Figure 6.15 shows the reconstruction-level first and second order
Optimal Observable for the Standard Model case, and for CP-mixed
scenarios, obtained using the reweighting procedure just described, in the
t` t` Signal Region.
This procedure was validated by comparing a sample of SM simulated
events, after the re-weighting, and a sample of events directly generated
assuming the same amount of CP-mixing. Two Monte Carlo generators
were considered in this study: VBF@NLO [160] and MG5_aMC@NLO
[153] and were found to give a good approximation to a real and full NLO
re-weighting[133].

6.3

Signal Extraction
The sensitivity to CP-odd couplings is estimated using a maximumlikelihood fit to the signal region and to different control regions for each
decay channel as described in chapter 5. Details of how the confidence
intervals for the CP-odd mixing strength d˜ are described below.
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Figure 6.14: The low BDT Control region is given by the lowest two bins
of the classifier seen in figure 6.11. (a) The low BDT control region is
shown alongside (b) the distribution of the difference in h in the di-tau
system used in the Rest Control region as described in subsection 6.2.1
Likelihood Fit

˜ q ) dependThe statistical analysis employs a likelihood function L (x; d,
ing on the actual measured data x, the parameter of interest d˜ and further
nuisance parameters q . In this analysis the approach of a binned likelihood function with an underlying model of signal plus background is
chosen, which is a product of Poisson probability terms for each bin in
the distribution of the final discriminant, the Optimal Observable. The
parameter of interest d˜ allows for choosing CP-mixing signal (d˜ 6= 0) or
Standard Model only CP-even signal (d˜ = 0) hypothesis. A set of signal
samples corresponding to different CP-odd mixing strength d˜ are created
by reweighting the purely CP-even (VBF)H ! tt signal sample produced
through ATLAS simulation, as described in Section 6.2.2. The likelihood
function can then be calculated in each point of d˜ for the corresponding
CP-mixing model using d˜ = 1, null hypothesis, or for the purely CP-even
signal scenario (SM) using d˜ = 0, alternative hypothesis. The calculation
is performed for a specific dataset x, profiling the nuisance parameters
to the best-fit values q̂q , which includes information about systematic
uncertainties, in terms of Gaussian constraints, or normalization factors,

arbitrary units

0.8
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Figure 6.15: First order (a) and second order (b) Optimal Observable
distributions for different values of d,˜ and two-dimensional correlation
of first order versus second order Optimal Observable for different d˜
values (c). The black dots indicate the SM distribution, whereas the lines
represent different re-weighted CP-mixed cases. All plots are at reconstruction level, following the full t` t` signal region selection. Binning in
the analysis phase was encouraged to absorb higher order features such
as the dip and mild asymmetry around OO1 = 0.
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both affecting the expected numbers of signal and background events.
In the large sample limit one can utilize that the negative logarithm of
the likelihood function NLL allows for reading off directly the central
confidence interval [dˆ˜ sdˆ˜, dˆ˜ + sdˆ˜] using Neyman constructions:
log L (dˆ˜ ± sdˆ˜) =

log Lmax +

N2
2

(6.12)

Where N is the desired significance. This means after constructing
the NLL curve by calculating the NLL value for each d˜ hypothesis and
a specific dataset x, the 68.3% central confidence interval can be determined from the best estimator d,ˆ˜ at which the NLL curve is minimal, by
reading off the DNLL=NLL-NLLmin at 0.5. This interval should contain
the true value of d˜ in 68.3% of all cases. The values 2s (95%),3s (99.7%)
can be read off at a DNLL equal to 2 and 4.5 respectively. The expected
central confidence interval can be determined under the assumption that
the pseudo measured dataset x contains the alternative hypothesis, background plus purely CP-even Standard Model signal. This pseudo dataset
for d˜ = 0 is called Asimov dataset.
The normalization of the CP-mixed or CP-even (VBF)H ! tt signal
sample is introduced as an additional nuisance parameter and therefore
a free floating normalization factor – i.e. this analysis does not take any
information about the corresponding cross section of CP-mixing scenarios into account but only the shape of the Optimal Observable. Higgs
production through other processes (like gluon fusion, or associated with
a vector boson) is normalised to the SM prediction with the corresponding
uncertainties, as is the small amount of contamination from WW decays
of the Higgs boson.
The strategy to build the fit model is illustrated in figure 6.16. Several
control regions are included in the fit model beside the signal region
to constrain background normalisations and nuisance parameters. The
signal region is defined as the high BDTscore region and the remaining low
BDTscore region is used together with the standard Rest control region in
order to better constrain the background normalisations.
Expected Sensitivity

The sensitivity to CP-odd couplings is estimated using a maximumlikelihood fit simultaneously to the various signal and control regions.
Two approaches are used to assess the sensitivity of the blinded analysis;
an ‘Asimov’ data set is constructed to represent the data, and a ‘hybrid’

Chapter 6. Higgs Properties at 8 TeV

126

Signal Region
High BDT Bins
OO1
Background Control Region

Signal Region

Background
Control Region
Low BDT Bins

Rest Control
Region
Not VBF or Boosted
ΔRττ
(a)

Figure 6.16: Sketch of fit model for fully hadronic channel. The impact
of all systematics (except theory) are assessed simultaneously in each
region to reduce the uncertainty on the OO1 shape in the signal region.
data set constructed from ‘Asimov’ data in the signal region and real data
used elsewhere. This pseudo data is constructed using the background
and non-CP mixed signal models with a nominal µ value of 1.0. These
two methods are compared in order to ensure that the data used to constrain the fit parameters in the CRs does not introduce a significant bias
on the POI. Figure 6.17 demonstrates this expected sensitivity under the
assumption of no BSM effects. The comparison of Asimov and Hybrid
allows us to see the influence of CR data on the parameters of interest.
Re-evaluation of Theory Systematics

In addition to the systematic variations as described earlier in this section,
a series of additional systematic variations were investigated to account for
effects arising from the introduction of additional kinematic constraints
to form the Higgs enriched (High BDT) signal region. The normalisation uncertainties are applied directly in the fit model as a modification
of the nominal results calculated for the coupling analysis. The shape
variations can be seen in figure 6.18 and represent the choice of PDF, the
QCD scale, Underlying Event/Parton Shower (UE/PS) and reweighting
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Figure 6.17: Expected sensitivity for thad thad channel. (a) shows the
difference in Negative LogLikelihood (DNLL) estimators for Asimov and
Hybrid data sets. (b) demonstrates that under the assumption of the SM
injected model, the fitted local µ̂ value returned matches that given. A
small bias to µ̂ of roughly 2% exists. Since the maximum of µ̂ is still
at the injected value of d,˜ this small is thought to be absorbed in the
uncertainty on our theory. (both main background normalisations are
liable to fluctuate around the nominal value of 1 by roughly ±5% and the
best fit for the coupling analysis in this channel was µ = 1.4).
normalisation and shape uncertainties, as described earlier in this chapter.
The QCD scale uncertainty on ggH events as it affects the optimal observable distribution in the high BDT region, is estimated by comparing
distributions of MINLO samples containing H + 2 j and H + 3 j events.
The UE/PS uncertainty on the optimal observable distribution of ggH and
VBF was estimated by comparing distributions of samples generated with
Powheg+Pythia and Powheg+Herwig respectively. A re-weighting uncertainty on the optimal observable was assigned to this reweighting method
due to differences obtained in comparing directly generated CP-mixed
signal events with re-weighted SM events as described earlier in this chapter. The samples compared have been generated with predictions from
aMC@NLO at NLO accuracy. The uncertainty is then estimated by applying the differences between these distributions as Optimal Observable
dependent weights in the event reconstruction of the signal process.
To test the effect of the systematic variations on this analysis, a ranking
of the nuisance parameters was created for this particular fit model. The
effect on the fit on OO1 can be seen in figure 6.19 It can be noted that
none of the newly applied theory systematics seem to have a notable
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Figure 6.18: a) The QCD scale shape uncertainty on ggH, b) the UE/ PS
shape uncertainty on ggH, and c) on VBF, d) Reweighting Uncertainty on
VBF
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effect on the analysis and that the most significant pulls are also features
and explained in the coupling analysis[131, 132].

6.4

Results
Since this CP measurement of HVV vertex was based so heavily on an
analysis designed for a different purpose (a search for a SM Higgs boson
decaying into tau pairs) and because the outcome of this measurement
is not a simple hypothesis test, several steps were undertaken to verify
the validity of this method. Firstly the sensitivity of the study under the
assumption of a standard model Higgs was investigated. This verifies
that the systematics assigned to cover the experimental sensitivity of
a Higgs coupling measurement are also valid here and the fit model
with the separation of signal region into high and low BDT regions is
sufficient not to give erroneous results. Secondly, the ‘classical’ measure
of CP violation is investigated to demonstrate the power of the optimal
observable method.

6.4.1 Explanation of NLL curve behaviour
A distribution is fully characterised by its moments. In this analysis we
only consider the first and second moment in order to get an insight in the
observed dependence of the negative log-likelihood (NLL) function on
the parameter of interest d.˜ The expected shape of this NLL function for
vanishing d˜ is not of the normal negative exponential form.
The matrix element M for VBF production is the sum of a CP-even
contribution MSM from the SM and a CP-odd contribution MCP-odd from
the dimension six operators considered:
M = MSM + d˜ · MCP-odd .

(6.13)

The squared matrix element and differential cross section has three contributions:
⇤
|M |2 = |MSM |2 + d˜ · 2¬(MSM
MCP-odd ) + d˜2 · |MCP-odd |2 (6.14)

ds = dsSM + d˜dsCPodd + d˜2 dsCP even .

(6.15)

The first |M |2 (dsSM ) and third term d˜2 · |MCP-odd |2 (dsCP even ) are
both CP-even and hence do not yield a source of CP violation. The second
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⇤ M
term d˜ · 2¬(MSM
CP-odd ) (dsCPodd ), stemming from the interference of
the two contributions to the matrix element, is CP-odd and is a possible
new source of CP-violation in the Higgs sector. The interference term
integrated over a CP-symmetric part of phase space vanishes and does
therefore not contribute to the total cross section and observed event yield
after applying CP-symmetric selection criteria. The third term leads to an
increase of the total cross section quadratic in d.˜ This third term is not
exploited in the analysis presented here due to the additional constraint
of re-using an analysis designed to produce a region that artificially
increases the cross section of a non-SM Higgs boson at 125GeV. Since
this effect is not explicitly CP violating is is better probed in ongoing
measurements[161].
The analysis exploits the shape of distribution of the CP-odd optimal
observable, which is defined in terms of the matrix elements as:

OO =

⇤
2¬(MSM MCP
odd )
2
|MSM |

(6.16)

The first moment of OO is given by:
< OO >=

R

OO (dsSM + d˜dsCPodd + d˜2 dsCP even )
R
dsSM + d˜dsCP odd + d˜2 dsCP even

(6.17)

Due to the CP-odd character of the optimal observable the first and
third term in the numerator vanish, the denominator simplifies the mean
value such that:
R
d˜ OOdsCP odd
< OO >= R
(6.18)
R
dsSM + d˜2 dsCP even

For small values of d˜ a linear rise with d˜ is expected as the term in the
denominator proportional to d˜2 is small compared to the SM contribution.
For large values of d˜ this term will dominate and the mean value will first
scale approximately as 1/d˜ and finally tend to the SM value of zero.
The second moment of OO is given by:
2

< OO >=

R

OO2 (dsSM + d˜dsCPodd + d˜2 dsCP even )
R
dsSM + d˜dsCP odd + d˜2 dsCP even

(6.19)

Due to the CP-even character of OO2 the second term in the nominator
vanishes and the expression simplifies to:
R

R

OO2 dsSM
d˜2 OO2 dsCP even
< OO >= R
+
(6.20)
R
R
R
dsSM + d˜2 dsCP even
dsSM + d˜2 dsCP even
2
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The first term reproduces the moment of the SM for vanishing values
of d˜ and then decreases with d˜2 . The second term vanishes for vanishing
values of d˜ and then first increases approximately with d˜2 and finally
reaches a plateau independent on d.˜
The derived dependence of the first and second moments on d˜ can
explain the observed behaviour of a NLL curve that flattens off for large d˜
values as the first moment tends to zero and the second moment becomes
independent of d.˜ Whether a local maximum in NLL is observed at
intermediate d˜ (e.g. for the signed azimuthal angle difference between
the tagging jets) or not (e.g. for the optimal observable) depends on the
numerical values of the first and second moments in the SM (d˜ = 0) and
for d˜ = 1 and their ratios, which are different for different observables.
6.4.2 Fully Hadronic Optimal Observable
The mean value of the Optimal Observable for the signal is expected to
be zero for a CP-even case, while there would be deviations in case of CPviolating or CP-mixing effects. Since the background, as demonstrated
in figures 6.12 and 6.13, is also expected to have a mean value of zero,
it is to be expected that the mean value in data also be consistent with
zero in case there are no CP-violating effects within the precision of this
measurement. The distributions of the first order Optimal Observable in
the fully hadronic final state in both data and predition can be seen in
figure 6.20. The shape of this distribution is already seen to mirror the
prediction given by an optimal observable at d˜ = 0.2 and the coupling
analysis already indicated a coupling strength for the SM Higgs well
above one [131].
Figure 6.21 shows that the unblinded data closely resembles the
scenario predicted by a CP mixed signal with a sensitivity that disfavours
any positive CP mixing parameters. To be noted is the normalisation,
additions to the Higgs Lagrangian of this form are apt to enhance the
signal strength of the coupling. Since this analysis assumes a SM signal
strength we can say little as to what this proves but note the result for
a future study. The µ̂ value of 2.8 is consistent with current limits of
VBF production [161]. This constrains the value for d,˜ to and interval of
[-0.539,-0.0519] at 68% confidence level.
Each source of systematic uncertainty was explicitly varied between
the accepted limits and the influence on the variable of interest assessed.
Each systematic is listed in order of the magnitude of its influence on
the fitted signal strength and the top 30 ranking sources of systematic
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uncertainty on this measurement can be seen in figure 6.22. No notable
pulls can be seen that might indicate a significant systematic influence on
the result.
6.4.3 Optimal Observable Combination
The observed DNLL as function of the d˜ for the combination of all three
channels and each channel individually is shown in figure 6.23.
The Optimal Observable of first order used in this analysis is CP-odd,
and thus for a purely CP-odd Higgs boson it will be symmetric again, as
in the pure CP-even SM case. Hence, at very high d˜ values the current
method is not longer sensitive, and the DNLL curve may start decreasing.
However a pure CP-odd state, as well as very high amounts of mixing
˜ have already been excluded by previous analyses [39].
(large values of |d|),
The present analysis therefore only focuses on small absolute values of d.˜
A combination of channels that includes the analysis with fully hadronic
events shows a 1 sigma deviation with the data in the region d˜ > 0.025
(including the standard model at d˜ = 0) with 2 sigma exclusion for values
greater than d˜ > 0.1. This interval has been extracted from the negative
log-likelihood curve where DNLL = 0.5 as explained in section 6.3. Since
the curve is produced from discrete values, the intersection with DNLL =
0.5 has to be determined by linear interpolation. The ranking and pulls of
the nuisance parameters for pure SM signal are shown in figure 6.24.

6.5

Conclusion
A test of CP invariance in Higgs boson production via vector-boson fusion
using the method of the Optimal Observable was performed using 20.3
p
f b 1 of proton-proton collision data at s = 8 TeV collected by the
ATLAS experiment at the LHC. The decay of the Higgs boson into pairs
of t leptons was considered. Contributions from CP-violating interactions
between the Higgs boson and electroweak gauge bosons are described in
an effective field theory framework, in which the strength of CP violation
is governed by a single parameter d.˜
The fully hadronic final state has proved to be a strong and robust
channel with which to probe the CP nature of VBF Higgs production with
a sensitivity comparable to both other channels combined. This channel
also gives the strongest hints to date of CP-violating effects in the Higgs
sector, though not yet at a significant level.
The addition of the fully hadronic final state (thad thad ) to a combination of VBF production and decay into inclusive di-tau final states,
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extends the significance achieved by this analysis to constrain d˜ to the
interval [-0.468, 0.053] at a 95% confidence level and [-0.160,-0.014] at
68% and shifts the minima from -0.025 to -0.075 thereby constraining d˜
to a negative value at 68% confidence.
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Figure 6.22: Observed 30 highest ranking NPs (left y-axis), pulls (lower
x-axis) and the relative impact on µ̂ with respect to its total uncertainty
(upper x-axis) for the fit of pure SM signal (d˜ = 0) in the fully hadronic
analysis. Postfit uncertainties for normalization factors are given in terms
of absolute values.

Chapter 6. Higgs Properties at 8 TeV

138

∆ NLL

ATLAS Internal
125

3

2.5

Optimal Observable in H →ττ
VBF
τlepτhad
τlep τlep
τhad τhad
τlep τlep + τlep τhad + τhad τhad

2σ

2
1.5

1

1σ

0.5
0
−0.6

−0.4

−0.2

0

0.2

0.4

0.6
~
d
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7. Higgs! tt at 13TeV
7.1

Higgs Measurements with Taus
The search of the Higgs boson was one of the primary goals of the
ATLAS experiment. This search continues in the form of measurements
of Higgs couplings and cross-sections made for comparison to theoretical
p
predictions. Collisions at center of mass energies of s = 7 and 8 TeV
yielded evidence for several decay modes of the Higgs and a combination
between the ATLAS and CMS experimental results claims evidence for
a new particle compatible with the SM Higgs boson decaying into taus.
p
The first collisions at s = 13 TeV lead to the possibility of strengthening
this evidence with a result derived from each detector independently. The
analysis laid out in this chapter describes the efforts of the ATLAS group
to measure the SM H ! tt cross-section and to this end describes a cut
based analysis, whereby the final state topology of the Higgs is exploited
to enhance any Higgs signals against their backgrounds.
An additional goal for the physics program for Higgs measurements at
13 TeV is to look for excesses or place limits on the LFV process H ! t`
where ` = e, µ. Previous ATLAS searches at 8 TeV put an upper limit
of 1.43% on the H ! t µ and 1.04% on the H ! te branching fractions
with a 95% Confidence Level (CL)[162]. The CMS collaboration has
observed a 2.4s excess of events in their search for the decay H ! µt
at 8 TeV[163]. Their best fit value for BR(H ! t µ) was found to be
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0.9 ± 0.4%.
Two analyses are presented here. Firstly, the potential for a cut based
search for SM Higgs boson decays to di-tau lepton pairs. Secondly, a
search for lepton flavour violating Higgs decays. Six final states are
considered:
• te te
• tµ te ,
• tµ tµ ,
• te thad ,
• tµ thad ,
• thad thad .
These are combined into three main channels for the SM Higgs search.
: t` t` - fully leptonic, t` thad - semi-leptonic, thad thad - fully hadronic.
The te , tµ channel can be further split into te , tµ and tµ , te channels for
the LFV analysis. In this notation the two channels are separated by the
flavour of the leading lepton; in one case the electron has more energy
than the muon and vice versa.
This chapter does not represent any final measurement of the properties of the Higgs. Run 2 represents a period of data taken at a center
of mass energy of 13TeV over the course of several years. The analyses
presented here represent only the first glimpses of the results that might
be possible in Run 2. As such, conclusive limits on the LFV process are
not presented as they will likely improve in the near future. Whilst it was
hoped that the measurement of the SM H ! tt cross-section would be
possible in the first year of 13TeV data, this goal proved to be too ambitious. The SM analysis was not unblinded. It is hoped that developments
of both measurements will coalesce into mature and definitive results in
2017 or early 2018.
The primary irreducible background to Higgs searches with taus is
the decay of the Z boson into a tau anti-tau pair. The analysis targets
kinematic variables such as the resonant mass (as calculated by the MMC
and as described in the previous chapter 6) of the tau pair to try to remove
as many Z type events, whilst retaining as many Higgs type events as
possible. However, this kinematic selection requires that the remaining
Z! tt events are in a highly convoluted region of phase-space, in which
predicted distributions from MC may not match the data to the level of
precision usually required.
In view of the complexity of the relevant event properties, in the
past the ATLAS collaboration endeavoured to rely as little as possible on
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simulation. However the Z ! tt model cannot be obtained directly from
the collision data due to background contributions, e.g. from events with
other objects misidentified as tau decays. Events with two muons can be
‘embedded’ with simulated tau decays such that kinematic quantities can
be preserved. However such a process requires a large Z! µ µ dataset
and extensive validation.
As described in previous sections, particle physics analyses use
Monte-Carlo (MC) generators to compare predictions from theory to
data. The production of high statistic, high precision MC modelling of the
Z! tt process is key to the measurement of Higgs boson couplings in
p
the first s = 13 TeV data with the ATLAS detector. The Z ! tt process
in MC is highly complex. Due to the properties of the Z and the tau
almost all observable quantities of interest are correlated. To reduce Z and
Drell-Yan (DY) contribution to the Higgs analysis the signal regions either
have a high transverse mass (possibly with additional jets) or explicitly
have at least two additional jets. The production of these additional jets
requires the calculation of a very large number of additional QCD and
EW production modes.
This chapter describes the generators used for producing simulated
Z+jets events as used in the ATLAS H ! tt analysis and demonstrates its
p
performance using the first 13.16 f b 1 data at s = 13TeV as collected
by the ATLAS detector. In final states containing hadronic tau decays,
QCD-jets that ‘fake’ true tau leptons are always present. This means that
a pure Z ! tt final state is impossible to construct. In fully leptonic
final states where the two leptons have the same flavour (ee,µ µ) the
Z ! tt component is suppressed in favour of a Z ! `` background
component. The modelling of the Z boson in MC has been measured to be
accurate[164] and stringent tests of tau properties in the samples used have
shown that the modelling of the Z boson is agnostic to the reconstructed
final state within the statistical error of the samples produced. This
allows the modelling of the Z ! tt background to be assessed via, and
in conjunction with, the Z ! `` background.

In subsection 7.2 the event selection, pre-selection, background modelling and categorisation for the analyses are described. The fit model is
described in section 7.3. This section also discusses the normalization and
systematic contribution of this background into the analysis fit model and
associated Nuisance Parameters (NPs). The systematic treatment of this
analysis is described in section 7.4. The focus of this section concerns two
alternative approaches for the systematic treatment of the Z+jets process
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and is described in subsection 7.4.3. One approach compares the output
of two generators and the other creates systematically varied samples
corresponding to theoretical scale variations. A summary of predicted
results is given, outlining the differences in the proposed methods and
summarising the current limits for LFV Higgs decays with ATLAS in
section 7.5.
Collinear mass for LFV pairs

In the two body decay of a particle into a LFV lepton pair (`, t), light
leptons are assumed to be produced back to back with the true tau and the
t decay products are subsequently boosted along the same direction of the
t. This same approximation can also be applied to fully leptonic di-tau
final states. However, since in this case both leptons have associated
missing energy, the missing transverse energy ETmiss is split into two
quantities x1 and x2 each denoting the fraction of ETmiss associated to
each lepton. Unless the system has a particular boosted topology, the
application of the collinear approximation in this way can lead to a
calculation with several possible solutions[165]. As such the collinear
mass is normally only applicable to a small fraction of di-tau decays.
Prior to the development of the MMC as described in the previous chapter,
the collinear approximation had to be utilised in order to estimate the
true four-vector of the tau. If the final state contains only one true tau

Figure 7.1: Schematic description of a signal process. In this example a
leptonic decay of the t is considered
(such as in the case of LFV Higgs decays as shown in figure 7.1) this
approximation can be used to state that all of the ETmiss can be attributed to
a single tau decay and is assumed to be produced in the same direction as
the true tau. The calculation from here onwards assumes such a decay. In
this approximation the direction of the t is estimated from the direction
of its visible decay products, and the momentum of the t is estimated
starting from its visible decay product and the ETmiss of the event.
p~tT = p~`T + E~Tmiss

(7.1)
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Through this approximation we are now allowed to calculate the
invariant mass of the system, called collinear mass of the t, (mcoll ) the
rapidity, y and transverse mass, mT of a particle and the mass of the Higgs
system as:
mcoll =

q

`

2p`Tlead (pTsub

lead

+ ETmiss )(cosh(Dh)

cos(Df ))

(7.2)

where Dh and Df are the difference in rapidity and azimuthal angle
between the leading lepton and the sub-leading lepton which are denoted
`
with corresponding transverse momenta, p`Tlead and pTsub lead , respectively.
This approximation is particularly useful when dealing with leptonic
decays of the tau since the mass of the light lepton can truly be considered
negligible and its four-vector measurement more precise. In addition, the
leptonic decays of the tau have two neutrinos. This means that the nominal
MMC calculation, as described in chapter 6, is even less constrained. In
many cases particular to the fully leptonic decay channel, the collinear
mass is preferred to the MMC.

7.2

Analysis Description
In addition to applying data quality criteria to ensure that the detector
was functioning properly, events are rejected if they contain reconstructed
jets not associated to real energy deposits. Such signals can arise from
hardware problems, beam conditions or cosmic showers. To further increase the purity and quality of the data sample by rejecting non-collision
events originating from cosmic rays and beam-halo events, at least one
reconstructed primary vertex is required with at least two associated
tracks. Single lepton, di-lepton and di-had triggers are used to select the
events for the analysis. The general event pre-selection and subsequent
pre-selection for all the three channels is found in the following.

7.2.1 Event Selection and Channel Definition
p
The analysis plans for Higgs searches at s = 13 TeV is subject to several
steps to ensure that all events considered are of good quality. The common
selection is as follows:
• Data Quality. Only data events within luminosity blocks that were
recorded while all detector subsystems where operating on good
conditions are considered. In addition, for simplicity, datasets are
restricted to those in which the LHC was operated with a bunch
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spacing of 25 ns. These events are listed in the ATLAS Good Run
List (GRL) as described in the previous chapter.
• Collision, Jet, MET and event cleaning. Events are required to
contain at least one primary vertex with at least two associated
tracks. In addition, jets not associated to real energy deposits,
among others due to hardware problems, beam conditions and
cosmic showers, are suppressed by using a central ATLAS jet
cleaning tool. Events containing bad jets are discarded. Similarly,
a MET cleaning tool known as the METMaker tool is utilised
to ensure a correct reconstruction of the ETmiss . Finally, events
containing “bad muons” are removed as well.
Each channel within the analysis has its own specific pre-selection relating
to the recommended object selection.
t` t` pre-selection

• Di-Lepton. A di-lepton (ee, µ µ, eµ) selection is formed in which
electrons and muons are required to be of medium quality and with
a gradient isolation requirement (the criteria for selecting a muon
removes events with too much energy surrounding the object. This
criteria is determined by a target efficiency that scales with the
muon pT ). These working points were selected for electrons and
muons from the several identification and isolation working points
given by the combined performance groups by evaluating the signal
significance at various stages of the event selection procedure.
• Trigger. A combination of single-electron, single-muon, di-electron,
di-muon, and electron-muon triggers are employed. The trigger requirement depends on both the lepton flavours and the reconstructed
pT in the event and can be summarized as follows:
– di-electron, peT1 > 26 GeV, uses a single-electron trigger.
– di-electron, peT1 < 26 GeV, uses di-electron trigger.
µ
– di-muon, pT1 > 22 GeV, uses a single-muon trigger.
µ
– di-muons, 20 < pT1 < 22 GeV, uses a di-muon trigger.
– different flavour leptons, peT > 26 GeV, uses a single-electron
trigger.
µ
– different flavour leptons, peT < 26 GeV and pT > 22 GeV, the
single-muon trigger is required.
µ
– different flavour leptons, 19 < peT < 26 GeV and 16< pT <
22 GeV, the electron-muon trigger is required.
Where the indices on leptons indicate the leading (pT ) lepton.
Events that do not fall into any of the categories above are not
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used in the analysis
• Lepton charge. Exactly two leptons with opposite charge are
required.
• thad veto. Events containing hadronic tau candidates are removed.
• Mass and pT . The invariant mass of the lepton pair must be 30 <
m`` < 75 GeV if the leptons have the same flavour and 30 < m`` <
100 GeV for different-flavour pairs. In addition, the scalar sum
of the lepton transverse momenta must be p`T1 + p`T2 > 35 GeV in
order to reduce contributions from low pT QCD multi-jet events.
• Jet requirement. At least one jet with pT > 40 GeV is required.
This requirement is primarily to reduce data, since the subsequent
analysis selection criteria aim to distinguish boosted (ggF) and
VBF Higgs production modes. The categorisation targeting each of
these modes features strict criteria on the number of associated jets.
This requirement also reduces some background contributions in
the Boosted case and improves the modelling of missing transverse
momentum which contributes to the accuracy of the MMC mass
reconstruction.
• ETmiss requirement. The missing transverse energy must be ETmiss >
50 or 20 GeV for same flavour or different flavour events respectively. In addition, the missing transverse energy calculated using
only the selected leptons and jets, ETmiss,HPT 0 > 50 GeV for events
with same flavour leptons. The requirement on ETmiss primarily
targets Z/g ! e+ e /µ + µ events that do not produce any final
state neutrinos. Residual fake ETmiss can be produced by resolution
effects, undetected hadronic particles, imperfect object reconstruction, pile-up and underlying event effects or detector noise. The
ETmiss,HPT 0 requirement can combat these effects since it is calculated only from high pT objects and is therefore unaffected by
‘soft’ terms such as these. Since these missing transverse momentum variables are highly correlated for processes with neutrinos
but less correlated for processes without neutrinos the ETmiss,HPT 0
requirement is only applied to the same flavour leptons.
• Collinear fraction. Fractions of t lepton momenta carried by the
visible decay products are calculated using the collinear approximation, that is assuming that the neutrinos from each t decay fly in the
same direction as the original t lepton. These fractions, denoted x1
and x2 , must lie within range 0.1 < x1 < 1 and 0.1 < x2 < 0.8.
• Opening angle. The transverse plane opening angle between the
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two leptons must be 0.5 < Df`` < 2.5.

t` thad pre-selection

• Semi-leptonic. Exactly one lepton (electron or muon) is required
in addition to a least one hadronic tau. The lepton selection is
harmonised to the t` t` selection. Only the leading hadronic tau is
considered. Finally the electron candidates must have a pT > 18
GeV and pT > 14.7 GeV for muons. Tau candidates are required
to be located in a region |h| < 2.4 (with an exclusion in the crack
region, 1.37 - 1.52), with a pT > 20 GeV.
• Opposite charge. The charges of the lepton and hadronic tau must
have opposite sign.
• Trigger. Single lepton triggers are required.
• B-veto. A veto to remove events with b-jets is applied. The minimum pT for b-jet candidates for this selection tool is 20 GeV with
a maximum absolute |h| < 2.5.
• Transverse Mass. The transverse mass as calculated from the
lepton and ETmiss as denoted mmiss
must be less than 70 GeV.
T
thad thad pre-selection

• Di-Tau. Two hadronic tau candidates are required to pass pT
thresholds of 40 and 30 GeV. At least one of these taus must pass a
‘tight’ ID selection whilst the other must pass at least the ‘medium’
selection criteria.
• Lepton veto. Events with electrons and muons are removed to
maintain orthogonality.
• Trigger. A di-tau trigger is required that requires two medium taus
with pT > 35,25 GeV respectively.
• Opposite charge. The two thad vis candidates are required to have
opposite charges.
• ETmiss requirement. The ETmiss must be greater than 20 GeV.
• ETmiss centrality. The angle of the ETmiss is required to to lie either
between that of the two taus or in the direction inside a cone of
p/4 in the transverse plane centred on the direction of the closest
visible tau as described in subsection 6.2.1.
• Angular separation The angular distance between the two tau
candidates needs to fulfil 0.8 < DRtt < 2.4.
• Rapidity difference. The distance in pseudo-rapidity between the
tau candidates needs to fulfil Dhtt < 1.5.
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7.2.2 Samples and Background Modelling
Signal MC samples

The signal samples for the ggF and VBF production modes are modelled with Powheg [166] generator interfaced with Pythia8 [167]. The
CT10_AZNLOCTEQ6L1 [168] tune is used for PDF. The ttH production mode was not modelled in previous analyses due to its low predicted cross-section. In this analysis the ttH process is included as signal
(together with VH) and is is generated with MadGraph5_aMC@NLO
v2.2.2 [169] interfaced with Herwig [144] for the parton shower and the
CTEQ6L1_CT10ME PDF tune. The LFV Higgs decays are modeled
using EvtGen 2.0[170]. This LFV behaviour is used to adjust the crosssections predicted by the other generators. The VH production mode is
generated using Pythia8 for the parton shower. TAUOLA [171] is used
to model the tau-lepton decays. All the decay modes of the tau lepton
are considered in the generation. A list of all main MC samples used is
shown in table 7.1. All PDFs unless explicitly stated are described here
[168].
Z+jets

Contrary to the analysis presented in the previous chapter, in analyses at 13
TeV, the irreducible Z ! tt+jets is modelled with MC. The simulations
are normalised to the results of the highest order calculations available and
are used in the following studies to compare data to Z+jets predictions
and to estimate the contribution from background events. Events containing a Z boson with associated jets were simulated to produce two samples for comparison: Sherpa v2.2.1[145] and MadGraph5_aMC@NLO
v2.2.2 [169].
The Sherpa v2.2.1 generator calculates matrix elements for up to
two partons at NLO and up to four additional partons at LO using the
Comix[172] and OpenLoops [173] matrix element generators and merged
with the Sherpa parton shower using the ME+PS@NLO prescription. The
CT10 PDF set was used.
MadGraph5_aMC@NLO v2.2.2 generator produces samples at NLO
using explicit matrix elements for up to four additional partons at leading
order, interfaced to the Pythia v8.186 parton shower model. The A14
parton shower tune was used together with the NNPDF23LO PDF set.
The Powheg-Box v2 [166] simulation program, interfaced with the
Pythia v6 parton shower was also initially considered but given its functional similarity with the more developed Madgraph5_aMC@NLO and
inability to operate with the new developments included in Pythia8 it was
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omitted from later studies. The Sherpa v2.2.1 and MadGraph5_aMC@NLO
v2.2.2 generators are favoured over usage of Powheg-Box as they are
expected to better model the emission of additional partons.
Usage of Sherpa v2.2.1 is strongly advised since the intrinsic parton
showering allows for the calculation of up to 2 additional jets at NLO
in addition to the hard process. This formal accuracy is at the cost of
additional computing time and as such MadGraph5_aMC@NLO is often
preferred. Additional NLO calculations in the parton shower are possible
within MadGraph5_aMC@NLO [174] however were not validated at
outset of this study and it was decided that the extra precision would fall
within the statistical uncertainty of the samples in this analysis case. As
will emerge later in this chapter, the dominant limitation on the Sherpa
samples is of a statistical nature and as such MadGraph5_aMC@NLO
+Pythia8 was used as the default for this analysis due to its higher statistics
with Sherpa used to assess systematic contributions.
All generated events are then treated with a full simulation of the
ATLAS detector and subsequently physics objects are reconstructed in
the same manner as data is. Processes such as radiative emissions from
muon and taus decays for example are handled by the the PHOTONS++
module [175] within Sherpa. This holds routines to add QED radiation to
all lepton decays. This has been achieved by an implementation of the
YFS algorithm [176] to account for the infrared divergence phenomena in
high energy processes. The implementation of this algorithm is structured
in a way such that the formalism can be extended to scattering processes
and to a systematic improvement to higher orders of perturbation theory.
The application of PHOTONS++ therefore accounts for corrections that
usually are added by the application of PHOTOS [177] to the final state.
It has been suggested that a misunderstanding of the processes that
contribute to measurements in high energy physics can lead to a (false)
claim of the discovery of the Higgs coupling to tau leptons[178]. Figure
7.2a shows that the correct implementation of photon emissions produced
within a MC generator can lead to drastically different physical distributions for different lepton generations due to the different particle masses.
Since the muon is lighter, it radiates more energy in the form of photons and therefore gives a smaller visible mass. This issue particularly
affects measurments done in Run 1 where the embedding method was
used to replace muons in data with simulated taus. Additional energy
clustered around the muon could be counted twice when adding deposits
in the form of simulated taus. Using Sherpa and the Rivet analysis frame-
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work[179] this is shown not to be the case. Figure 7.2b shows that if
detector effects such as isolation and calorimeter calibration are taken into
effect, even large theoretical effects such as the factor of two difference
in the invariant mass of the theoretical lepton pair can be brought into
good agreement with data. The Rivet framework includes an isolation
projection which associates particles produced in final state radiation or
hadronisation together to form simple reconstructed particle objects. As
can be seen, the final state radiation is modelled by the MC generator
and found to be mainly clustered around the parent particle object. As
such the effect of all systematics on MC modelling must be carefully
considered. This particular example was covered in detail during Run 1
[113] and is stated now only to highlight that differences between data
and simulation need to be well understood especially when comparing
the properties of Z! tt and Z! µ µ decays.

(a)

(b)

Figure 7.2: The effect of radiative corrections on di-lepton invariant mass
distributions. A ‘born’ particle is sterile and does not interact with the
detector or decay beyond the initial process. The ratio shows how much
energy is ‘lost’ to final state radiation. Figure (a) is the ‘truth’ level
process. Figure (b) includes a simple projection of detector isolation in
which all particles produced as a result of the final state radiation are
associated to the lepton if they fall inside a cone with a distance parameter
of dR=0.2 from the seed particles direction.
Fake estimation

The fake background in this analysis falls into two main categories. The
estimation of the non-prompt lepton backgrounds, known as fake leptons,
and those in which QCD processes ‘fake’ hadronic tau decays. Both of
these backgrounds consist of events that have one or more reconstructed
leptons (including reconstructed hadronic tau leptons) that do not originate
from the decay of a true t lepton. Such background processes include
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multi-jet,W+jets and a subset of t t¯ events.
Each channel features at least one unique method for estimating these
backgrounds in a data driven manner.
In the fully leptonic channel, lepton fakes are estimated from a template method. This method takes its normalisation from a region formed
from events in which at least one of the leptons fails the isolation requirement and has its shape scaled to that of the pT distribution in a
control region. Also considered was a method that uses the theoretical
distribution of events to estimate the final data contribution to this field
however this method was not pursued due to complications in assessing
the systematic uncertainties in this approach.
In the semi-leptonic channel a fake factor method is employed. The
number of taus that fail the ID requirements are taken from data, and other
backgrounds from MC are subtracted from this. This is then multiplied
by a fake-factor, which is binned in pT and the number of tracks (Ntrks).
This fake-factor is actually produced from the result of four individual
fake-factor estimates each arising from W, Z, QCD multi-jet and t t¯ type
backgrounds and each determined in dedicated control-regions for each
process. A alternative estimate was obtained using the OS-SS method that
exploits the Opposite Sign minus Same Sign (OS-SS) charge asymmetry
present in many of the background process and uses MC to model others
such as Z and t t¯. This alternative method however is statistically limited
and therefore not considered for measurements with early 13 TeV data.
In the fully hadronic channel, an approach that is documented in detail
in the previous chapter is employed. A non-opposite sign control region
(nOS CR, it is assumed that both tau candidates have a reconstructed
electrical charge of ±1 however this explicit criterion is only applied
after pre-selection) is employed to provide a very pure region enriched
in jet-faking-tau events. The contribution of events in this region is
estimated by a fit on the Dh(t1 , t2 ) distribution. As described in chapter
6, previously the QCD multijet normalisation was estimated together
with the Z ! tt normalisation in a single ‘rest’ control region. Since
the Z ! tt normalisation can now be taken directly from theoretical
predictions, a dedicated rest control region is not needed in this analysis
since only the fake normalisation is left as a free parameter in the fit.
Other backgrounds

Other backgrounds are modelled with MC. The di-boson samples were
simulated with Sherpa 2.1 for both the hard scattering generation and the
parton shower. The A14NNPDF23LO tune is used for the PDF. The t t¯
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and single top samples are generated with Powheg +Pythia8. All samples
used are listed in table 7.1. Any PDFs not explicitly mentioned are listed
here[168].
Signal
ggF, H ! tt
VBF, H ! tt
WH, H ! tt
ZH, H ! tt
ttH, H ! tt

MC Generator
PDF
POWHEG+PYTHIA8
CT10_AZNLOCTEQ6L
POWHEG+PYTHIA8
CT10_AZNLOCTEQ6L
PYTHIA8
A14NNPDF23LO
PYTHIA8
A14NNPDF23LO
Madgraph
A14_NNPDF23_NNPDF30ME
+PYTHIA8
Background
MC Generator
Order
V +jets + low mass Madgraph+PYTHIA8
NNLO
Drell-Yan
V +jets (nominal)
Sherpa 2.2
NNPDF30NNLO
V +jets low mass Sherpa2.1
CT10
Drell-Yan + EW
production
Top
Powheg+PYTHIA8
P2012
Di-Boson
Sherpa 2.1
CT10
Table 7.1: Monte Carlo generators used to model signal and non-datadriven background processes.

7.2.3 Categorisation
All events passing the pre-selection are subsequently split in exclusive
signal regions (SRs), with enhanced signal-to-background ratio, and in
control regions (CRs), where different background contributions can be
estimated.
In addition to the signal sensitive signal regions that correspond to
events sensitive to VBF higgs production and those to boosted ggF Higgs
production several further signal regions for each channel are defined.
Special effort was made to harmonise jet selection between channels.
The Z boson reconstructed mass in the pre-selection region of each channel was compared as a possible systematic arising from the lepton specific
requirements. This comparison was found to be in good agreement for
MC samples with sufficient statistics (the Sherpa2.2 sample used is very
limited statistically in each signal region). The categorisation into boosted
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and VBF signal regions however has a significant effect on the predicted
distribution. As such, under the assumption that the Z decay kinematics
are common and well modelled in all three channels, a common boosted
and VBF control region is defined for assessing the systematic errors on
the Z+jets contribution. The jet selection that is used to define this region
is largely the same between channels. This is to minimise the effect of
propagating the effect of errors from one single combined Z+jets control
region. The systematic assessment of how this CR affects the analysis
is discussed in greater detail in subsection 7.4.3. In this region the systematic effects of Z ! `` and Z ! tt are assumed to be fully correlated.
The effect of harmonising such jet based selection was assessed by the
effect on the sensitivity and estimated to have minimal effect.
VBF region

• At least two jets with pTj1 > 40 GeV and pTj2 > 30 GeV.
• The angular distance between the two jets in the h plane is required
to fulfil Dh j1 , j2 > 3.
• the invariant mass of the di-jet pair m j j > 300 GeV.

Boosted region

• Events do not pass VBF selection.
• Boosted events have a large di-tau transverse momentum that satisfies ptt
T >100 GeV.
SM Z Control Regions

The Z+jets phase space in all SM H ! tt signal regions is strongly biased
by the Higgs event selection, possibly leading to large deviations in the
Z+jets inclusive differential distributions. The Z+jets normalisation is
obtained from the Z peak, defined by the visible invariant mass |mvis
MZ | < 10 GeV in the di-lepton channel also by requiring missing energy
above 40 GeV. The Z four-momentum vector and jet kinematics modelling
are also constrained from data, using the Z ! µ µ + jets data sample.
We define pure Z ! `` control regions for each inclusive boosted
and VBF signal category to constrain the Z! tt normalisation and pZT
distribution in the signal regions. The inclusive boosted and the VBF
categories are treated separately. The explicit usage of these control
regions is described in section 7.4.3.
For the control regions, we select Z ! `` events by requiring two
isolated leptons (see di-lepton selection) with invariant mass |m`` MZ | <
10 GeV and missing transverse energy below 40 GeV. Then we apply
the selection criteria for either the inclusive boosted and VBF signal
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regions that are common across the different channels. The VBF selection
requires two jets, one with pT > 40 GeV and the second one with pT > 30
GeV, Dh > 3.0 and M j j > 300 GeV. In the boosted category we require
pZT >100 GeV.
Plots in the pre-selection, boosted and VBF regions can be seen in
figures 7.3, 7.4, and 7.5 respectively. The distributions demonstrate some
issues between data and MC in all regions such as a pT dependence for
the Madgraph5_aMC@NLO + Pythia8 agreement at pre-selection level
which disappears at later stages in the analysis. Future analyses might
consider using pZT reweighting to address such features however this has
not been attempted here.

(a) Madgraph5_aMC@NLO + Pythia8

(b) Sherpa 2.2.1

Figure 7.3: Distributions of pZT in the Z control region (ZCR) before separation into VBF and Boosted regions (a) Distribution of Madgraph5_aMC@NLO + Pythia8 (b) Distribution with Sherpa 2.2.1
Plots 7.4 and 7.5 show p``
T in the boosted and VBF and boosted
regions for both Madgraph5_aMC@NLO + Pythia8 and Sherpa 2.2 generators. In each can be seen the ratio between Madgraph5_aMC@NLO
+ Pythia8 and Sherpa 2.2 in several bins of p``
T . It should be noted, the
final boosted signal region selections are not the same for all channels.
The t` t` channel requires in addition |mcoll MZ | > 25GeV. The t` thad
and thad thad channels require a jet with pT > 70GeV, to satisfy the 2016
trigger selection. However, the h Z and pZT distributions at the truth level
for all channels are in good agreement with each other. This supports the
notion that the Z boson kinematics and associated jets systematics can be
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(a)

(b)

Figure 7.4: Distributions of pZT in the VBF Z control region (ZCR) region
b) Distributions of Madgraph5_aMC@NLO + Pythia8 and Sherpa 2.2.1
distributions and ratio used as comparison for VBF region.

(a)

(b)

Figure 7.5: Distributions of pZT in the boosted Z control region (ZCR)
region b) Distributions of Madgraph5_aMC@NLO + Pythia8 and Sherpa
2.2.1 distributions and ratio used as comparison for Boosted region.
said to be fully correlated between all three channels. This correlation validates the approach wherein the Z ! tt yields and systematic treatment
in the exclusive signal regions, defined mainly by pH
T , can be corrected by
a fit of the Z ! `` events in a dedicated Z ! `` CR. A single ZCR bin for
each VBF and boosted pre-selection is used to constrain the uncertainty
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on Z+jets modelling in all three channels.
LFV Z ! tt Control Region

The Z ! tt background is modelled using MC. The normalisation for
the Z ! tt background before fitting is obtained from the generator
prediction at NLO. In the statistical analysis, the normalisation of the
Z ! tt background is obtained from a control region enriched in Z ! tt
background and with selection criteria very close ot the signal region.
Only the normalisation of the Z ! tt background is obtained from a
control region in the statistical fit. The selection requirements of the
Z ! tt control region are the same as the LFV selection, expect that the
transverse momentum of the leading lepton has to satisfying: 35 GeV
< p`T1 < 45 GeV.
LFV Z ! µ µ Validation Region

In the µte channel, there is a sizeable Z ! µ µ background due to one
muon faking an electron, with a significant energy deposition in the
calorimeter. The event topology is very similar to the LFV signal, and it
makes Z ! µ µ an irreducible background in this channel, but are usually
very suppressed elsewhere by requiring that the direction of the ETmiss
does not coincide with that of the electron. A validation region is used
to assess the modelling of the Z ! µ µ process. This region is defined as
follows:
• pre-selection requirements.
• MMC<105 GeV.
• Df (`1 , ETmiss ) >1.6
• Df (`2 , ETmiss ) <0.3
Overall good MC-data agreement is observed.
Top quark Control Region

The contributions of the top background (t t¯ and single top) are estimated
from simulation. The MC description of the top backgrounds is corrected
by using data control regions enriched with top-quark production for all
analysis categories. These control regions for both LFV and SM are
defined by inverting the b-tag veto (i.e. by requiring a presence of at
least one b-tagged jet) but otherwise passing all VBF, Boosted or LFV
selection criteria. Normalization correction factors are obtained in the
top control samples by comparing the MC prediction with the data from
which the non-top backgrounds are subtracted. These scale factors are
then applied to the top background predictions in the signal regions.
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t` t` selection

The t` t` signal regions are defined by simple selection criteria placed
on the di-lepton invariant mass. The distribution of the MMC mass in
events passing a ‘tight’ VBF selection is shown in figure 7.6 (a). The
tight requirement requires the ptt
T >100 GeV. A ‘loose’ VBF region
features events that fail this requirement with a ptt
T < 100 GeV. The
MMC distribution in this loose VBF region is shown in figure 7.6 (b).
Similarly in the boosted region as defined previously in this subsection,
tight and loose regions are further defined by those that pass or fail a cut
ptt
T > 140 GeV. The reconstructed mass distributions in these boosted
regions are shown in figure 7.7.
t` thad selection

The semi-leptonic selection requires several cuts in addition to the VBF
common selection. Events are required to pass the following criteria:
• h 1j ⇥ h 2j < 0
• ETmiss > 20 GeV
• |Dh(`, thad )| < 1.5
• DR(`, thad ) < 3
As described in the previous chapter, most of thse selection criteria
target either resonant Z ! tt production or processes that can ‘fake’
leptons (including hadronic decays of tau leptons). For example, the Dh
and DR requirements listed here are designed to help reduce the resonant
Z boson background. In addition to the base VBF selection, a ‘tight’ VBF
region is defined as those passing the following cuts:
• m j j > 500 GeV
• ptt
T > 100 GeV
• m`,thad > 40 GeV
had
• p`,t
> 30 GeV
T
The MMC distribution in this tight VBF region can be seen in figure 7.6
(c). Events passing both the common and t` thad VBF criteria but not the
tight selection form the ‘loose’ VBF SR as seen in figure 7.6 (d).
A t` thad boosted selection is defined as:
• ptT > 30 GeV
• ETmiss > 20 GeV
• |Dh(`, thad )| < 1.5
The boosted region, as defined previously in this subsection, is separated
H
H
into two regions: That of high pH
T and low pT . The high pT region is
tt
defined as those events with pT > 140 GeV and DR(`, thad ) < 1.5 with
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an MMC distribution as seen in figure 7.7 (c). The low pH
T region, also
shown in 7.7 (d), is those events that fail the high pH
selection.
T
thad thad selection

The fully hadronic channel is formed of five signal regions. All VBF
regions require that h 1j ⇥ h 2j < 0. A boosted-VBF region with ptt
T > 140
1
2
GeV and low DR(thad , thad ) < 1.5 is seen in figure 7.6 (g) whilst a nonboosted region fails these selection criteria and is split into two subregions: tight VBF, with m j j > ( -250⇥Dh j j + 1550) GeV as seen in
figure 7.6 (e); and loose VBF with m j j < ( -250⇥Dh j j + 1550) GeV as
seen in figure 7.6 (f).
A boosted region is separated into a tight region and a loose region.
The tight region is defined as events that satisfy both the boosted preselection and cuts on ptt
T > 140 GeV and DR(thad , thad ) < 1.5 producing
a MMC distribution as seen in figure 7.7 (e) otherwise it is loose-boosted,
producing a mass distribution that can be seen in figure 7.7 (f).
LFV `t` Selection

Following the fully leptonic pre-selection, several cuts are applied to
the LFV analysis to optimise for this process. Contrary to the H ! tt
coupling search, there are no irreducible SM processes in the final state
since one lepton will not have any true associated missing transverse
energy. This means that the ggF mode of Higgs production is now viable
without requiring a boosted topology.
The following variables allow to discriminate the H ! t` signal from
the SM backgrounds:
• The momentum of the leading and sub-leading lepton, p`T1 and p`T2 ,
where the leading lepton is expected to be of much higher pT than
the sub-leading one. It allows the discrimination and reduction of
the Z ! tt background and to ensure that the H ! te µ SR only
contains events corresponding to that final state and vice versa for
H ! tµ e.
• The angular separation between the two leptons, Df (`1 , `2 ) here
e and µ are expected back to back in the transverse plane for this
signal.
• The angular difference between the leading lepton and the missing
transverse energy, Df (`1 , ETmiss ), which is expected to be large
under the collinear approximation.
• The angular separation between the sub-leading lepton and the missing transverse energy, Df (`2 , ETmiss ) In the collinear approximation,
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Figure 7.6: Distributions of mMMC in the VBF signal regions of all channels. No data is shown as the analysis is still blinded.
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Figure 7.7: Distributions of mMMC in the boosted signal regions of all
channels. No data is shown as the analysis is still blinded.
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the value of this variable is expected to be small for signal events,
allowing discrimination against the t t¯ and WW backgrounds.
• The pseudo-rapidity difference between leading and sub-leading
lepton, Dh(`1 , `2 ), which is expected to help differentiate against
fake leptons backgrounds.
• The transverse mass between the lepton and the missing transverse
energy, m`T1 and m`T2 given as:
q
`
mT = 2p`T ETmiss (1 cos(Df ))
(7.3)

Events are required to pass the pre-selection described previously for
t` t` events and in addition must satisfy the following requirements:
• Df (`2 , ETmiss ) < 1.0
• m`T1 > 50 GeV
• m`T2 < 40 GeV
pt
• `T1 > 0.5, where ~ptT := ~ETmiss +~p`T2
pT

The two channels are split by the flavour of the leading lepton and
then the MMC mass is fit.

7.3

Signal Extraction

7.3.1 Fit Model
The parameter of interest in the search for Higgs couplings to tau leptons
is the signal strength, µ. This can be defined as the ratio of the fitted signal
cross section times branching fraction to the signal cross section times
branching fraction predicted by the SM. The value µ = 0 corresponds
to the absence of any SM Higgs like signal, whereas the value µ = 1 is
indicative of a signal that behaves exactly as predicted by the standard
model. Searches for the Higgs aim to maximally disprove the hypothesis
that µ = 0. In the case of this LFV search, a value of the parameter of
interest, µ = 1, corresponds to the hypothesis that 1% of Higgs events
produced at the SM rate are lepton flavour violating. An alternative model
for the LFV parameter could be the branching ratio itself however this
value would be inherently coupled to the SM Higgs signal strength. A
lepton flavour violating Higgs signal strength of µ = 2 therefore does not
directly equate to a measurement of the branching ratio, BR(H ! t`) =
2%. An upper limit on µ can nevertheless still be useful in approximating
which values for the BR are still possible for future analyses.
As described in chapter 5 both analyses employs a binned likelihood
function constructed as the product of Poisson probability terms. For
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the construction of the likelihood function; signal, background-fit and
control regions are used to simultaneously. In the coupling analysis these
regions correspond to the signal regions introduced in section 7.2, the
VBF and boosted ZCRs and a VBF and Boosted top CR for each tlep thad
and tlep tlep channels. This event rate is compared to the expected signal
and background contributions. In the LFV the regions are the two SR’s
(te µ or tµ e) together with the LFV ZCR and a topCR.
In all signal regions the binned mMMC distribution is used to infer
information on the parameter of interest whereas in the top control regions
only the yield is used to constrain that specific background process.
All systematic uncertainties, as described in the following, enter the
fit as Nuisance Parameters (NPs) on the normalization; provided that their
effect is larger than 0.5 % several systematics also act as shape NPs in the
fit.
An important issue in dealing with the shape NPs in the fit model is
the fact that many of the samples have a relatively low number of events
after all selections have been applied, meaning that in the case of small
systematic variations, the corresponding upwards or downwards varied
shapes may in fact be dominated by statistical noise.
The significance of any small observed excess in data is evaluated by
quoting p-values to quantify the level of consistency of the data with the
µ = 0 hypothesis. The modified frequentist method known as CLs [180]
is used to calculate the p-values, employing the asymptotic approximation
[122]. The test statistic used for the exclusion limits derivation is the q˜µ
test statistic and for the p-values the q0 test statistic.
8
ˆ
ˆ
>
< 2ln(L (µ, q̂ (µ))/L (0, q̂ (0))), if µ̂ <0
q˜µ =
(7.4)
2ln(L (µ, q̂ˆ (µ))/L (µ̂, q̂ )), if 0 µ̂  µ
>
:
0,
if µ̂ > µ
and

q0 =

(

2ln(L (0, q̂ˆ (µ))/L (µ̂, q̂ )), if µ̂ 0
0,
if µ̂ <0

(7.5)

where L (µ, q ) is the binned likelihood function, µ is the parameter
of interest, and q denotes all of the nuisance parameters. The pair (µ̂, q̂ )
corresponds to the global maximum of the likelihood, whereas (x, q̂ˆ )
corresponds to a conditional maximum in which µ is fixed to a given
value x.
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Systematics Considerations
In general, all nuisance parameters are estimated within a range ±1s as
provided by the ATLAS analysis tools. As previously, the systematic considerations are split into three main categories: Experimental, background
modelling and theoretical. The parameters considered for the different
analysis objects are listed below. A series of eight nuisance parameters
are also calculated due to the uncertainties on the fake estimate, each
relating to the specific channel applied to.

7.4.1 Experimental Uncertainties
Muons

• Resolution includes variations of the ID and MS tracks.
• Scale governs variation of the momentum scale.
• Efficiency of four factors are considered: trigger efficiencies, identification efficiency, isolation efficiency and the track-to-vertex
association efficiency.
Electrons

• Resolution of electron objects.
• Scale variations of the energy calibration.
• Efficiency uncertainties for: the trigger, reconstruction, identification and isolation are considered.
Taus

• Scale variation of the energy scale due to the modelling of the
detector geometry, the measurement in the tag-and-probe analysis
and the physics list of the detector simulation.
• Efficiency considerations on hadronic tau objects due to uncertainties on the tau identification, reconstruction, the electron overlap
removal and trigger efficiencies.
Jets

The jet energy uncertainties depend on the transverse moment as well as
the pseudo-rapidity h of the reconstructed jet. They are determined by
comparing data taken at 13 TeV with Monte Carlo.
• Resolution on the jet energy is contained in a single NP.
• Scale uncertainty on the jet energy is described by 19 NPs, detailing
all aspects of the jet energy response.
• Efficiency uncertainties for the jet vertex tagger.
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• b-tagging uncertainties are contained in a series of NPs that each
relate to either the tagging of different quark flavours or the extrapolation between them.
ETmiss

• Scale uncertainty as recalculated from all the constituent scale
variation components.
• Resolution uncertainty as recalculated from all the constituent
resolutions.

Data taking uncertainties

• Pile up re-weighting is estimated by re-weighting simulation to
describe the observed pile-up profile in the 13 TeV datasets.
• Luminosity uncertainty is fixed at a constant 2.9% as calculated
from a preliminary calibration of the luminosity scale using x-y
beam-separation scans at 13 TeV using a method similar to that
detailed in reference [148].
7.4.2 Theory Uncertainties on Signal
The uncertainty on the Higgs production cross-section is used as given in
[35]. For a SM Higgs mass of 125.09 GeV the QCD scale uncertainties
are ±4.0% for gluon fusion production and +0.4
0.3 % for VBF production.
The PDF uncertainties are ±3.2% for gluon fusion production and ±2.1%
for VBF production. The uncertainty on the branching ratio for H ! tt
is given as +1.17%
1.16% in [35].
7.4.3 Systematic treatment of Z+jets
Generator Comparison

The nominal strategy for the Z+jets normalisation in order to extract
corrections to the pZT modelling from data is implemented in the fit in the
following NPs:
• One normalisation factor for Z ! tt in boosted category.
• One normalisation factor for Z ! tt in VBF category.
• One shape systematic uncertainty applied to all categories based
on the differences in predictions between Madgraph and Sherpa at
reconstruction level.
each applied to all channels. It has been suggested that individual transfer
factors could be calculated to mitigate the propagation of errors from
the CR to each SR. This relates in part to the different final state considered but also concerns the fact that the different phase-space selection
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applied to each SR could entail additional uncertainties. Early validation
suggested that such an approach might not be necessary and the exceedingly small number of MC events that are used to populate the Sherpa
distribution in the signal region prohibited such an approach at a later
point.
• One normalisation factor for Z ! `` in boosted category applied to
t` t` channel.
• One normalisation factor for Z ! `` in VBF category applied to
t` t` channel.
The fitted uncertainties on the normalisation factors for Z ! tt are
±1.09% in the boosted region and ±1% in the VBF region.
The Z electroweak (EW) production is not included in Madgraph,
and Sherpa 2.1 is used instead. The agreement of Sherpa 2.1 for all
Z+jets production modes with data is thought to absorb the 27% theoretical uncertainty on specific EW Z production quoted in the current
13 TeV measurement of EW Z j j production [181]. This is because the
contribution of the Z EW production in the VBF region is estimated to
be small fraction of the Z background. This contribution is treated as
an extra systematic uncertainty on the QCD production via the addition
of an additional normalisation systematic to the fit. For the QCD and
EW production a single normalisation factor is used as discussed above;
and an uncertainty of 25% of the predicted EW yields is assigned to this
combined treatment.
Variations from theory

Sherpa 2.2.1 and MadGraph5_aMC@NLO are able to produce scale
variations to account for errors in modelling the V+jets process (where
V denotes a SM vector boson such as W or Z). Unlike in the purely
experimental approach taken in comparing generators, the variations produced at generator level correspond to the major theoretical assumptions
underlying the MC generation of events. As such these theory based
systematics are thought to be formally correct within the error of the
Z ! tt normalisation.
A global 5% theoretical uncertainty is assigned on the total W/Z
inclusive cross section. The prescription to estimate the uncertainties on
the shapes requires the usage of alternative samples with the following
variations:
• Renormalisation scale variations: x 2 and x 1/2.
• Factorisation scale variations: x 2 and x 1/2.
• Resummation scale variations (denoted qsf): x 2 and x 1/2.
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• Parton matching (CKKW[182]) scale variations: nominal 20 GeV,
variations setting it at 15 GeV and 30 GeV.
A similar prescription holds for MadGraph5_aMC@NLO. At the outset of this analysis the application of these variations within the MadGraph
was yet to be validated and therefore no samples were available.
The samples are produced for Sherpa 2.1 at particle level only. This
means that no detector or reconstruction simulation has been applied.
Truth codes must therefore be used to estimate the uncertainties with
respect to the truth-nominal. The variations should be evaluated independently and added in quadrature.
Because of the large number of events in the samples (364M per lepton
flavour for W , Z and Z to neutrinos), only three sets were produced:
• Z ! nn + jets
• W ! en +jets
• Z ! ee + jets
The recommendation for the uncertainty estimate for the V+jets samples
is to take half the difference between the up and down variation (relative to
the midway point). This step is necessary because the Sherpa 2.1 nominal
prediction needs a smoothing correction. Individual contributions should
be added up in quadrature for the various sources of scale uncertainty
considered. The relative uncertainty can be directly applied to the Sherpa
2.1 nominal prediction as well as the Sherpa 2.2.1 nominal prediction (the
formal accuracy being identical).
Parametrised variations

Monte Carlo simulations of physics processes are very heavily controlled
in ATLAS. Each theoretical distribution must be validated, propagated
through a detailed simulation of the ATLAS detector and ‘folded’ through
an digital approximation of instrumentation effects. These simulated
detector signals are then reconstructed back in to physics objects in the
same manner as the data. This leads to the production of MC samples
being extremely costly in terms of computing resources.
Each sample produced is filtered by quark flavour and sliced in terms
of the associated boson pT such the statistical accuracy of the samples
can be enhanced. This means for a single physics process there is usually
upwards of 20 samples required. If each generator variation would be
simulated, more than 100 samples per process would be needed which is
considered computationally impractical.
Truth level samples were used to produce a two dimensional parametrisation of the variations. This allows the assessment of generator effects
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on differential distributions whilst only requiring a single file containing
the parametrised weights.
Preliminary investigations were performed by producing weights
based on a one-dimensional parametrisation based on either pZT or jet
multiplicity, Njets . A priori, it can be expected that a single parameter
will not be able to fully characterise the intricate variations of a complex MC description of nature. For the case where pZT was used for the
parametrisation process, poor modelling is found for the properties related
to the jets (HT , pTj1 etc),whilst using the jet multiplicity as the basis for the
parametrisation leads to poor modelling of the ETmiss [183]. Based on this
initial study a 2D parametrisation was performed using both pZT and jet
multiplicity (njets) that gives a fair description of key features in the MC.
To cohere with the prior studies that were performed parametrised in
bins of pZT slicing of the samples, a new parametrisation was produced
in bins of 1 GeV ranging from 0-center of mass energy. Since these
truth samples were so large this approach was found to give high statistical accuracy in each bin even in the lower populated regions of the
parametrisation.
For a given pZT bin (i), and jet multiplicity bin (j), the weights are
calculated per sample (up and down variations are treated separately)
using:
Wi, j =

Ni,Syst
j

W MC =
Nominal i, j

Ni, j

Syst,RawNo

Â pT, f lavour s Syst · k · e · Ni, j

Nominal,RawNo

Â pT, f lavour s Nominal · k · e · Ni, j

where s , k, and e are the event specific MC weights included in WiMC
j ,
designed to related simulated distributions to experimental event counts.
The variations and distributions can be seen in figure 7.8 and the corresponding weights to be applied to the reconstructed nominal samples at
truth level can be seen in figure 7.9.
Effect of V+jets Theory Systematics

The variations described in the previous subsection are provided in the
form of two dimensional weights each representing half of a symmetric
variation that can be applied to the nominal distribution in various regions.
The results of this process as applied to some typical signal regions can
be seen in figures 7.10 and 7.10.
Generator Comparison NPs

Figure 7.12 shows that the comparison of MadGraph_aMC@NLO and
Sherpa is highly constrained by the fit. It is understood that this is likely
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Figure 7.8: Two dimensional parametrisation of variations due to changes
in renormalisation scale. The uncertainty can be taken as half the difference between up and down variations.
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(a)

(b)

(c)

(d)

Figure 7.9: Weights produced to emulate changes in (a)factorisation and
(b) renormalisation (c) parton (ckkw) matching (d) resummation (qsf)
scales. The weight is inverted for down variations (1 W ).
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Figure 7.10: Effective systematic variations due to (a) factorisation (b)
renormalisation (c) ckkw matching and (d) qsf scale variations as applied
in the tlep tlep vbf loose signal region as defined in subsection 7.2.3. The
ratio displays the relative size of the variation in each bin compared to
the nominal.
caused by the low number of events in the SRs as provided by the Sherpa
sample. When using the shape NPs in the fit model, in the case of small
systematic variations, the corresponding upwards or downwards varied
shapes may in fact be dominated by statistical noise. Inserting such
noise into the fit causes instabilities and allows for incorrect and unintentional variation of the NPs. Given that the Sherpa samples are highly
statistically limited in the SR but give good agreement with the nominal
MadGraph_aMC@NLO in the CR leads to large instabilities. In figure
7.13 hybrid data is used to assess the effect of such an over-constraint.
The parameter is pulled with a very strong profile. In individual channels
and SRs this
NP often has the largest effect on the
estimate for µ due to its large variation and over-constraint.
Many of the Jet Energy Scale (JES) NPs and the Jet Energy Resolution
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Figure 7.11: Effective systematic variations due to (a) factorisation (b)
renormalisation (c) ckkw matching and (d) qsf scale variations as applied
in the tlep thad boosted high pT signal region (Rebined) as defined in table
7.2.3. The ratio displays the relative size of the variation in each bin
compared to the nominal.
(JER) are also over-constrained. This in part due to the high dependence of
the analysis sensitivity on the jet selection used to define the VBF/Boosted
SRs which is now common between SRs. In run 1 a data driven sample
was used to mitigate this effect. Currently this is somewhat overshadowed
by the generator comparison NP however future analyses must pin down
the source of this over-constraint to ensure that the measurement does not
bias the result.
Sherpa Theory NPs

Given that the theory variations described in section 7.4.3 are the same
for Sherpa and Madgraph, it was suggested that we apply the weights
obtained from the parametrisation method described in section 7.4.3
to the nominal MadGraph_aMC@NLO samples and use the resulting
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Figure 7.12: All nuisance parameters constrained by the ZCR, in
the generator comparison scheme (Z uncertainty governed by single
NP). Asimov contributions to a combined measurement of µ in the Higgs decays to tau leptons in all channels. The hatched
blue and red bands show the variations of µ̂ with respect to the total error
on µ, stot each NP q is set to its post-fit value q̂ and modified upwards
or downwards by its post-fit uncertainty, whilst the fit is repeated. These
hatched lines refer to the top x-axis. The filled circles, refer to the bottom
x-axis, which shows the pulls of the fitted NPs from their nominal values
normalised to their nominal uncertainties. The black lines show the postfit uncertainties of the nuisance parameters. The yellow band gives the
nominal uncertainty for each NP.
variations in place of the
NP. The ranking of the
nuisance parameters in the case in which four theory NPs is used instead
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systematic in

of the generator comparison NP can be seen in figure 7.14. These NPs
are labelled with the prefix, ‘
’. Given that the fit showed no
significant overconstraint in a full Asimov (all MC) prescription when
looking primarily at the theory variation scheme NPs, a hybrid fit was
performed (MC in SR data in SRs). These systematic contributions are
no longer highly ranked in the analysis. Use of the scale variations to
model the Z+jets in this manner also requires that the ZCR not be fit on a
binned distribution on the pZT but instead only on the yield.
In the run 1 analysis, embedded samples were used for the Z ! tt
process. Whilst these theory uncertainties contribute less to the overall
result (they are ranked lower in the NP rankings) the use of Z ! µ µ data
meant that a ZCR could be used to constrain experimental systematics
relating to the associated jets such as the Jet Energy Scale (JES) and Jet
Energy Resolution (JER). However, until the MC process is validated
alongside an embedded data set that is being produced at 13TeV the
systematic effect of each method for producing samples is speculative.

7.5

Results

7.5.1 Expected Sensitivity SM H ! tt
As mentioned in the introduction to this chapter, the analysis presented
here fell foul to time constraints. Given the limited MC statistics and
the poor expected sensitivity that resulted from an under optimised cutbased analysis, the ATLAS Higgs analysis team decided to postpone the
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Figure 7.14: All nuisance parameters constrained by the ZCR, in the
parametrised theory variation scheme. Hybrid contributions to a combined
measurement of µ in the Higgs decays to tau leptons in all channels. The
hatched blue and red bands show the variations of µ̂ with respect to the
total error on µ, stot . Each NP, q , is set to its post-fit value q̂ and modified
upwards or downwards by its post-fit uncertainty whilst the fit is repeated.
These hatched lines refer to the top x-axis. The filled circles, refer to the
bottom x-axis, which shows the pulls of the fitted NPs from their nominal
values normalised to their nominal uncertainties. The black lines show
the post-fit uncertainties of the nuisance parameters. The yellow band
gives the nominal uncertainty for each NP.
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publication of the cross-section analysis presented here and are instead
targeting a first 5s measurement of SM H ! tt couplings at 13 TeV
using a much larger dataset.
A much larger Sherpa2.2.1 Z+jets MC has been commissioned with
built in weights for calculating the effect of variations due to theory. Also
included are variations that also account for the underlying event, parton
shower uncertainty and PDF uncertainty which were requested for this
analysis however were not possible to estimate accurately. Also included
will be any pZT reweighting if the MC is found to match the data poorly.
In addition a di-tau filter has been developed that hopefully can increase
the proportion of MC events that satisfy the pre-selection criteria and
therefore decrease the statistical uncertainty associated with the sample
for a given amount of computing resources. An option for data driven
Z ! tt modelling with embedding is being considered.
The new analysis targets a publication in 2017 and features both cut
based and MVA analyses in parallel. The analysis at 7 and 8 TeV[131]
relied heavily on the strong performance of the MVA with respect to the
cut based analysis. The decision to follow an purely cut based approach
was to facilitate the eventual measurement of the Higgs boson fiducial
cross-section in this final state, however such a measurement would rely
on a clear measurement of the coupling strength. It is hoped that the next
step on this analysis will reach 5s threshold needed for discovery as soon
as the analysis is finalised.
7.5.2 Limits on LFV
Contrary to the SM Higgs coupling measurement whereby the µ for the
Higgs process can range from µ = 0 (representing no Higgs process)
upwards with µ = 1 equal to the prediction according to a standard
model Higgs, the point of interest in LFV searches is the branching ratio
BR(H ! t`). Figure 7.15 shows the distribution of all events (Higgs and
SM processes) assuming a BR(H ! t`) of 1%.
In figure 7.16 the importance of separating the H ! etµ and H ! µte
channels can be seen. Two figures of merit are considered: the significance
of any excess of events in the context of a H ! et` search, and a 95%
confidence upper limit on the signal strength. In the H ! etµ channel,
an upper limit of µ=1.60 is placed, with a rejection of the SM only
hypothesis at 0.61s . The expected significance of 1.68s is calculated
for this analysis under the assumption of µ=1 however the best fit for the
signal strength in this channel was µbestfit = 0.37 ± 0.62. In the H ! µte
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(b)

Figure 7.15: The pre-fit MMC distributions in the (a) H ! etµ channel
and the (b) H ! µte channel overlaid with Asimov data. The signal
(blue) is stacked on the total background (red), with BR(H ! t`) 1%
assumed.
channel however, a 95% confidence limit of 2.76 is placed. The expected
significance was given at 1.13s . Unblinded results gave a best fit mu of
µbestfit = 1.31 ± 0.81 at a 1.45s significance.
These results aim to be as model independent as possible. Additional
constraints on the existence of new physics can be included in assumptions/measurements of the overall Htt coupling strength or on the form
of the effective coupling. Though a combination between these channels
is technically possible, it would necessary that the result would be less
model independent.

7.6

Conclusion

p
The LHC Run 2 at s = 13TeV marks the switch from particle searches
to the start of precision physics. SM processes can now be modelled to
NLO with un-precedented accuracy. Whilst the measurement of Higgs
production cross-section for the SM Higgs boson and coupling strength to
fermions suffered in a large part due to limited statistics, both in data and
simulation, new limits can be placed on the branching ratios H ! t µ and
H ! te. No notable excess is found in data with respect to the predicted
background yields. Both analyses are aiming for a wider publication of
further results using 40 fb 1 data at 13 TeV.
Advances in the modelling of the Z + jets process in pp collisions allow for the calculation of systematic contributions at the theoretical level.
This approach however yielded problematic results when interfaced with
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(a)

(b)

Figure 7.16: The unblinded MMC distributions in the (a) H ! etµ channel and the (b) H ! µte channel overlaid with actual data.
the data driven approaches favoured in previous measurements. These
preliminary studies proved sufficient to state that statistical fluctuations
in the SM background simulation are now the dominant systematic contribution to the modelling of Z+jets with the ATLAS detector. Future
measurements of Higgs decays with t leptons are requesting large scale
simulation of Z+jets MC samples with systematic variations, from theory,
provided centrally as weights.

8. Discussion and Outlook
Higgs properties measurements with the ATLAS detector are entering
an exciting second phase. Though pure CP odd Higgs models have been
excluded, models including charge-parity (CP) violation or mixed CP
states are not. Models with CP violating contributions to the Higgs sector
predict increases in the strength of Higgs couplings to W and Z bosons.
Currently the ATLAS experiment sees VBF couplings to the Higgs at
almost double the strength predicted by the SM[161]. Higgs decays to taus
serve as the ideal channel to measure changes in the CP state of the Higgs.
This is due to the ability to isolate final state features corresponding to both
the Higgs production and decay allowing a simultaneous measurement at
each vertex.

8.1

Future H! tt Measurements at

p

s =13 TeV

The efforts of the Higgs group in the first phase of data taking with the
ATLAS detector focused on maximising the sensitivity of the discovery
of the new boson at 125 GeV. Measurements of coupling strength, spin
and CP-state were given in terms of compatibility with the SM. The
ATLAS Higgs group is currently in preparation for a new series of Higgs
measurements[184]. Whilst no significant deviation from the SM was
measured, hints of new physics might yet be seen in what are currently
small deviations from the SM predictions of the Higgs. The values of
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these deviations however were not measured quantities but only shown in
terms of compatibility with the SM.
With increased levels of data, MC tuned to LHC results, and a fast
and agile model on which to base a new era of Higgs measurements,
precision measurements of Higgs properties are key. The prescription
given to the Higgs subgroups is that it is no longer enough to measure
the compatibility of the Higgs with the SM but to directly measure any
possible BSM contributions.
8.1.1 Htt Couplings
Much of the SM nature of the Higgs can be constrained by precision
measurements of the couplings of the Higgs to other particles in the SM.
Only through combination with results obtained by the CMS collaboration
can a discovery of the Higgs coupling to fermions be claimed by the
ATLAS collaboration. The H ! tt channel gives scientists the ideal
platform for not only measuring the coupling of the Higgs to fermions but
also gives an excellent avenue for measurements of the Higgs production
modes. Ratios of these production modes can be used to limit BSM
contributions to the Higgs sector, just as the branching ratio of Higgs
decays can.
Ongoing efforts in the H ! tt channel with ATLAS are preparing
an exciting measurement of the Higgs coupling strength to fermions. The
lessons learned from the 2016 analysis described in chapter 7 are two
fold:
• The Z ! tt process is well modelled in MC. Special efforts must
now be developed to minimise the effects of related uncertainties
such as the jet energy scale.
• Much of the strength of the 8 TeV analysis lay in the use of multivariate methods, as the cut based analysis only reached 3.2s compared to the 4.5s of the multivariate approach[131]. The 13TeV
should investigate increased use of machine learning to apply this
increased performance to the on-going analysis.
The parametrized approach for applying theory variations to the
Z+jets process is now included as the default for all analyses. The
dominant systematic in the 8 TeV measurement was the Tau Energy Scale
(TES) which was applied to account for the uncertainty introduced by
simulating hadronic taus in the embedded sample. Early measurements
at 13 TeV show that Jet Energy Scale (JES) systematics now dominate.
Given that the jets in the embedded sample are real jets from data, a Z
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control region (ZCR) was previously able to constrain many of these
uncertainties. This is no longer possible when using simulated jets in a
fully MC approach. The usefulness of a ZCR at all is questionable.
The decision was made not to apply a Multivariate Analysis (MVA) to
the analysis at 13 TeV presented here. This was to maximise the data that
could be used for analysis and because the ultimate goal of the analysis
is a measurement of the H ! tt differential cross-section, not just the
signal strength. Although a poor understanding of the control regions
used and their effects on the associated systematics ultimately became a
crucial component in the decision to delay the unblinding of this analysis,
the poor expected sensitivity was also a major factor. It is my opinion
that the multiplicity of different signal regions that were introduced in
order to boost sensitivity, lead to unnecessary tensions in the likelihood
fit. A MVA approach automates much of the sensitivity optimisation and
allows for a strong focus on the systematic treatment. The usage of a
MVA, however, is limited by MC statistics (a large background dataset is
required for MVA training) and in usefulness. A BDT classification of a
125 GeV Higgs boson could increase the sensitivity of an analysis aimed
at discovery. Measurements at 13 TeV however, are hoping to move
towards an eventual measurement of the Higgs fiducial cross-section.
A MVA approach is not always so useful in this case. The ongoing
analysis is once again optimising both a MVA and cut based analysis in
parallel. It is hoped that the MVA analysis will be able to give a first
strong measurement of the existence of a Higgs coupling to taus, whilst a
cut based analysis is used for verification. Given this measurement as a
basis, a measurement of the H ! tt cross-section can be measured using
a cut based analysis targeting more data.
8.1.2 Effective Lagrangian for VBF H ! tt

The VBF production of the Higgs and subsequent decay into taus forms an
ideal platform for a single measurement of six parameters that determine
the value of any BSM contributions to the Higgs characterisation Lagrangian [52]. A 2017 measurement in this channel can directly probe the
CP properties of the Higgs simultaneously in both production and decay
and therefore provide the first direct measurement of CP violation in the
Higgs sector. Additionally, each parameter of this model can be extracted
independently for comparison with ongoing H ! WW and H ! ZZ measurements. Although these di-boson measurements dominated Run 1
measurements of the HVV vertex due to higher sensitivity, each now suffer
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from the inability to separate contributions from production and from
decay. VBF is a desirable production mode since it is easier to reduce
the backgrounds in this channel, however in the case of di-boson final
states the contribution of any CP violating phenomena cannot be directly
attributed to either HVV vertex. In this way the VBF H ! tt has a higher
precision for measuring the parameters of BSM Higgs physics at a given
sensitivity.
The effective Lagrangian method constitutes an effective field theory
whereby BSM contributions up to dimension six can be added to a model.
Such an approach was employed in the Run 1 VBF paper[133] as described in chapter 6. Since this measurement was designed to ‘recycle’ the
search for Higgs couplings to taus, this measurement had certain limitations relating to which parameters could be measured that no-longer factor
p
into measurements at s =13 TeV. An extension of this analysis into
Run 2 would provide three measurements of Higgs characteristics at each
vertex and therefore simultaneously measuring the strength of SM contributions, BSM CP-even contributions and BSM CP-odd contributions to
both the HVV vertex and the H f f .
Morphing

As described in chapter 6, matrix element re-weighting was employed in
Run 1 to produce a MC sample for each value of the desired parameter
under investigation. In the case of measuring three coupled parameters,
such as would be required for a measurement of the Htt vertex, a fit to a
three dimensional grid of distributions would be required. This is a very
computationally slow method for producing alternative signal samples
and took a huge toll on the local computing facilities.
Effective Lagrangian morphing, also known as analytical morphing[185], is a recently developed tool being propagated for use amongst
several physics groups at the LHC and is recommended by the LHC
Higgs cross-section working group in a handbook known as yellow report
4[184]. This morphing method produces a continuous function for the
distributions given in the dimensions defined by the sample choice. In this
case, eight samples would be required representing SM, BSM CP-odd and
BSM CP-even for Htt , HWW and HZZ and a single continuous function
would be produced and passed directly into the statistical model being
considered.
This method holds various advantages over the Run 1 implementation.
In many ways it is much simpler, the parameters of interest can be fit
directly given a particular model, only eight samples need be produced
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in MC rather than the number of points to the power of the number
of parameters and interpolation between these points is based on an
analytical representation of the physics process rather than mathematical
convenience.
Experimental Setup and Observables

A single variable for each HVV and Htt is derived from each event and
used to extract an estimator for three coupled parameters. Simple, non-CP
sensitive, di-tau variables can be fed into a BDT for background reduction.
High scoring events form the signal region, and all other events are used
to constrain the fit. The jet variables and Higgs four-momentum vector
can be used to construct an Optimal Observable that is sensitive to the
CP state of the HVV vertex. Simultaneously, the di-tau with substructure
variables can be used to create a CP-sensitive BDT to look at the CP state
in the H! tt vertex.
The output will be two distributions. ‘Classically’ these can be unsigned
derstood as the angle between the two VBF tag jets, Df j j
and the
angular distribution of the hadronic tau decays; each projected into a
plane optimised for CP sensitivity. These distributions can be fitted in
three dimensions with the mixing angle cos(a) fixed. k(SM), kHVV , kAVV
in the OO fit and k(SM), kHtt , kAtt in the decay.
Key Analysis Points

Several key points must be kept at the forefront of consideration when
attempting this analysis:
• BDT training. The pre-selection BDT and its input variables must
be shown to be insensitive to CP state and correlations of systematics between final state measurements must be accounted for. This
was not possible in the Run 1 VBF paper given that the pre-selection
BDT was already trained for a coupling measurement. Restrictions
on the variables available for MVA pre-selection may lead to a
lower efficiency selection without performance boosting modern
advances in parameter selection and multivariate techniques.
• Statistical sample size. CP analyses at both 8 and 13 TeV have
suffered from poor sample size in the signal region. Although it is
possible to construct two observables for each BSM CP-odd and
BSM CP-even at each vertex, previous measurements lacked the
statistical accuracy to construct such a two dimensional observable.
p
Recent efforts in tau searches at s = 13 TeV show that there is
very little difference in sensitivity when harmonising pre-selection

184

Chapter 8. Discussion and Outlook

between semi-leptonic and fully hadronic decay channels. One
proposal follows that these channels are merged, hereby increasing
the statistical contribution to measurements in these channels.
• Contributions from other physics processes. Z polarisation, t
polarisation and EW Zjj production are likely to contribute to any
possible measurement of either the Higgs coupling strength or
CP properties. Precision measurements of these SM processes
at 13 TeV would be invaluable for the validation of Z+jets MC
production. An analysis, for example, that targets Z ! tt would
necessitate a precise understanding of the underlying fake rate and
would give a clear baseline measurement for the TES, JES, fake
estimate systematics, substructure classification error, and mass
reconstruction.
• Signal validation. The analytical morphing method has already
been subject to stringent tests of validity. To facilitate further tests,
the implementation is now available directly within the RooStats package for use in the validation of signal production with
comparison with various generators. Since the formulation of the
observables will by definition be more sensitive areas of the desired
parameter space the range under which the measurement is most
sensitive is now available for fast and efficient study.
8.1.3 Developments in MVA
Matrix Element Method

The VBF measurement described in chapter 6 was of pivotal importance
because it demonstrated the use of a matrix element based discriminant.
As described in chapter 5 the Matrix Element Method (MEM) is theoretically the most powerful method for constructing a test statistic. Analyses
do not often apply the MEM because it suffers from two drawbacks:
• Under-performance
• Computational inefficiency
A clear understanding of exactly why a BDT often outperforms a MEM in
terms of classification has been of concern for the ATLAS collaboration
for some time as it requires a clear understanding of the systematic
validity of both methods. The inclusion of systematic uncertainties into
the classification procedure however is still a relatively new concept. It
is well documented that the Neyman Pearson lemma that underpins the
strength of the MEM is only valid for ‘simple’ hypotheses, however
developments in this field such as likelihood free inference[186] may

8.2 Personal Contributions and Reflection

185

soon change our understanding of how such ‘complex’ hypotheses can be
tested.
A crucial barrier to the implementation of the MEM in earlier analysis
was that of computational power. The matrix element calculation that
embodies this analysis tool is non-trivial. MC generators are traditionally
employed for this task however most of these are not optimised to perform
multiple single calculations but rather to produce large scale distributions.
The usage of the HAWK[142] software allowed of many thousands of
calculations in a small time period. It is possible that other advances in
modern computing and optimisation might improve this further. It is also
possible that some of the formal accuracy of the MEM can be sacrificed
for performance.
Deep Learning

Modern computing is currently experiencing the boon of advanced methods in machine learning. From the stock market trading algorithms to the
recomendations supplied by media and commercial vendors; innumerable
facets of our lives are affected by algorithms that operate at the cutting
edge developments in deep learning neural networks. This method of
MVA learns from training data and predicts an output in a similar vein to
the BDT described in chapter 5. Rather than the simple iterative approach
of the BDT, deep learning uses many layers of nonlinear processing units
for feature extraction and transformation in which multiple levels of features or representations of the data are ‘learned’ by the algorithm. A
hierarchical representation can be used by the algorithms to learn multiple
levels of representations that correspond to different levels of abstraction[187]. Ongoing efforts are attempting to apply the concepts of deep
learning to: mass reconstruction (as a MMC alternative), JES calculation,
and even as a mode for improving the resolution of the hadronic tau angular decay plane measurement that is used as the discriminating variable in
CP measurements in the Htt coupling[188].

8.2

Personal Contributions and Reflection
I have been an active contributor to the Higgs group within ATLAS from
the point of first discovery in 2012, working in multivariate searches for
VBF production of HWW decays into same flavour leptons, and SM
Higgs searches with tau leptons. I have been an integral part of these
analyses during both 8 TeV and 13 TeV data taking periods. Though not
noted in this thesis, in this time I have contributed a notable fraction of
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my efforts to the development of fast unified analysis frameworks, data
reduction code, and statistical testing tools. Throughout these projects, I
have also focused on the SM backgrounds relevant to each analysis such
as those featured in chapter 7. To further this experience, I applied for
a studentship with the MCNet collaboration to work with MC authors,
theorists and experts. During this time I also found my activities closely
linked with those of the ATLAS physics modelling group (PMG) and SM
groups in order to assess the modelling of contributions to standard model
backgrounds to Higgs processes as described below. This linked not only
with my Higgs analysis efforts but also with my work on upgrades to
the fast simulation of the ATLAS calorimeter simulation (ATLFastII) as
detailed in subsection 4.4.
The work with the SM group introduced me to the process of precision
measurements with ATLAS. In the era when contributions to the Higgs
groups are dwindling and there are not enough researchers to perform
all of the desired studies, links between those people performing SM
measurements and those working on Higgs measurements can be of
benefit to both fields. It is my hope that SM Z ! tt measurements such
as: differential cross-section, rare-production modes, spin and polarisation
measurements can be extracted as key aspects of measurements of Higgs
properties in Run 2.
The VBF CP analysis was started in 2013 initially only in the fully
leptonic channel. A second team joined the analysis in 2014 to look at the
semi-leptonic channel. My contribution is seen in the efforts to include the
fully hadronic channel into the analysis. These efforts began more than a
year after the other channels but ultimately managed to outperform the
other channels in terms of sensitivity. My contributions included, but are
not limited to: preparation of new signal samples, assessment of channel
suitability, application of the Optimal Observable calculation to the channel, signal region optimisation, assessment of background contributions,
fit model studies, workspace building, assessment of sensitivity using
both Asimov and hybrid data-sets, ATLAS un-blinding approval, and
statistical combination of all three channels. Several steps utilised code
prepared for the Run 1 coupling analysis with personal modifications,
whilst others were written from scratch.
The Higgs CP measurement in VBF events at 8 TeV was novel for
many reasons; It required that I understand and perform a Higgs measurement at each step of the analysis, from sample production to limit
setting. This work was presented internally to the ATLAS collaboration
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on many occasions. Personally this analysis furnished me with a vast
understanding of data analysis software approaches within the particle
physics field, including many tools that are commonly used without question. My approach de-constructed the operation of each tool for a more
complete and versatile application of each method.
Perhaps the most useful of these tools was the use of the effective
field theory measurements as detailed above. There has been a significant
increase in attempts to build more robust analysis techniques based on the
simplified matrix element method featured as part of this analysis. This
analysis has already been successfully utilised in measurements of the top
quark at the Tevatron[189]. Within ATLAS; the top group, SUSY groups
and ttH searches are all developing this multivariate technique.
Searches for CP violation in Higgs decays to taus in the H f f vertex were not possible before the development of a Particle Flow (PF)
reconstruction algorithm for ATLAS as detailed in section 4.3.2. I have
been involved in the development of this algorithm since it was still being
developed for hadronic taus and jets in parallel. This algorithm is still in
the first stages of use, but it opens the door for several interesting tau measurements due to its vastly improved four-momentum vector resolution
and decay mode classification. The validation steps that I was involved
with for taus are currently under validation for jet reconstruction. These
substructure jets are incredibly useful for physics searches using boosted
objects, reduced jet based systematics, and increased levels of information
that can be passed to matrix element based MVA searches.
p
My contribution to the analyses at s = 13 TeV presented here center around the modelling of the Z+jets process. This study began with
the optimisation of the ZCR but was primarily focused on the methods
for assessing the accuracy of the Z + jets MC in modelling background
processes for measurements of Higgs production cross-sections and LFV
in Higgs decays at 13TeV. Much of this project took place as part of the
MCnet studentship program. A Marie Curie FP7-networks grant was
awarded to facilitate the sharing of knowledge between otherwise disconnected research groups in the common field of MC production. Here
I worked with the authors of the Sherpa[145] MC generator, developers of the Rivet analysis environment tool [179] and ATLAS contacts
for Madgraph5 aMC@_NLO[153]. The method for parametrised theory variations was proposed, and will form the primary method for the
modelling of the Z+jets process for H ! tt measurements at 13 TeV.
I personally performed and presented several tests based on tools used
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in other analyses to predict the impact of several of the methods being
considered to the group. I also attempted to make a contribution to the
control region optimisation, the development of a MVA alternative to
the cut based analysis, and general analysis framework usage in the fully
leptonic channel. As the group began to progress without the use of these
implementations, I utilised my experience with statistical software and
performed a combination of all channels in order to assess the systematic
impact of the modelling of the Z+jets process on the analysis.
I continue to pursue the usage of new MC, MVA and EFT methods at
the LHC and work towards facilitating the on-going paradigm shift from
particle searches to precision measurements. The hunt for higgles is far
from over. Especially in association with taus, numerous possibilities for
future studies still exist.
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S. Summary
The new generation of Higgs hunters have a very different
task from their predecessors; one that the over-simplification,
‘finding the Higgs’ doesn’t quite cover. For the Higgs
isn’t a single living lump of quantum matter we keep in
a box somewhere, but rather a more complex quantum resonance. In much the same fashion as the manner in which
Schroedinger’s story of the undead cat invites a productive
discussion into the non-deterministic implications of quantum weirdness that guide our universe; the standard spiel,
"Oh there are lots of kinds of Higgs boson and I’m trying
to find one they haven’t got yet" does no justice to the true
nature of the Higgs. Just as the infamous Schroedinger’s cat
is both dead and alive until observed, the simultaneous decays of the Higgs into a myriad
of final states and distributions, can only be probed down with a precise and inclusive
measurement of all of these. An observation of the true nature of the Higgs requires a
measure that goes beyond the binary, is it there? yes/no.
Scientists are no longer searching for a Higgs but instead a plurality of Higgles. This
thesis represents a first step into the path of hunting for Higgles. Not just the question of
existence, but now a question of spin, parity, mass, and coupling strengths. This thesis
focuses on decays into tau leptons; heavier siblings to the electron. Higgs decays to taus
have not been discovered by the ATLAS collaboration. The simulation and reconstruction
of these leptons is investigated. The production of the Higgs is measured, and in doing so
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a search for sources of new physics that might help us understand why the universe exists
at all is presented.
The role of the Higgs in the Standard Model.

Particle physics is the science of the tiniest scales ever measured. At the tiny scale of particle physics, all interactions
can be described by three fundamental forces: the strong
nuclear force that binds the nuclei of atoms together, the
weak nuclear force witness is radioactive decay and the electromagnetic force seen as the subatomic application of our
everyday concepts of electricity and magnetism. This theory
is elegant and beautiful because each of these interactions
constitutes a symmetry of the universe that we live in. All
matter that we see in nature is formed of fermions (with half
integer spin) and all interactions between these fermions mediated by bosons (with whole integer spin). The parameters
of this theory can predict measurements with unprecedented
accuracy however it has one shortcoming, in that the particles
embedded into this theory are, a priori, massless. Given that the observed particles are
massive, a mechanism must be introduced to break the electro-weak symmetry of the
Standard Model. This symmetry breaking is produced by the introduction of a complex
scalar field known as the Higgs field; an extension of the theory that could only be verified
through the measurement of the associated particle, the Higgs Boson.
The underlying dynamics of the Higgs mechanism, also known formally as the BroutEnglert-Higgs mechanism, are not known. For example the Higgs mass is not predicted
by the theory and therefore must be determined experimentally. Typically, the form of
electro-weak symmetry breaking induced by a non-vanishing vacuum expectation value
of the Higgs field gives mass only to the W and Z gauge bosons. Fermions acquire mass
through gauge invariant interactions between the Higgs field and the fermion fields, known
as Higgs Yukawa interactions. The Higgs mass, its coupling and decay rates and the
strength of its couplings to the various particles of the Standard Model are the goal of
modern Higgs hunters. Observation of ‘clean’ experimental signatures such as the Higgs
decays to final states with four leptons or two photons are not enough to truly probe
the nature of the Higgs mechanism, only with measurements of Higgs boson decays to
fermions, production cross-sections, decay rates and properties measurements can we use
this new particle as a probe to the nature of the Higgs field.
Tauology

The inherent link between the Higgs boson and the mass of the particles in the Standard
Model is perhaps most obvious when considering that the most likely predicted decays of

213
the Higgs are to heavy quarks with difficult to recognise final states. Particle detectors
can only be used to reconstruct particles that exist in the final state of an interaction and
are therefore limited to signal objects in the form of photons, electrons, muons, hadronic
jets and missing transverse energy. As such the clearest measurements of the Higgs boson
come from Higgs decays to photons and to light leptons through the decay of pairs of
W or Z bosons. These processes however all measure the Higgs decays to gauge bosons.
Decays of the Higgs to tau leptons provide our best chance to directly measure the Yukawa
interactions.
Taus provide an interesting and rich landscape for Higgs
measurements, though the ‘bare’ taus cannot be seen in the
detector, well understood decay processes produce final state
electrons, muons or tightly clustered collections of hadrons
that are visible as tau jets. These tau jets, or hadronic tau
decays, can be classified as having one or three associated
charged particles and zero, one or more neutral components.
By classifying the hadronic tau decays in this way, the energy of the entire jet can be estimated from its components
with a higher degree of accuracy than is possible by just
considering the composite object. This improvement can be Figure S.1: Comparing the
seen in figure S.1 where the width of the peak is related to p fractional difference of
T
momentum uncertainty due to the reconstruction. The green hadronically decaying taus
distribution denoted PanTau is the improved algorithm and reconstructed with the parthe wider, black distribution denoted tauRec is the default ticle flow technique to the
reconstruction. A measure of the performance of such a benchmark.
particle flow or energy flow reconstruction is presented here.
Higgs searches as a gateway to BSM measurements

We know that the Higgs is not the final piece of the particle physics picture. Two key
examples are: from experiment, we know that leptons in the form of neutrinos can
change their flavour (a process known as Lepton Flavour Violation (LFV)); and from our
understanding of the differences between matter and anti-matter, we know that to produce a
universe seemly consisting of only matter, a fundamental law of physics known as ChargeParity (CP) conservation must be somehow violated. Given our limited understanding of
the nature of the Higgs boson it is possible that a probe into the properties of this particle
may hint at solutions to these precious peculiarities.
Given that we do not know the exact form of any Beyond the Standard Model (BSM)
contributions to the Higgs, we can instead place limits on any signals that would arise
from such contributions. In the case of LFV, we can form an effective coupling in which
the Higgs is allowed to decay into a tau and a different light lepton, which is otherwise not
permitted by the model. We can then place limits on the strength of such a coupling. In the
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case of CP violation, we can construct an Effective Field Theory (EFT) that parametrises
the perturbative expansion of the field theory in a way that allows us to place limits on any
operators that would mediate the CP violating nature that we are looking for.
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In the first major period of data taking at the
LHC, a team of collaborators working with the ATLAS experiment used advanced signal extraction
techniques to try to maximise the potential to discover evidence for Higgs decays to tau leptons. In
statistical terms a bell curve is employed to explain
how likely an event is, given our understanding
of the model. A measurement three standard deviations from the mean (3s ) is very unlikely to
have been produced by the known process. A measurement five standard deviations (5s ) is even less
likely, and therefore constitutes the discovery of
some new process. At 8 TeV the ATLAS collaboration produced a measurement that provided 3.2s
‘evidence’ for Higgs decays to taus in production
via vector boson fusion.
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This thesis demonstrates how this search based
analysis
was modified to give 2s exclusion of CP
2σ
violating models in a particular EFT. The results of
which are summarised in figure S.2. The method by
which this Higgs property was measured is therefore
1σ
shown to be highly efficient way of probing certain
properties of the Higgs. This analysis demonstrates
(b)
several additional key aspects of physics measurements at the LHC: an analysis is reused, with the
Figure S.2: (a) A CP sensitive vari- data set that was produced by the original Higgs
able used to measure the properties search was recast in such a way that a measureof the Higgs production mode (b) ment of the Higgs CP properties could be measured
experimental best fit values for vari- without re-optimising; a distribution of merit was
ous CP mixing scenarios.
defined in a Higgs enhanced signal region formed
by selecting events using the output of a multivariate classifier instead of using the complete the multivariate classifier distribution itself;
matrix element reweighting was used to produce alternative signal samples and a matrix
element based observable was used as the final discriminant; Higgs properties from the
production mode were measured separately from those in the decay mode. In figure S.2
(b) The Negative Log Likelihood (NLL) measures how well the data agrees with models
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Figure S.3: The unblinded MMC distributions in the (a) H ! etµ channel and the (b)
H ! µte channel overlaid with actual data.
built from various BSM scenarios. d˜ = 0 represents the SM. The minimum of the curve
denotes the best fit and the height of the curve at each point is related to the exclusion of
that value of the of the parameter with respect to the minimum.
Though Higgs measurements at 13 TeV are (at the time of writing this thesis) still
in full swing, a first look at how the cross-section of the Higgs decaying into two tau
leptons could be measured in early data is presented. This thesis focuses on an in depth
assessment of how to assess the systematic contribution of uncertainties arising from
the simulation and modelling the standard model Z ! tt process in association with
additional jets. This method was used and for a preliminary measurement of the effective
coupling of Higgs decays into lepton flavour violating decays which can be seen in fig S.3.
Higgles Abound

The all too common questions, "But didn’t they already find the Higgs? How can you still
be looking for it?" often find me. It is my hope that this thesis can provide a guide for why
the hunt for Higgles is just beginning, how tau leptons can be used to search for them, and
what interesting and wondrous new physics might be glimpsed in the shifting folds of the
particle distributions that form the rich tapestry of data produced with the ATLAS detector
at the LHC.

S. Samenvatting
De nieuwe generatie Higgs-jagers hebben een heel andere taak
dan hun voorgangers; Een die de over-vereenvoudiging, ’het
vinden van de Higgs’ niet goed beschrijft. Want de Higgs
is geen levende klomp kwantummateriaal die we ergens in
een doos bewaren, maar een complexere kwantumresonantie.
Op dezelfde manier als waarop Schroedinger’s verhaal van de
ondode kat een productieve discussie uitnodigt over de nietdeterministische implicaties van kwantumnatuur van ons heelal;
Het standaard antwoord, "Oh, er zijn veel soorten Higgs boson
en ik probeer er een te vinden die ze nog niet hebben gevonden",
doet geen recht op de quantum aard van de Higgs. Net als de kat
van Schroedinger zowel dood als levend is tot waargenomen,
kunnen de gelijktijdige vervallen van de Higgs in een groot aantal eindtoestanden, alleen
worden vastgelegd met een nauwkeurige en inclusieve meting van allemaal. De enige manier
om echt de Higgs te observeren gaat veel verder dan de binaire metingen meting, is het er?
ja/nee.
Wetenschappers zoeken niet meer naar een Higgs, maar in plaats daarvan een aantal
Higgles. Dit proefschrift vertegenwoordigt een eerste stap in de weg naar het zoeken naar
Higgles. Het gaat niet alleen om het bestaan, maar ook om de van de spin, pariteit, massa,
en koppelingssterktes. Dit proefschrift richt zich op verval in tau leptonen; De zwaardere
broertjes van het elektron. Higgs verval in taus is (nog) niet ontdekt door het ATLAS
experiment. De simulatie en reconstructie van deze leptonen wordt onderzocht. De productie
van de Higgs wordt gemeten, en daarmee wordt ook gezocht naar bronnen van nieuwe fysica
die het bestaan van ons heelal kunnen verklaren.
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De rol van de Higgs in het Standaard Model.

Deeltjesfysica is de wetenschap op de kleinste schaal ooit gemeten. Op deze kleine schaal kunnen alle interacties worden omschreven door drie fundamentele krachten: de sterke nucleaire
kracht die de kernen van atomen bij elkaar houdt, de zwakke
kernkracht is verantwoordelijk voor radioactief verval en de
elektromagnetische kracht wat gezien wordt als de subatomaire
toepassing van onze dagelijkse concepten van elektriciteit en
magnetisme. Deze theorie is elegant en mooi, omdat elk van
deze interacties een symmetrie bezit van het universum waar
we in leven. Alle materie die we in de natuur zien, worden
gevormd door fermionen (met een halftallige spin) en alle interacties tussen deze fermionen worden door bosonen (met
heeltallige spin) overgebracht. Deze theorie kan metingen met
ongekende nauwkeurigheid voorspellen, maar het heeft een
tekortkoming; de deeltjes in deze theorie zijn, a priori, massaloos. Aangezien de waargenomen deeltjes een massa hebben, moet een mechanisme worden
ingevoerd om de elektrozwakke symmetrie van het standaardmodel te breken. Deze symmetriebreking wordt veroorzaakt door de introductie van een complex scalair veld, bekend
als het Higgs-veld; Een uitbreiding van de theorie die alleen kan worden bevestigd door de
meting van het bijbehorende deeltje, het Higgs Boson.
De onderliggende dynamiek van het Higgs-mechanisme, ook formeel bekend als het
Brout-Englert-Higgs-mechanisme, is niet bekend. Bijvoorbeeld, de Higgs massa wordt
niet voorspeld door de theorie en moet daarom experimenteel worden bepaald. De vorm
van elektrozwakke symmetrie breking die wordt veroorzaakt door een niet-verdwijnende
vacuümverwachtingswaarde van het Higgs-veld geeft typisch alleen massa aan de W en Z
eikbosonen. Fermionen krijgen massa door middel van eikinvariante interacties tussen het
Higgs veld en de fermion velden, bekend als Higgs Yukawa interacties. De Higgs massa,
de verval eigenschappen, en de kracht van het koppelingen aan de verschillende deeltjes
van het Standaard Model zijn het doel van moderne Higgs jagers. Observatie van ’schone’
experimentele signalen, zoals het verval van de Higgs naar eindstaten met vier leptonen of
twee fotonen, zijn niet genoeg om de aard van het Higgs-mechanisme echt te onderzoeken.
Alleen met metingen van het verval van de Higgs naar fermionen, productie doorsneden,
verval ratios en eigenschappen van het Higgs deeltje, kunnen we metingen van dit nieuwe
deeltje gebruiken om de aard van het Higgs-veld te onderzoeken.
Tauology

De band tussen de Higgs boson en de massa van de deeltjes in het Standaard Model is misschien het meest duidelijk in het feit dat de meeste Higgs bosonen vervallen in zware quarks,
waarbij het moeilijk is om de eindtoestand te herkennen. Deeltjes detectors kunnen alleen
deeltjes reconstrueren aan het eind van een reactie en zijn daarom beperkt tot signaalobjecten
in de vorm van fotonen, elektronen, muonen, hadronische jets en missende transversale
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energie. Als zodanig komen de duidelijkste metingen van het Higgs boson van Higgs verval
naar fotonen en leptonen via het verval van paren van W of Z bosonen. Deze processen meten
echter alleen Higgs verval naar bosonen. Verval van de Higgs naar tau leptonen bieden onze
beste kans om de Yukawa interacties direct te meten.
Taus leveren een interessant en rijk landschap voor Higgsmetingen. Hoewel de taus niet direct in de detector kunnen
worden gezien, produceren de goed begrepen verval-processen
elektronen, muonen of sterk geclusterde collecties van hadronen die zichtbaar zijn als tau jets. Deze tau jets, kunnen geclassificeerd worden als één of drie geassocieerde geladen deeltjes
en nul, één of meer neutrale componenten. Door deze afkomst
van de hadronische tau te classificeren, kan de energie van
de gehele jet betere nauwkeurigheid worden geschat dan mogelijk zou zijn geweest door alleen het samengestelde object
te gebruiken Deze verbetering is te zien in figuur S.1, waar de
breedte van de piek verband houdt met momentum onzeker- Figure S.1: Een vergeliheid als gevolg van de reconstructie. De verbetering door de jking van het pT verschil
particle flow methode ten opzichte van de standaard methode tussen hadronisch vervallen
taus die gereconstrueerd
is duidelijk te zien.
worden met de particleHiggs zoekt als poort naar BSM metingen
flow methode en de standaar
We weten dat de Higgs niet het laatste stukje van het deeltjes- methode.
fysica puzzel kan zijn. Twee belangrijke voorbeelden hiervan
zijn: Door experimenten weten we dat leptonen in de vorm van
neutrinos hun smaak kunnen veranderen; En ons inzicht in de verschillen tussen materie en
anti-materie vertelt ons dat het universum voornamelijk bestaat uit materie en dat dus een
fundamentele wet van natuurkunde, die bekend staat als het behoud van Charge-Parity (CP),
op een of andere manier geschonden moet worden. Het mogelijk dat de eigenschappen van
het Higgs boson is een sleutel tot de oplossingen van deze problemen bevat.
Gezien het feit dat we de exacte vorm van bijdragen van de Higgs aan fysica buiten het
Standaard Model (BSM) niet kennen, kunnen we in plaats daarvan limieten zetten op signalen
die voortvloeien uit dergelijke bijdragen. In het geval van lepton smaak schending kunnen
we een effectieve koppeling construeren waarin de Higgs in een tau en een ander licht lepton
kan vervallen, wat anders niet is toegestaan. We kunnen dan limieten zetten op de sterkte van
zo’n koppeling. In het geval van CP-schending kunnen we een effectieve veldtheorie (EFT)
construeren die de perturbatieve uitbreiding van de veldtheorie parametriseert op een manier
die ons in staat stelt om limieten te zetten op koppelingen die CP zouden schenden.
In de eerste grote dataperiode van de LHC gebruikten ATLAS onderzoekeres geavanceerde signaalanalyse technieken om het bewijs te vinden dat de Higgs vervalt naar
tau-leptonen. In statistische termen wordt een bell-curve gebruikt om uit te leggen hoe
waarschijnlijk een gebeurtenis is, gezien onze kennis van het model. Een meting van drie standaardafwijkingen van het gemiddelde (3 s ) is zeer waarschijnlijk niet door het bekende proces
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geproduceerd. Een meting van vijf standaardafwijkingen (5 s ) is zelfs minder waarschijnlijk
en vormt derhalve de ontdekking van een nieuw proces. Bij 8 TeV produceerde ATLAS een
meting die 3,2 s ‘bewijs’ leverde voor Higgs, voor de productie via vector-bosonfusie en een
verval in tau deeltjes.
Dit proefschrift laat zien hoe deze analyse gebaseerd
op een zoekmethode is aangepast om 2 s uitsluiting van
τ τ VBF
CP-schending in modellen van een bepaalde EFT te geven.
ATLAS Internal ∫ L dt = 20.3 fb
s = 8 TeV
VBFH (0.60)→ττ
14
Signal Region
De resultaten hiervan zijn samengevat in figuur S.2. Deze
VBFH (0.00)→ττ
12
VBFH (-0.20)→ττ
analyse laat verder een aantal belangrijke aspecten van
Other H →ττ
10
metingen op de LHC zien: een analyse wordt hergebruikt,
Z →ττ
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8
waarbij de dataset die werd geproduceerd door de oorFakes
6
spronkelijke Higgs-zoektocht op een zodanige manier
Uncert.
4
werd omgezet dat een meting van van de Higgs CP eigen2
schappen zou kunnen worden uitgevoerd zonder de opti0
malisatie opnieuw te doen; Een verdeling van de kwaliteit
-15 -10
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van het signaal werd gedefinieerd in een signaal regio
00 1
waar veel Higgs in zat door gebeurtenissen te selecteren
(a)
met behulp van de output van een multivariate classifier;
Matrix-reweighting werd gebruikt om alternatieve signaal
ATLAS Internal
simulaties te produceren en een matrixelement gebaseerde
observabele is gebruikt als de uiteindelijke discriminant;
2σ
Higgs eigenschappen van de productie modus werden
apart gemeten van die in de verval modus. In figuur S.2 (b)
meet de negatieve log likelihood (NLL) hoe goed de data
1σ
overeenkomt met modellen die zijn gebouwd uit verschillende BSM-scenarios, waarbij d˜ = 0 staat voor het SM.
Het minimum van de kromme geeft de beste waarde en de
(b)
hoogte van de kromme op elk punt is gerelateerd aan de
Figure S.2:
(a) Een CP- uitsluiting van die waarde van de parameter ten opzichte
gevoelige variabele die gebruikt van het minimum.
werd om de eigenschappen van
Hoewel Higgs-metingen op 13 TeV (ten tijden van het
de Higgs productie te meten schrijven van dit proefschrift) nog in volle gang zijn, laat
(b) Experimentele beste fit dit proefschrift een eerste blik zien op hoe de doorsnede
waarden voor verschillende van de Higgs productie die in twee tau-leptonen vervalt
CP-scenario’s.
kan worden gemeten. Dit proefschrift richt zich op een precieze schatting van de systematische bijdrage van onzekerheden die voortvloeien uit de simulatie en modellering
van het Standaard Model Z ! tt proces in samenhang met extra jets. Deze methode werd
gebruikt voor een voorlopige meting van de effectieve koppeling van Higgs verval in leptonsmaak-overtredende vervallen, die te zien zijn in figuur S.3.
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Figure S.3: De MMC-verdelingen in het (a) H ! etµ kanaal en het (b) H ! µte kanaal in
simulatie en in data.
Een overvloed aan Higgles

De al te gewone vragen, "Maar hebben ze de Higgs niet al gevonden? Hoe kan je nog steeds
op zoek zijn?" wordt mij vaak gesteld. Het is mijn hoop dat dit proefschrift uitlegt waarom
de zoektocht naar Higgles pas net begonnen is, hoe de tau leptonen kunnen worden gebruikt
om hen te zoeken, en welke interessante en wonderlijke nieuwe natuurkunde zou kunnen
verschijnen in de verschillende plooien van de verdelingen van de deeltjes in het rijke tapijt
van de bij de LHC geproduceerde ATLAS data.
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