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After the finding of a Higgs boson at the Large Hadron Collider of CERN, the next milestone in

experimental particle physics is the detection of a new particle beyond the Standard Model. Many of

the popular extensions of the Standard Model are so called Two-Higgs-doublet models, that include

five physical Higgs bosons in total. Two of the bosons are neutral scalars, two are charged scalars

and one is a pseudoscalar.

The first part of this thesis presents the Standard Model of particle physics as a gauge field theory

where the gauge principle is used to introduce interactions between the particles. Quantum electro-

dynamics, weak interactions and quantum chromodynamics with their properties are discussed. The

electroweak symmetry breaking through the Higgs mechanism and its implications for the masses

of the particles are shown. The considerations on the Standard Model are concluded by discussing

some of the problems in the Standard Model.

Supersymmetric extensions to the Standard Model are introduced, motivated by their potential to

solve some of the problems and by the framework for new physics the supersymmetry provides. The

Higgs sector in the more constrained minimal supersymmetry scenario is discussed and some of the

properties for these new Higgs bosons are given.

The latter part of the thesis focuses on the experimental aspects of high energy particle physics. The

search for the charged Higgs boson in the H+ → τ+ντ decay channel, with the tau lepton decaying

into hadronic decay products is presented in detail. Vetoing collision events with more than one tau

particle is shown to enhance the transverse mass resolution of the analysis, improving the signal

detection. Methods for performing a tau veto are discussed and the problems in performing the

tau veto are studied using 13 TeV collision event simulations and data from 2015 from the CMS

detector at the LHC. No viable way of performing the tau veto in such a way that it improves the

overall analysis is found.
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Chapter 1

Introduction

After the finding of a Higgs boson in the Large Hadron Collider at CERN in 2012 [1], [2],
the focus has shifted into searching physics beyond the Standard Model of particle physics.
Even though phenomenally successful, the Standard Model is certainly not the complete
model of particle physics, as there are observations that are not commented upon by the
Standard Model framework at all. Many theories extend the Standard Model in order
to include new physics such as possible candidates for dark matter or to solve existing
troublesome aspects of the model like the hierarchy problem. Since observations act as
the final judge on which theory is correct, the hunt for new experimental evidence of the
physics beyond the Standard Model intensifies. The finding of another scalar boson such
as the charged Higgs boson would give a strong sense of direction in the search for the
improved theory of particle physics.

In the first part of this thesis I present the Standard Model as a gauge field theory with
the emphasis on the powerful concept of symmetries and how they introduce interactions
between the free gauge fields. With this approach the electric, weak and strong interac-
tions are constructed in a generalized way and their properties are shown to come from
the underlying symmetry group of the Lagrangian describing the particles. The bare
masses of the particles are shown to come through a mechanism of Spontaneous Symme-
try Breaking, allowing the theory to have massive particles and remain renormalizable as
physical theories are expected to. After constructing the Standard Model, I will comment
on its shortcomings as a motivation for the extensions to the Standard Model.

The concept of supersymmetry is presented, offering fixes for many theoretical problems
of the Standard Model and providing rich foundation for including new physics into the
model. The Higgs sector of supersymmetric models is bound to include at least five Higgs
bosons in order to match the observed physics of the Standard Model. The reasons for
extending the Higgs sector and some considerations for the properties of the new Higgs
bosons will be presented as a conclusion to the theory part of the thesis.

In the second part of the thesis I talk about the experimental search for these theoretical
new Higgs bosons of at the Compact Muon Solenoid detector at the Large Hadron Col-
lider of CERN. This includes description of the Large Hadron Collider and the Compact
Muon Solenoid detector, general overview of hadron acceleration and collisions and the
reconstruction of the physical events in the hadron collisions from the data of the detec-
tor. An overview of the simulating these particle collisions using Monte Carlo methods is
also given. After these considerations, one search channel for the charged Higgs bosons
is discussed in more detail and my own work using simulations to study the viability of
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an algorithm to reduce some of the background events at the center of mass energy of 13
TeV is presented.
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Chapter 2

The Standard Model of particle physics

The description of all the known particles and their interactions constituting the visible
matter of the universe, is given by the so called Standard Model of particle physics (SM). It
accommodates the theories and observations of quantum mechanics and special relativity,
describing particles as excitations of quantum fields. The construction of the SM was
a long pursuit that continued throughout the 20th century, inspired by the Noether’s
theorems [3] that relate every continuous symmetry of a physical system to correspond
to a conserved quantity. By symmetry it is meant that a system can be altered in some
way while keeping the equations of motion invariant. In this chapter I present the main
components of the SM and how they are generated by symmetries. I also discuss the
symmetry breaking in the electroweak sector, resulting in bare masses for the particles
through the Higgs mechanism. At the end of the chapter, the known problems of the
SM are presented as a motivation for the discussion of the Beyond the Standard Model
(BSM) theories in Chapter 3.

The methods for calculating the observables such as scattering amplitudes and lifetimes
of particles for quantum fields are presented in [4]. The emphasis is put in generating the
dynamical theory of interacting quantum fields by the use of symmetries. The Lagrangians
give the equations of motions for the interacting particles and ultimately the framework
for calculating the desired observables from the theory is constructed from them. This
approach shows how the different types of symmetries of the Lagrangian give the different
interactions their properties.

The concept of renormalization is the process of systematically treating infinities that
might arise in the calculations of a theory. The theories describing nature are expected
to be renormalizable since bare infinities in any measurable quantities are not observed
in Nature and it should not bode well if a theory gives a prediction of such an observable.
The Standard Model is renormalizable to any order of perturbation, owing much to the
method of including masses to the particles through Spontaneous Symmetry Breaking
(SSB) that will be described later and a proof that before the inclusion of masses, the
massless gauge fields are renormalizable, as was shown by Gerard t’Hooft [5].

2.1 Particle content and gauge symmetries

The existing matter particles known as fermions cannot be derived from the first principles
of the theory, but need to be taken from observations in most cases. One exception from
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this could be said to be the prediction of the third generation of quarks, containing the t-
and b-quarks. The study of CP-violation [6] in renormalizable theory for weak interaction
lead M. Kobayashi and T. Maskawa to suggest a new generation of particles in 1972, and
the prediction was confirmed experimentally over the following decades with evidence for
τ lepton in 1975 [7] and the discovery in 1977 [8] at SLAC, the observation of b-quark
in 1977 at Fermilab [9] and the observation of t-quark in 1995 at Fermilab [10]. However
the four other quarks and the two leptons were already found by then and this prediction
would not have been possible without prior knowledge of existing generations of particles.
The known fermions are taken as the given particle content of the theory and used as the
building blocks for the Standard Model. The interaction mediating particles called bosons
will be shown to come into the theory through the symmetries of the fermion Lagrangians
describing their equations of motion. The fermions and bosons are represented in Figure
(2.1), fermions on the three leftmost columns, bosons in the rest. There exists also
antiparticles for each of the fermions, that are not shown in this figure. More on each
type of particles is said in the following sections on interactions between the particles.

Figure 2.1: The particles of the Standard Model. Three generations of fermions in the
columns on the left and the bosons in the remaining two [11].

In quantum field theories, the fields themselves are not the observable quantities, but
rather their excitations such as the particles and their properties in the SM. So two fields
that produce the same observables are indiscernible to our experiments. We must therefore
take into account the fact that the fields have some freedom that we cannot constrain with
observations. If we have two different fields that generate the same physics, we call the
transformation from one of these fields to the other a gauge transformation and the fields
are called gauge fields.

With this in mind, the strategy in creating a quantum field theory describing the SM is the
following: First one finds the Lagrangian giving the equation of motion of the free particles
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without interactions. Next by studying the free Lagrangian, a global gauge symmetry
can be found. Promoting the global gauge symmetry into a local gauge symmetry and
demanding the physics to remain unchanged i.e. the Lagrangian to stay invariant will give
the unobservable fields the maximal amount of freedom. As I will show, this requirement
for local gauge invariance will require the addition new terms on top of the original free
Lagrangian terms into the theory, in order to compensate for terms arising from local
gauge transformations. It turns out the correct interpretation of these new terms will be
as the interactions between the fields of the theory and a new gauge field. These gauge
fields give rise to new particles, the bosons that mediate forces between other particles of
the original fields.

2.2 Quantum Electrodynamics

The description of how light and matter interact is in the realm of Quantum Electrody-
namics (QED). It describes the electric charges interacting through exchanging particles of
the electromagnetic field i.e. photons. The foundations of QED is often credited to Dirac
and his paper with a quantum description of atoms interacting with a radiation field [12],
giving results for the absorption and emission probabilities for photons. Other important
steps in the development of the theory that should be mentioned were the formulation of
covariant QED by Tomonaga [13], where the Lorentz invariance of the theory was demon-
strated and Nobel award winning papers by Feynman [14], Schwinger [15] and Tati &
Tomonaga [16] solving divergence problems in the theory, resulting in a renormalizable
theory of quantum electrodynamics.

The particles of QED are the leptons and the photons. The quarks also carry an electric
charge, but they are neglected for now. This means that the free fields for electrons,
muons, taus and photons are included into the Lagrangian. Fortunately the leptons have
the same charge and coupling to the electromagnetic field so only difference between the
Lagrangians will be the mass parameters.

The correct quantum mechanical description for leptons that are charged particles with
spin-1

2
is given by the Dirac equation. It was presented by Dirac in 1928 [17] and it was

the first time an electron was described in the context of relativistic quantum mechanics:

(iγµ∂µ −m)ψ = 0, (2.1)

where the γµ are the Dirac matrices, m is the mass of the particle and ψ is the Dirac
four-spinor depending on x i.e. ψ = ψ(x), containing the wave functions for both the
particle and its antiparticle i.e. electron and positron. This equation is obtained from the
Lagrangian:
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LDir = iψ̄γµ∂µψ −mψ̄ψ = ψ̄(i/∂ −m)ψ, (2.2)

with ψ̄ = γ0ψ and /∂ = γµ∂µ. The Lagrangian gives the equation of motion, the Dirac
equation, when the action is minimized by applying the Euler-Lagrange equations, a
standard procedure in variational calculus:

∂L
∂ψ̄

− ∂

∂xµ

∂L
∂(∂µψ̄)

= 0

⇔ (iγµ∂µ −m)ψ = 0.

(2.3)

The Dirac Lagrangian (2.2) is invariant under the symmetry group U(1). It consists of 1x1
unitary matrices, that is matrices satisfying U∗U = UU∗ = 1. This is the set of all unit
complex numbers U(1) = {eiθ|θ ∈ R}, which is also called the circle group. The group is
isomorphic (mathematically saying "structurally the same") to the group of orthogonal
2x2 matrices, that have the determinant of ±1, called the SO(2) or "special orthogonal
group". Writing open the members of the group SO(2) as

SO(2) =

��
cos θ − sin θ
sin θ cos θ

� ����θ ∈ R

�
(2.4)

which shows that a symmetry operation U(1) ∼= SO(2) is then equivalent of a rotation
in the complex plane (x, i), giving the simple visualisation of the circle group operation
as rotating a circle an angle of θ in the complex plane. Other notable attributes of the
symmetry group U(1) is that its members commute with each other. Groups with this
property are called abelian groups. For two members of an abelian group the the following
relation holds:

U(θ1)U(θ2) = eiθ1eiθ2 = eiθ2eiθ1 = U(θ2)U(θ1). (2.5)

Now imposing the U(1) symmetry upon the Lagrangian for the leptons in order to show
the gauge invariance explicitly. This is done by making the gauge transformation

ψ → ψ� = e−ieαψ

ψ̄ → ψ̄� = eieαψ

where e in the exponential is just a constant. The letter e is chosen as it will be the
elementary electric charge in the theory. The Lagrangian remains invariant under this
global transformation as
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LDir → L�
Dir =eieαψ̄(i/∂ −m)e−ieαψ

=eieαe−ieαψ̄(i/∂ −m)ψ

=ψ̄(i/∂ −m)ψ

⇔ LDir = L�
Dir

This global symmetry is promoted to a local one by allowing α to depend on x. The new
transformations are

ψ → ψ� = e−ieα(x)ψ

ψ̄ → ψ̄� = eieα(x)ψ

and with these transformations the Lagrangian becomes

L�
Dir =eieα(x)ψ̄(i/∂ −m)e−ieα(x)ψ

=eieα(x)e−ieα(x)ψ̄(i/∂ −m)ψ − ψ̄(i2eγµψ∂µα(x))

=LDir + eψ̄γµψ∂µα(x).

So with the promotion of a global gauge invariance into a local one, the Lagrangian picked
up an extra term due to the partial derivative. The odd looking term can be removed by
introducing a new gauge field Aµ into the equations through the redefinition of the partial
derivative as the covariant derivative:

∂µ → Dµ = ∂µ + ieAµ. (2.6)

The excess term is removed by demanding the new gauge field Aµ to transform as

Aµ → A�
µ = Aµ + ∂µα(x) (2.7)

under the U(1) transformations. Now when performing the local transformation on the
Lagrangian where the partial derivative is replaced by the covariant derivative, one gets

L�
Dir =LDir + eψ̄γµψ∂µα(x)− eψ̄γµψ∂µα(x)− eψ̄γµψAµ

=LDir + Lint,
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where Lint = −eψ̄γµψAµ. Unlike the term with ∂µα(x) that was gotten rid of by introduc-
ing a new gauge field, this term is understood as interaction between the fields ψ, ψ̄ and
Aµ. This is due to the formulation of quantum field theory, where the fields are promoted
into operators that create and annihilate particles. The new term Lint is interpreted as a
particle of field Aµ interacting with a particle from field ψ̄ and a particle from ψ. It can
be represented diagrammatically as a Feynman diagram, shown in Figure (2.2).

Aµ

ψ̄

ψ

Figure 2.2: A Feynman graph describing the interaction term Lint = −eψ̄γµψAµ. The
constant e characterizes the strength of the interaction, being the elementary charge.

The nature of the gauge field Aµ has to be inspected. The only knowledge available of
it is how it transforms under U(1) and that it is a vector field. However, as the QED
is designed to describe interactions of light and matter, a candidate of interest is the
electromagnetic four-potential Aµ = (φ

c
, �A) where φ is the electric potential and �A is the

magnetic vector potential. Writing the electric and magnetic fields in terms of this four
potential

�E =−∇φ− ∂ �A

∂t
�B =∇× �A.

An antisymmetric tensor F µν can be defined as

F µν ≡ ∂µAν − ∂νAµ =




0 −Ex Ey Ez

Ex 0 −Bz By

Ey Bz 0 −Bz

Ez −By Bx 0


 (2.8)

and the Maxwell’s equations describing electromagnetism in the inhomogeneous case can
be written as

∂µF
µν = Jν , (2.9)
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where Jν = (ρ, �J) is the four-current containing charge density ρ and current density �J .
The Maxwell’s equations are the equations of motion describing the electromagnetic fields
with some sources Jν . These equations are derived from the Lagrangian of the form

Lγ = −1

4
F µνFµν . (2.10)

This inner product of two tensors is manifestly Lorentz invariant and it also possesses
gauge invariance under the transformation

Aµ → A�µ = Aµ + ∂µα(x), (2.11)

as can be seen from:

L → L� =− 1

4
F �µνF �

µν

=− 1

4
(∂µA�ν − ∂νA�µ)(∂µA

�
ν − ∂νA

�
µ)

=− 1

4
(∂µ[Aν + ∂να(x)]− ∂ν [Aµ + ∂µα(x)])(∂µ[Aν + ∂να(x)]− ∂ν [Aµ + ∂µα(x)])

=− 1

4
(∂µAν − ∂νAµ)(∂µAν − ∂νAµ)−

1

4
(∂µ∂να(x)− ∂ν∂µα(x))(∂µ∂να(x)− ∂ν∂µα(x))

=− 1

4
(∂µAν − ∂νAµ)(∂µAν − ∂νAµ)

⇔L� = L.

So the electromagnetic four-potential in the Lagrangian describing the photons has the
same transformation qualities as the vector field Aµ that was added to the Dirac La-
grangian in order to conserve invariance under local gauge transformations. As the pho-
tons are needed to complete the Lagrangian of the QED, Aµ in the Dirac Lagrangian
should be interpreted as the electromagnetic four-potential and the kinetic term Lγ added
to the total QED Lagrangian in order for the photons to be able to propagate. Now the
QED Lagrangian is written as:

LQED = LDir + Lγ + Lint

= ψ̄(i/∂ −m)ψ − 1

4
F µνFµν − eψ̄γµAµψ

(2.12)

The leptons have the same coupling strength and charge, so in order to add muons and
taus to the QED, one can simply write a sum over the leptonic terms as

11



LQED =
3�

i=1

�
ψ̄i(i/∂ −mi)ψi − eψ̄iγ

µAµψi

�
− 1

4
F µνFµν , (2.13)

where i=1, 2, 3 represent electron, muon and tauon respectively. This gives the description
of leptons interacting via exchange of photons.

The QED was the first part of the Standard Model to be discovered. The gauge bosons of
the QED are not restricted but have a long interaction range and as such, photons were
very well known before the theory was formulated. The relatively weak coupling strength
makes perturbative calculations possible and the observables can be calculated with the
perturbation theory and compared with experiments. Structurally the theory is simple at
least when compared to the other interactions. This is due to the symmetry group U(1)
and its abelian nature. The case for weak and strong interactions will be different as their
symmetry groups are non-abelian.

2.3 The weak interaction and the electroweak unifica-
tion

The weak interaction makes reactions like nuclear fusion and fission possible, being re-
sponsible for the interactions between the quarks required to transform the nuclei. The
weak interaction couples to all the fermions in the Standard Model. The first theory trying
to explain the weak interaction for the β -decay was made by Enrico Fermi in 1933 with
his four-fermion interaction model [18], and it could also be applied to the muon decay
with good results. Regardless of the model’s success in low energies where the interaction
indeed looks like a four-particle interaction, when probing smaller distances the interac-
tion is revealed to be different. This is because the interaction is mediated by massive
vector bosons, restricting the interaction to short distances as the bosons decay quickly.
Such short ranges make the interaction seem like a contact interaction of four-particles at
low energies.

Another notable difference to the electromagnetic interaction is the violation of parity
conservation of the interacting particles. Parity means the inversion of a coordinate in
a physical system by a parity operator P , for example in a wavefunction describing a
particle φ(x)

P−→ φ(−x). This property for the weak interaction was proposed by T.Lee
and C.Yang [19] in 1956 and confirmed in the following years by experiments. This leads to
an unequal setting for the left-handed and right-handed particles of the Standard Model,
where by handedness one refers to an intrinsic property of the particle called the chirality,
that every particle of non-integer spin has. Chirality is defined by the transformation
properties of a particle under the Dirac gamma matrix γ5, under which the fermions have
eigenvalues ±1:

12



γ5 =




0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0


 . (2.14)

The positive and negative eigenvalues correspond to the right- and left-handed particles
respectively. As a result of this parity violation, only left-handed particles interact with
W± bosons that mediate the charged current weak interaction. As a consequence there
are no right-handed neutrinos in the Standard Model, as they could only interact through
gravity. Other right-handed particles do however interact through neutral current weak
interactions, coupling to a Z0 boson.

The weak interaction also violates the charge-parity conservation, making particles and
antiparticles behave differently as was observed in decays of K0 mesons by J.Christenson
et al. in 1964 [20]. This is an important feature as any sort of asymmetry between the
particles and their antiparticle partners might help explain the baryon asymmetry of the
Universe, which will be commented on at the end of this chapter.

In order to accommodate these features in the theory, the fields describing the particles
need to be separated by their chirality or handedness. This will also result in a theory that
will be non-Abelian i.e. the gauge transformations of the symmetry group do not commute
trivially. This in turn leads to interactions between the gauge particles themselves, unlike
what was seen in the QED photons. Starting with definitions of the left- and right-handed
fields as

ψ = ψL + ψR (2.15)

where

ψL = PLψ =
(1− γ5)

2
ψ

ψR = PRψ =
(1 + γ5)

2
ψ.

The projection operators PL, PR pick out left and right chirality states of fermionic fields
and satisfy the usual requirements for projection operators:

PRPR = PR, PLPL = PL, PLPR = PRPL = 0. (2.16)

This allows the separation the Lagrangian into left- and right-handed components

13



Lleptons = LL + LR

=
3�

i=1

�
ψ̄L
i (i/∂ −m)ψL

i + ψ̄R
i (i/∂ −m)ψR

i

�
,

(2.17)

where i=1,2,3 correspond to electrons, muons and tauons respectively. The ψL
i contain

the left-handed fields as doublets and ψR
i the right-handed fields as singlets:

ψL
1 =

�
νe
e

�
, ψL

2 =

�
νµ
µ

�
, ψL

3 =

�
ντ
τ

�
, ψR

1 = e, ψR
2 = µ, ψR

3 = τ, (2.18)

where the right-handed neutrinos are discarded. This gives the basis for building a struc-
ture where there are interactions between the left-handed leptons and their neutrinos
but no interactions between right-handed leptons and neutrinos, as the parity violation
requires.

The Lagrangian (2.16) is invariant under transformations of the form

ψi → Uψi, ψ̄i → ψ̄iU†, (2.19)

where the U are 2x2 matrices fulfilling the conditions

UU† = U†U = 1, det(U) = 1. (2.20)

The matrices for the transformations fulfilling the above conditions belong to the Lie
group SU(2). The group has three dimensions, meaning that we need three linearly
independent generators for this group of transformations. The Lagrangian is invariant
with respect to any of these, predicting three separate gauge fields to appear as these
global invariances are promoted into local invariances. The Lagrangian of this form is
also invariant under transformations of the Lie group U(1) as was shown in the case of
QED, resulting in one more gauge boson. Here I am assuming that the leptons interact
identically, after corrected for the mass differences between fermions. This concept is
known as the lepton universality and it has so far been shown to hold within experimental
accuracy, for example by experiments at LEP of CERN [21].

An SU(n) matrix can be written as an exponential

U = eiωaTa

, (2.21)

14



where ωa are real parameters and T a are the generators of the Lie group. The number
of generators is equal to the dimension of the group, so for SU(2) there will be three
generators. Allowing U to depend on x:

L → L� = ψ̄iU
†(x)(i/∂ −mi)U(x)ψi

= ψ̄i(i/∂ −mi)ψi + iψ̄iU
†(x)(/∂U(x))ψi.

(2.22)

The extra term is removed by defining the covariant derivate as

Dµ = ∂µ1 + igWµ, (2.23)

where Wµ can be written in component form with the generators as the basis Wµ = W a
µTa

and g is a coupling constant. The new gauge field Wµ now has to transform as

Wµ → U(x)WµU
†(x) +

i

g
(∂µU(x))U †(x), (2.24)

to cancel the excess term. Writing the Lagrangian with this covariant derivative, it is
shown that

L = ψ̄i(i /D −mi)ψi

→ L� = ψ̄i(i/∂ −mi)ψi + iψ̄iU
†(/∂U)ψi − iψ̄iU

†UU †(/∂U)U †Uψi

− gψ̄U †UγµW i
µU

†Uψ

= ψ̄i(iγ
µ(∂ + igW i

µ)−mi)ψi + iψ̄iU
†(/∂U)ψi − iψ̄iU

†(/∂U)ψi

= ψ̄i(i /D −mi)ψi

↔ L = L�.

(2.25)

In order to write the covariant derivative explicitly, the generators T a need to be defined.
One possible choice is:

T 1 =
1

2

�
0 1
1 0

�
, T 2 =

1

2

�
0 −i
i 0

�
, T 3 =

1

2

�
1 0
0 −1

�
, (2.26)

that satisfy the commutation relation

[T a, T b] = �abcT
c. (2.27)
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These are the weak isospin operators. The weak isospin is the charge of the weak inter-
actions, in the same way the electric charge is the charge of the QED, telling how the
particles interact. Using these gives the covariant derivative as

Dµ = ∂µ1 + igW i
µTi = ∂µ1 +

ig

2

�
W 3 (W 1 − iW 2)

(W 1 + iW 2) −W 3

�
. (2.28)

This describes the charged weak interaction in the off-diagonal terms. However the diago-
nal terms are not yet complete as it turns out the physical particles related to the neutral
weak interaction are a linear combination of the neutral W 3

µ gauge field and another neu-
tral field Bµ. The missing field comes from the U(1) symmetry of the Lagrangian. This
combination of symmetry groups turns out to include electric interactions.

The remaining U(1) symmetry can be included by simply performing an SU(2)×U(1)
transformation instead of the SU(2) one shown above. Taking the transformation to be
of the form

U = eiω
aTaeiY α (2.29)

where Y is the charge coupled to the U(1) interaction, to be specified later. Allowing ωa

and α to depend on x, the free Lagrangian becomes:

L → L� = ψ̄U †(x)(i/∂ −m)U(x)ψ

= ψ̄(i/∂ −m)ψ + iωaψ̄(/∂Ta(x))ψ + iY ψ̄(/∂α(x))ψ
(2.30)

To counter the excessive terms, the covariant derivative is defined as

Dµ = ∂µ + igWµ + ig�Y Bµ, (2.31)

where g and g� are coupling constants and the gauge fields transform as

Wµ → W �
µ = eiω

aTa(x)Wµe
−iωaTa(x)+

i

g
(∂µe

iωaTa(x))e−iωaTa(x), Bµ → B�
µ = Bµ+

iY

g�
∂µα(x).

(2.32)

The Lagrangian written with the covariant derivative is

L = ψ̄(i/∂ −m)ψ + igψ̄γµW a
µTaψ + ig�ψ̄γµY Bµψ (2.33)

and the covariant derivative written explicitly, using the same generators as above
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Dµ = ∂µ1 + igW a
µTa + ig�Y Bµ1

⇔ Dµ =

�
∂µ +

ig
2
W 3

µ + ig�Y Bµ
ig
2
(W 1

µ − iW 2
µ)

ig
2
(W 1

µ + iW 2
µ) ∂µ − ig

2
W 3

µ + ig�Y Bµ

�
.

(2.34)

This matrix describes the weak interactions. The off-diagonal terms cause the charged
currents while the diagonal term contains the neutral current. Since the SU(2) part of the
transformation affects only the left-handed fields, it is denoted as SU(2)L and the U(1)
transformation affecting both left- and right-handed fields couples to charge a Y called
the weak hypercharge of the fields. The symmetry group is denoted as U(1)Y . The weak
hypercharge of an particle is defined as

Q = T 3 +
Y

2
↔ Y = 2(Q− T 3), (2.35)

where Q is the electric charge and T 3 is the third component of weak isospin. This com-
bined symmetry is then SU(2)L× U(1)Y , and it is the unification of the electromagnetic
interaction of the QED and the weak interaction into one electroweak interaction.

2.4 Spontaneous Symmetry Breaking and the Higgs
boson

The inspiration for the symmetry breaking as the generator of masses of particles came
from the study of superconductors in the 1950’s by Bardeen, Cooper and Schrieffer [22]. It
was by Nambu and Jona-Lasinio in 1961, that this idea was used to give masses to particles
in a simplified model ( [23], [24]), and the application to Standard Model framework was
done in 1964 separately by three different parties: Guralnik, Hagen and Kibble [25], Brout
and Englert [26] and Higgs [27]. This mechanism is often cited as the Higgs mechanism
for compactness, but a more just name for it is Englert-Brout-Higgs-Guralnik-Hagen-
Kibble mechanism. The theoretical work and the hunt for the Higgs particle inspired
by it culminated in the finding of the Higgs boson and the recognition for Englert and
Higgs, who got a Nobel prize in 2013, almost half a century after the invention of the
mechanism [28].

In spontaneous symmetry breaking, the Lagrangian itself is invariant under the symmetry,
but the ground state of the system is not. The symmetry of the Lagrangian is required for
renormalizable theories and this way the masses of the bosons can be generated without
losing that property. Concretely, for gauge theories like SU(2) this means that for the
ground state denoted as |0�:
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eiωaTa |0� �= |0� . (2.36)

So while the initial state of the system is described by the Lagrangian that satisfies
eiωaTaL = L i.e. it is symmetrical, the ground state that the system will evolve into
no longer has this property and the symmetry is said to be spontaneously broken. The
Goldstone theorem states that breaking of an exact and continuous global symmetry gives
rise to a massless scalar particle called the Goldstone boson [29]. It is these Goldstone
particles that will become the mass degrees of freedom for gauge bosons we derived above
for the SU(2)L×U(1)Y symmetry group. The Goldstone bosons are said to be eaten by
the gauge bosons. Now the symmetry will be broken as

SU(2)L × U(1)Y → U(1)em (2.37)

which is to say that there is still some U(1) symmetry left that will leave the photons
massless. The numbers of generators for the symmetry group before and after the sym-
metry breaking gives the number of broken symmetries. For SU(2)L × U(1)Y there are
three T a and an α as the generators. In U(1)em there is only one generator. This breaking
will then correspond to three broken symmetries, giving birth to three Goldstone bosons.

A new field has to be added into the Lagrangian in order to achieve the SSB. Let the new
scalar doublet be

Φ ≡
�
φ0

φ+

�
(2.38)

where both φ+ and φ0 are complex scalar fields. The terms added to the Lagrangian are

Lscalar = ∂νΦ
†∂νΦ− V (Φ†Φ), (2.39)

where the potential is of the form

V (Φ†Φ) = µ2Φ†Φ+ λ(Φ†Φ)2. (2.40)

The extrema of such potential can be found as

∂V

∂Φ† = (µ2 + 2λΦ†Φ)Φ = 0. (2.41)

The potential should be bounded from below in order to have a ground state for the
system, which requires λ > 0. In case µ2 > 0, there is only one minimum in the potential
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at Φ = 0. If µ2 < 0, there are minima at Φ†Φ = −µ2

2λ
and a maximum at Φ = 0. This is

shown in the Figure (2.3).

Figure 2.3: Figure a) is the form of the potential when µ2 > 0, where there is only one
minimum. In figure b) where µ2 < 0 there are multiple minima and a local maximum. [30].

The Lagrangian has to be symmetric before the SSB, and for that the partial derivative
is replaced with the SU(2)L × U(1)Y covariant derivative:

∂µ ⇒ Dµ = ∂µ + igWµ + i
g�

2
Bµ. (2.42)

The fact that there are many possible minima that can be our ground state is a manifesta-
tion of the gauge freedom for the field Φ. The gauge is selected by choosing a minimum to
work with. Choosing to work in the so called unitary gauge, the would be massless Gold-
stone bosons do not appear, but instead mass terms for the bosons enter the Lagrangian.
The unitary gauge means setting the doublet to

Φ†Φ = φ+†φ+ + φ†
0φ0 = −µ2

2λ
⇒φ+ = 0, φ0 =

�
−µ2

2λ
= v/

√
2

⇔Φ =

�
v/
√
2

0

� (2.43)

By choosing the gauge and thus attaching the ground state to one minimum around which
to perturbate, the symmetry of the Lagrangian is lost, earning the name spontaneous
symmetry breaking.
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Defining new fields that are centered at the minimum

φ�
0 = φ0 − v/

√
2, φ+� = φ+. (2.44)

Perturbing around this minimum, the field is expanded as

Φ =

�
v/
√
2 +H
0

�
. (2.45)

Where H << 1 and it depends on the coordinates H = H(x). There is still some
symmetry left, as this field is invariant under the SU(2)L ×U(1)Y transformations of the
form

U = e−i θ
2

�
ei

θ
2 0

0 e−i θ
2

�
=

�
1 0
0 e−iθ

�
, UΦ = Φ. (2.46)

Matrices of this type belong to a representation of U(1) and this remaining symmetry
keeps the photon massless. Using this field Φ that has a hypercharge of Y = 1/2 and the
covariant derivative Dµ from (2.35), the first term (DµΦ)

†DµΦ = |DµΦ|2 of the Lagrangian
becomes

DµΦ =

��
∂µ +

i
2

�
gW 3

µ + g�Bµ

�
ig
2

�
W 1

µ − iW 2
µ

�
ig
2

�
W 1

µ + iW 2
µ

�
∂µ +

i
2

�
−gW 3

µ + g�Bµ

�
��

v/
√
2 +H
0

��

⇒ |DµΦ|2 =∂µH∂µH +
g2

4

�
W 1

µ + iW 2
µ

� �
W 1µ − iW 2µ

� �
v/
√
2 +H

�2

+
1

4

�
gW 3

µ − g�Bµ

�2 �
v/
√
2 +H

�2

(2.47)

Equation (2.58) show that the gauge fields mix, W 1 with W 2 and W 3 with B. The
physical gauge bosons after the SSB are then superpositions of the mixed fields.

The superpositions
�
W 1

µ ∓ iW 2
µ

�
are the charged currents of the theory. The physical

boson that carries a charge is denoted

W±
µ =

�
W 1

µ ∓ iW 2
µ

�
√
2

. (2.48)

The two remaining fields are responsible for the neutral current of the weak interaction.
The physical boson is denoted as
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�
g2 + g�2Z0

µ = gW 3
µ − g�Bµ, (2.49)

where the factor in front of Z0
µ has been chosen for normalization. The orthogonal linear

combination to this will be the last physical gauge boson, the photon Aµ:

�
g2 + g�2Aµ = g�W 3

µ + gBµ. (2.50)

It is customary to use the Weinberg angle θW instead of the couplings as

sin θW =
g��

g2 + g�2
, (2.51)

and rewrite the definitions as

Z0
µ =W 3

µ cos θW − Bµ sin θW

Aµ =W 3
µ sin θW + Bµ cos θW .

(2.52)

Inverting these relations gives the original gauge fields in terms of Aµ and Z0
µ as

W 3
µ =Aµ sin θW + Z0

µ cos θW

Bµ =Aµ cos θW − Z0
µ sin θW ,

(2.53)

One final relation can be found using the knowledge of photon coupling strength −e,
giving the result

e =
1

2
(g sin θW + g� cos θW ) =

gg��
g2 + g�2

, (2.54)

allowing the new coupling constants to be written in terms of one unknown, the Weinberg
mixing angle

g =
e

sin θW
, g� =

e

cos θW
. (2.55)

The value of this mixing angle θW is something the Standard Model framework does not
explain but it has been measured to be around θW � 23◦.

Using these new definitions for the physical gauge bosons, the covariant derivative term
of the Higgs field becomes
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|DµΦ|2 =∂µH∂µH +
e2

2 sin2 θW
W−

µ W+µ
�
v/
√
2 +H

�2

+
1

4

e2

sin2 θW cos2 θW
Z0

µZ
0µ

�
v/
√
2 +H

�2
(2.56)

Expanding (v/
√
2 +H)2 = v2/2 +

√
2vH +H2 and inserting this back to the full scalar

Lagrangian (2.49) gives an equation where the mass terms of the bosons are visible:

Lscalar =∂µH∂µH +
e2v2

4 sin2 θW
W−

µ W+µ +
1

8

e2v2

sin2 θW cos2 θW
ZµZ

µ + 0AµA
µ
0 + 2µ2H2

+
e2

2 sin2 θW

�√
2vW−

µ W+µH +W−
µ W+µH2

�
+

1

4

e2

sin2 θW cos2 θW

�√
2vZµZ

µH + ZµZ
µH2

�

+
µ2v2

4

�
4

v3
H3 +

1

v4
H4 − 1

�
,

(2.57)

where the dynamic term of the field H and the mass terms for all the bosons are on
the first row and the interactions between the massive bosons with each other on the
second row. The third row contains the self-interactions of the Higgs boson. It shows
that all the bosons except Aµ got a quadratic mass term and interact with the new field
H. The photon field Aµ should indeed remain massless for the QED phenomenology to
hold. This is the core of the Standard Model of electroweak symmetry breaking. The
model is also known as the Weinberg-Salam-Glashow -model as Glashow’s work [31] was
developed further independently by Weinberg [32] and Salam [33], resulting in the model
of the weak and electric interactions with four massive and one massless gauge bosons.

Some aspects of this Lagrangian worth pointing out are that the masses of the gauge
bosons of the weak interaction are related by

mW =
ev

2 sin θW
, mZ =

ev

4 sin θW cos θW
⇔ mW

mZ

= 2 cos θW , (2.58)

so a measurement of the Weinberg mixing angle θW , combined with the knowledge about
the vacuum energy and elementary charge completely fix the masses of W± and Z0.
Reversing this, it can be seen that knowing the masses of W± and Z0 and measuring
the mixing angle, will give the vacuum expectation value of the Higgs field, giving the
coupling strengths of the Higgs boson with the other bosons. However the Higgs mass is
something the Standard Model does not give a prediction about.

Earlier the Lagrangian for the leptons was presented with an explicit mass term m2ψ̄ψ.
This is not entirely correct as such a mass term would cause right- and left-handed doublets
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to mix and consequently violate the symmetry of the Lagrangian. However the Higgs
doublet that was shown to give masses to the gauge bosons above can also be used
to give the masses of the fermions in a way that conserves the symmetry through the
SSB. It is done via introducing so called Yukawa couplings to the Lagrangian that are
invariant under the symmetry group and are proportional to the expected value of the
Higgs field. This leads to initially massless fermions that get their masses from the SSB
of the symmetry group [34].

2.5 Quantum Chromodynamics

The success of non-Abelian gauge field theories in describing the weak interaction en-
couraged the use of similar approach in the formulation of the strong interaction. Strong
interaction is responsible for interactions of the quarks with each other, resulting in bound
states such as the baryons like the proton that consists of three quarks, and the mesons
such as π+ consisting of a quark and an antiquark. Maybe the most striking difference
between the strong interaction and the electroweak interaction is the coupling strength.
As the name might suggest, the coupling between the interactions of the quarks is strong
compared to weak or electric couplings in the low energy regions. This leads to divergences
when calculating the theory using perturbations. However the coupling strengths in all of
the interactions are not constants but variables with respect to energy of the interaction.
In the case of QCD, the coupling strength gets smaller as the energy increases, so that
there exists a perturbative QCD region at high energies. The division of perturbative and
non-perturbative QCD is around the energy scale λQCD ≈ 200 MeV.

In analogy with the QED, the theory describing these interactions is known as the Quan-
tum Chromodynamics (QCD), where chromo references to colour, which is the charge
of the strong interaction. It should be stated that this has no connection to the visual
colours of everyday life, but it is just a lively name for another quantum number.

There are three different colour charges available to the quarks, labelled as red(r), green(g)
and blue(b), and the antiparticles will carry the antiversions of the colours namely antired(r̄),
antigreen(ḡ) and antiblue (b̄). However these colours have never been observed directly,
as we are not able to detect a single quark on its own. We only observe combinations of
quarks so that the sum of the constituent colours will be colorless i.e. a combination of
equal parts of all the colours or a sum of colours and their anticolours in equal amounts.
This is called the colour confinement of the quarks.

There are six quarks in the SM: up, down, charm, strange, top and bottom. Each quark
is a spin-1

2
particle that can be described by a four-component Dirac spinor. On top of

that the quarks are colour triplets with respect to SU(3)C group transformations, where
C refers to the colour charge. For example the up and down quarks:
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u =



ur

ug

ub


 , d =



dr
dg
db


 . (2.59)

With the same approach as with the QED and weak interactions, the free Lagrangian of
the particle content (six fermions and their antiparticles) is used to find a global gauge in-
variance that is promoted into a local one, introducing gauge fields to maintain invariance.
The free Lagrangian

Lfree =
6�

f=1

[q̄f (iγ
µ∂µ −mf )qf ] (2.60)

The Lagrangian is invariant with respect to global SU(3) transformations as the fields
transform

q ⇒ q� = Uq, q̄ ⇒ q̄ = U†q̄. (2.61)

Promoting this invariance to a local one U ⇒ U(x) requires the use of covariant derivative
in order to conserve the invariance

∂µ ⇒ Dµ = ∂µ + igSGµ (2.62)

where the new gauge field Gµ transforms under SU(3)C as

Gµ ⇒ G�
µ = UGµU

† +
i

gS
(∂µU)U†. (2.63)

Here Gµ is a 3x3 hermitian and traceless matrix describing the gauge field and gS is the
coupling strength of the strong interaction. The set of these matrices in SU(3)C can be
written in terms of the basis of eight Gell-Mann matrices as

Gµ =
1

2

8�

i=1

λaG
a
µ (2.64)

where Ga
µ are real coefficients and the Gell-Mann matrices are explicitly
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λ1 =



0 1 0
1 0 0
0 0 0


 , λ2 =



0 −i 0
i 0 0
0 0 0


 , λ3 =



1 0 0
0 −1 0
0 0 0


 ,

λ4 =



0 0 1
0 0 0
1 0 0


 , λ5 =



0 0 −i
0 0 0
i 0 0


 , λ6 =



0 0 0
0 0 1
0 1 0


 ,

λ7 =



0 0 0
0 0 −i
0 i 0


 , λ8 =

1√
3



1 0 0
0 1 0
0 0 −2


 .

(2.65)

For the full QCD Lagrangian, the dynamical term for the new boson field Gµ that contains
the gluons is needed. It can be written the usual way of the non-Abelian theories by using
the Yang-Mills construction

Gµν = ∂µGν − ∂νGµ + igS(GµGν −GνGµ). (2.66)

The dynamical term for gluons is

Lgluon = −1

4

8�

a=1

Ga
µνG

µν
a

= −1

4
(∂µG

a
ν − ∂νG

a
µ)(∂

µGν
a − ∂νGµ

a)−
1

4
g2Sf

abcfadeG
µ
bG

ν
cG

d
µG

e
ν

+
1

2
fabc(∂µG

a
ν − ∂νG

a
µ)G

µbGνc

(2.67)

where Ga
µν are the coefficients of the matrix Gµν expanded in the basis of λa. The summa-

tion is implied through repeated indices a, b and c according to the Einstein summation
convention and the explicit summation signs were removed. The constants f abc are the
structure constants of the SU(3)C defined by the commutation relation

[λa,λb] = λaλb − λbλa = 2i
8�

c=1

fabcλc

f123 = 1, f458 = f678 =

√
3

2

f147 = f246 = f257 = f345 = f516 = f637 =
1

2
.

(2.68)
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Combining the covariant derivative Dµ and the gluon term with the free Lagrangian, we
get the full QCD Lagrangian with the interactions of quarks and the gluon self-interactions
as

LQCD =
6�

f=1

[q̄f (iγ
µ∂µ −mf )qf ]−

1

4
(∂µG

a
ν − ∂νG

a
µ)(∂

µGν
a − ∂νGµ

a)

−
6�

f=1

[gsq̄fγ
µGµqf ]−

1

4
g2Sf

abcfadeG
µ
bG

ν
cG

d
µG

e
ν +

1

2
fabc(∂µG

a
ν − ∂νG

a
µ)G

µbGνc,

(2.69)

where the dynamic terms corresponding to propagators of the fermion and gluon fields
are on the first row and the interaction terms for the quarks and the gluon self-interaction
are on the second row.

The problem of perturbation theory being non-applicable since coupling is too strong
is ameliorated by the ultraviolet behaviour of the strong interaction first found by by
D. Politzer [35], D. Gross and F. Wilczek [36]. In the high energy regime, the coupling
strength of the strong interaction grows weaker, allowing the perturbation theory to make
sense again. This is known as the asymptotic freedom of the QCD. However there are also
other ways of treating the theory if one wants to calculate in the low energy regimes, one
of the most prominent being the lattice QCD, where the phase-space is constructed from
discrete set of points where the path integrals of the quantum fields are calculated can be
calculated in a way that avoids the divergences. More on the lattice formulation of QCD
can be found from [37].

The property of colour confinement in the QCD is the cause of hadronic jets in hadron
collider experiments that will be discussed about in the second part of this thesis. As the
quarks inside colliding hadrons exchange gluons and get knocked away from their colour
neutral environment, new quarks are created from the vacuum in order to uphold the
colour neutrality. This is called the hadronisation of the quarks and it is seen as cascades
of hadrons collimated into jets in particle detectors where the particle collisions take place.
This is a profound difference between the strong interaction and the other interactions
described as there is no similar concept of confinement with weak or electric charges.

The quark masses and participation in weak interactions can be done similarly as was
done with the leptons. The quarks form doublets and singlets of up and down type
quarks depending on their handedness. For example, the first generation of quarks is

qL1 =

�
uL

dL

�
, uR, dR, (2.70)
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so that the left-handed fields again participate in the weak interaction and both right- and
left-handed fields participate in the electric interactions and neutral weak interactions.

This overview of the QCD concludes the review of the core of the Standard Model of
particle physics. The Standard Model Lagrangian will contain the Lagrangians presented
here, namely the QCD, electroweak and the Higgs Lagrangians and it will be invariant
under the symmetry group SU(3)C×SU(2)L×U(1)Y . The mass terms for bosons will be
generated by the SSB of the Higgs doublet, resulting in three of the four degrees of freedom
of the Higgs doublet being absorbed by the gauge bosons W± and Z0. The final degree
of freedom appears as a particle that interacts with the massive particles of the theory,
known as the Higgs boson. The quarks and charged leptons attain masses by addition
of the Yukawa potentials, that lead to the particles interacting with the Higgs boson,
resulting in mass terms.

The goal of this chapter was to show how the concept of symmetry produced remarkable
results with the interactions and their mediating gauge bosons being introduced to the
theory almost as if by accident. As was in the case of neutral weak currents mediated by
the Z0 boson, the prediction of such a gauge particle came long before the experiments
managed to confirm it. With such astonishing results it is no wonder that the particle
physicists have stuck with deciphering Nature through its symmetries for so long. This
theme of symmetries will continue as a way of extending the Standard Model is presented
in the next chapter, but first the need for such extensions as a remedy for some more
problematic aspects of the Standard Model has to be discussed.

2.6 Problems of the Standard Model

Even though the Standard Model of particle physics can unarguably be called as one of
the greatest achievements of theoretical and experimental physics, it has its shortcomings.
There are things that the SM does not explain like the neutrino masses that are known
to exist due to the observation of neutrino oscillations [38]. This startling observation
was awarded the Nobel prize of Physics in 2015 [39]. Another example is the baryon
asymmetry i.e. why is there so much matter but so little antimatter in the Universe [40].
The Standard Model does not give any clues about dark matter either, one of the largest
open problems of cosmology today [41].

There are also theoretically questionable features of the SM, for example the large number
of free parameters: the coupling strengths of the gauge bosons, the masses of quarks and
leptons and so on. In total there are 19 free parameters to be determined. There is the
so called Hierarchy problem revolving around the mass of the Higgs boson. It is expected
to get very large contributions to its mass from quantum loop corrections in higher order
quantum field theory calculations, but somehow these seem to cancel and the Higgs mass
is the observed, relatively low 125 GeV/c2. One also has to mention that obviously the
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SM does not say anything about gravity, since it would certainly be good to take all the
known interactions to account in our theories. This however is not the most immediate
problem in the horizon, but it is good to keep in mind that it would be pleasant to have
at least some indication of how to extend the theory to include gravitational effects.

These are the problems that have been in the works after the 1970’s when the SM was
completed theoretically. There have been many different areas of research trying to find
the theory that explains as much as the SM but also solves some of the aforementioned
problems and inconveniences, like string theory, higher order symmetry groups SU(5) and
SU(10) and supersymmetric theories. It is the latter that will be presented in more detail
in the rest of this theory section.
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Chapter 3

Supersymmetry

3.1 A new symmetry of space-time

The quest for symmetries did not stop at the completion of the Standard Model, as for-
mulating physics by through symmetry had proven to be a valuable tool. It was shown
by Coleman and Mendula in 1969 that addition of new space-time symmetries to the
Standard Model symmetry group would violate the relativistic quantum field theoretical
grounds of the model [42]. This restriction could be circumvented by the use of super-
symmetric algebra in defining the symmetry groups, leading to a new unique type of
space-time symmetry. The difference to the algebra used in defining the regular symme-
try groups is that instead of only commutator relations, also anticommutators are used in
supersymmetric algebras. The symmetry groups based on the supersymmetric algebras
are called graded Lie groups instead of the regular Lie groups.

This new symmetry adds degrees of freedom to the usual four-dimensional concept of
space-time, extending space-time into a superspace. These added dimensions relate to
the ordinary four dimensions through supersymmetry transformations. It has a profound
effect on the particles that are formulated as excitations of the superfields spanning this
new space-time as the supersymmetric transformations relate bosonic and fermionic de-
grees of freedom together. This is to be interpreted as the bosons and fermions being
just two states of the particles, differing by spin-1/2 [43]. It is however clear that this
symmetry has to be broken somehow, as unbroken symmetry would require there to be
a boson for every fermion with the same mass, which has not been observed. Breaking
the symmetry can be used to push the masses of the supersymmetric partners to higher
energies.

The foundations of supersymmetry as a space-time symmetry in terms of quantum field
theory were created in the 1970’s by various physicists independently. At least three
parties are usually credited with the discovery: Gervais & Sakita [44], Golfand & Likhtman
[45] and Volkov & Akulov [46]. Fayet [47] later proposed the Minimal Supersymmetric
extension to the Standard Model (MSSM), which suggested a solution to the hierarchy
problem combining the supersymmetric ideas to particle physics.

The hierarchy problem comes from radiative corrections to the Higgs mass. These cor-
rections to the Higgs mass require an enormous fine tuning in order to get the theoretical
value to match the observed value. At one loop level there are two corrections to the
Higgs self-energy i.e. its mass. There is the self-interaction loop in Figure 3.1 a) and the
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fermion loop in Figure 3.1 b).

H

H H H H

Figure 3.1: The one loop corrections to Higgs boson mass. On the left the Higgs self-
interaction and on the right the fermion loop interaction

Using the Feynman rules for the diagrams, the contributions of these correcting terms
can be found to be of the form

λ

� Λ d4k

k2 −M2
H

∼ λΛ2φ†φ, g2f

� Λ d4k

/k/k
∼ −g2fΛ

2φ†φ. (3.1)

where λ is the Higgs coupling strength to itself and gf is the Higgs coupling strength to
fermions. The negative sign of the latter term is due to the fermionic nature of the loop
diagram. So the two contributions are giving opposite contributions to the Higgs boson
mass. The symbol Λ is known as the cut-off scale of the theory. It tells us at what point
our theory is no longer applicable since the physical effects that are not included to the
theory start appearing and causing changes to the observables. For Standard Model this
scale can be set at the energies where the effects of gravity cannot be neglected anymore.
This quantum gravity is expected to appear around the Planck mass energies

MP = (GN)
− 1

2 � 1.2× 1019GeV. (3.2)

However if there appears new physics before those energies, such as new particles that
come from theories beyond the Standard Model, this cut-off energy has to be set lower
than that energy scale.

The mass term for the Higgs boson from the electroweak symmetry breaking was MHφ
†φ,

where MH =
√
2µ. When calculating the total correction to the mass of the particle,

one has to sum all the terms together with their relative signs. This mass term with the
corrections will be of the form

M �
Hφ

†φ � µ�2φ†φ = [
√
2µ+ (λ− g2f )Λ

2]φ†φ (3.3)
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Now it can be seen that if the Higgs self-coupling and the fermionic coupling strengths
differ even a little bit, the effect on the Higgs boson mass can be enormous as it is
weighted by the square of the energy scale for new physics Λ. Since the Standard Model
did not give a prediction of the Higgs mass, this situation can be remedied by setting µ
to compensate this correction, so that the observed Higgs mass is MH = 125 GeV/c2. It
is however exactly this fine-tuning that is called the Hierarchy problem, as it seems kind
of sketchy for the Higgs mass to be tuned so low, if the correction term is of the order of
1028 GeV/c2, at least when there is no reason to expect µ to be so large.

This inconvenience is mended if a symmetry relates sets the fermionic and bosonic self-
couplings to equality as exactly λ = g2f , removing the term containing Λ2. One symmetry
that does just this is the supersymmetry. It will require every fermion and boson of the
Standard Model to be related to a supersymmetric boson and a supersymmetric fermion
respectively. This forces the theory to have twice the particle content.

As the supersymmetric particles have not been observed, they must be more massive than
the current masses studied by collider experiments. This can indicated by breaking the
supersymmetry. On the other hand this kind of fine tuning was just what one tried to
get rid of in the first place with the hierarchy problem. This is however many orders of
magnitude less fine tuning than originally, if the supersymmetric particles are around the
energy scale of ∼ 1 TeV. This requirement is set by the terms arising from breaking of the
supersymmetry [48]. In this energy scale, the lightest supersymmetric partner is expected
to be seen at the LHC Run 2 at 14 TeV collision energies [49].

Even though this seems like a stretch to fix the original problems of the Standard Model
with so much more complications, there are other aspects making supersymmetry interest-
ing. In order to preserve baryon and lepton number conservation that has been observed
to hold very accurately, so called R-parity conservation is imposed on many models. The
SM particles all have R-parity +1 and the supersymmetric particles have R-parity of −1.
One consequence of this conservation law is that the lightest supersymmetric particle
cannot decay, as there is no way for the R-parity to be conserved as it could only decay
to lighter, the SM particles. This makes it a candidate for the dark matter that can be
observed only through gravity, as the SM does not contain a particle able to match the
dark matter observations.

Another feature of supersymmetry is that the new supersymmetric particles at higher
energy scales allows the running coupling constants of the Standard Model become unified
at a certain energy scale. This reduces the number of free parameters of the SM, since it
unifies all interaction to just one interaction that manifests as three different interactions
at low energies when the symmetry is broken.
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3.2 Two Higgs-doublet models

In supersymmetric theories the particles will be distinguished by their chirality. This
sets the up- and down-type quarks in an unequal position when bestowing masses to
them through the Yukawa coupling with the Higgs boson doublet. The Higgs doublet
can generate masses only to up-type or down-type quarks but not both at the same time.
However as was done with the SM, one can add another complex scalar field to give masses
to all the quarks. This kind of models are called two Higgs-doublet models (2HDM) and
they offer a large variety of appealing properties that come with the added freedom from
the parameters related to the second Higgs-doublet, making 2HDM a popular field of
study as the Standard Model extensions.

In the most general form the scalar potential contains 14 parameters and it can have
minima that are CP-conserving, CP-violating and charge violating. For example baryon
asymmetry can be brought to the model using this potential. There are also difficulties,
most prominent of which is the possibility for Flavour Changing Neutral Currents (FCNC)
at the tree-level of the theory. In the SM these occur at higher orders and a tree-level
FCNC has not been observed. These currents can be suppressed by with additional
symmetries.

A common feature of in the 2HDM is the existence of additional Higgs bosons. With the
added doublet, there are in total eight degrees of freedom for the Higgs fields. Three of
these are used by the W± and Z0 in order to aquire mass. The five remaining fields are
physical Higgs bosons: Two neutral scalars, two charged scalars and one pseudoscalar [50].
The ratio of the vacuum expectation values of the two Higgs-doublets determines the
interactions between the Higgs’ and other particles in a similar manner as in the SM case.
This makes the parameter

tan β =
v2
v1

(3.4)

highly interesting to the phenomenology of the two Higgs-doublet models.

3.2.1 The Higgs sector in minimal supersymmetric models

In the Minimal Supersymmetric Standard Model (MSSM) extension of the SM, there are
additional constraints set upon the general 2HDM scalar potential. The scalar potential
should break SU(2)L × UY symmetry while preserving U(1)QED. It should also be CP-
conserving at tree-level and bounded from below. The supersymmetry has to be broken as
the superpartners do not have same masses, and in MSSM this has to be done in a certain
way called the soft-SUSY breaking. It is required that the soft-SUSY breaking masses of
the Higgs fields are not equal mH1 �= mH2 . Using these constraints, the number of free
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parameters is reduced and a phenomenologically more feasible model than the general
2HDM is created [51]. The two free parameters are usually set to be the ratio of the
vacuum expectation values of the two scalar doublets and the mass of the pseudoscalar
Higgs boson:

tan β, MA. (3.5)

The masses of the Higgs bosons satisfy

MH > max (MA,MZ)

MH± > MW

which will cause the mass of the lightest Higgs boson h to be

Mh ≤ min (MA,MZ) | cos 2β| ≤ MZ. (3.6)

However as can be seen the lightest Higgs boson should have been found by now with
Mh ≤ 91.1876 GeV/c2 from the LHC data, according to the MSSM tree level prediction.
Nonetheless other SUSY theories can give predictions with higher masses for the lightest
Higgs boson, that are yet to be excluded by experiments.

As there is only one scalar Higgs boson in the Standard Model, observing another Higgs
boson in collider experiments would be a clear signal of the physics beyond the SM. The
charged Higgs boson is one of the candidates that are being searched for. The coupling
of the charged Higgs boson to leptons is relative to the mass of the lepton, so in the mass
regime where the charged Higgs boson is expected, the favoured leptonic decay channel
will be into τ -lepton. The excess of these τ -leptons with respect to the SM prediction is
searched for in the data of CMS and ATLAS at CERN in order to find a sign of this new
kind of a boson.
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Chapter 4

Studying physics with collider
experiments

In the following chapter some fundamental concepts for analysing particle collisions are
presented. The properties of the proton that need to be accounted for in proton-proton
collisions are discussed, and the coordinate system and useful quantities when detecting
the collisions are introduced.

4.1 The coordinate system

The general coordinate system used in the CMS detector is right-handed with the x-axis
pointing towards the center of the LHC ring, y-axis vertically upwards and z-axis in the
counter clockwise direction along the beam pipe. The x, y-plane is called the transverse
plane as the beams are perpendicular to it. The polar angle θ is measured as the deviation
from the direction of the z-axis and the azimuthal angle φ is the deviation from the x-axis
in the transverse plane. These coordinates are demonstrated in Figure 4.1.

Figure 4.1: A schematic representation of the CMS coordinate system [52]
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4.2 Useful quantities in collider experiments

Often used variable in describing the kinematics of particle collisions in accelerators is the
rapidity y. Rapidity gives us a dimensionless quantity related to the velocity of the particle
along the z-axis. It is defined in terms of energy of the particle p0 and its longitudinal
momentum i.e. the momentum along the z-axis pz, as:

y =
1

2
ln
p0 + pz
p0 − pz

. (4.1)

The rapidity variable is dependent on the coordinate system we are in, but it has a very
useful attribute with regard to Lorentz transformations: Rapidities are simply additive
quantities in the relativistic region, unlike velocities. This makes moving from one frame
of reference to another in terms of rapidity very easy. However, determining rapidity re-
quires knowledge of two quantities of the particle, namely the energy and the longitudinal
momentum. This is a luxury that is not easily achieved in particle physics experiments
with nuclei and often a more convenient variable to determine is the pseudorapidity η.

Pseudorapidity describes the angle between the momentum p of the outgoing particle and
the z-axis. It is defined by:

η =
1

2
ln
|p|+ pz
|p|− pz

. (4.2)

When the particles are in the highly relativistic limit, as is often the case in particle
accelerators, we have m << |p| and we can use the approximation p0 =

�
m2 + |p|2 ≈ |p|.

This approximation directly relates the rapidity and pseudorapidity variables together as:

η ≈ y =
1

2
ln
p0 + pz
p0 − pz

. (4.3)

The relation between the angle θ and the pseudorapidity η is:

η = −ln[tan(
θ

2
)]. (4.4)

The reason for using pseudorapidity instead of the angle θ is the fact that the difference
Δη between two particles stays the same in any reference frame, unlike the angle θ that
is changed by the Lorentz transformations.

With this in mind, the angular distance or separation between the tracks of two particles
is defined as:
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ΔR =
�

Δη2 +Δφ2. (4.5)

Since both Δη and Δφ are invariant to Lorentz boosts in the z-direction, the separation is
the same in every frame of reference. This quantity ΔR is very useful when reconstructing
the information about the collision from the decay products.

When determining which tracks came from the same interaction, the transverse impact
parameter IPT and longitudinal impact parameter IPz are used. They describe the closest
distance of a reconstructed particle track from the detector to the primary vertex, which
is the point where the interaction took place. Respectively these distances are in the
transverse and longitudinal directions.

Many of the particles created in collisions are not long-lived but decay quickly into other
particles. The particles that decay inside the detector are called unstable and the particles
that traverse the detector before decaying are called stable. When discussing decays,
branching ratio B(A → B) is the quantity describing what percentage of the particles A
decay into particles B.

When searching for new particles, a quantity called the transverse mass mT is often used
as it is a Lorentz invariant. It can be used to reconstruct the mass of the particles from the
observed transverse momenta of the decay products or in some cases, from the transverse
momenta of a particle and missing transverse energy due to the other. Transverse mass
in high energy physics is calculated as

mT =
�

2pT1pT2 (1− cos θ (�pT1 , �pT2)) (4.6)

where the particle masses are approximated to zero as the momentum is the dominant
contribution to the total energies. Here θ is the angle between the momenta of the decay
product particles. Particles are seen as Jacobian peaks in the transverse mass plots at
M/2, where M is the mass of the particle. If a statistically significant peak appears at
a mass where there is no known particle, a new particle is said to have been found. An
example of a transverse mass plot is shown in Figure 4.2.

4.3 Structure of the proton

Proton is not a point-like elementary particle such as the electron but instead it has an
internal structure, as was discovered at the Stanford Linear Accelerator Center with deep
inelastic scattering experiments in 1968 [54]. Protons consist of two up-quarks and a
down-quark called the valence quarks, kept together by the strong interaction i.e. the
constant exchange of gluons. On top of that, these gluons can split into quark-antiquark
pairs known as the sea quarks. When calculating the outcome of a proton-proton collision,
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Figure 4.2: Example mT plot of the W boson signal at the CMS detector. The signal is
in yellow while the electroweak and QCD backgrounds are shown in orange and purple
respectively. [53]

one has to deal with a whole bunch of elementary particles, some of which interact in the
collision. Difficulties arise as the proton momentum is distributed to all the constituent
particles in some way and it is impossible to say which quarks or gluons participated in
the interaction and what were their initial momenta.

The description of hadron collisions is possible using so called factorization theorems [55],
that allow the separation of the long- and short-distance behavior from each other. This
means that the short-distance interaction called the hard interaction, can be solved with
the usual perturbative methods of asymptotically free QCD while the non-perturbative
long-distance interactions are determined by datafits to experimental data.

The effect of long-distance interaction is encased into something referred to as the parton
distribution function (PDF), named after the parton model first introduced by Richard
Feynman in 1969 [56]. It gives the likelihood that a quark or a lepton carries a certain
fraction of the total momentum of the hadron. After the PDF is determined at some
energy scale from experimental data, the evolution of the PDF when the energy scale is
changed is governed by Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations
[57–59].

Due to the colour confinement of the QCD, the data with proton-proton collisions will
involve a lot of particles as the initially colour neutral protons are ripped apart in the
collision. A cascade of new quarks has to be created from the energy involved in the
quark field in order to restore the colour neutrality to all the particles coming out of the
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interaction. This is called the hadronization. The cascades of particles are called jets as
they are collimated and travel in the direction of the original particle causing the cascade,
resulting in jet-like structures in the collision data.
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Chapter 5

The Large Hadron Collider and the
CMS detector

Located near Geneva on the Franco-Swiss border, The Large Hadron Collider (LHC) is
the most powerful particle accelerator ever built. It is one of the accelerators operated at
the European Organization for Nuclear Research (CERN) and houses various experiments
dedicated to studying the laws of sub-atomic particle interactions and the structure of
matter. The LHC is designed to collide protons into each other at 14 TeV collision energies.

The concept for the LHC was officially recognised in 1984 in a workshop held in Lausanne,
Switzerland. In the workshop proceedings [60] the motivation for building a hadron
collider capable of reaching collision energies of the 10 TeV magnitude were clear: To
shed light upon the symmetry breaking mechanisms that are responsible for the masses
of particles in the electroweak standard model, such as the Higgs mechanism.

The technology for building an circular accelerator capable of such energies required did
not exist at the time. Especially the magnets required for accelerating and keeping the
particles in a circular path would require much larger magnetic fields than yet available.
Much work was needed before the energies for studying the symmetry breaking could be
achieved in an accelerator.

More than ten years later, the LHC conceptual design was published [61] and many of
the technical details had been decided. This new collider would be built into the tunnel
formerly housing CERN’s Large Electron-Positron Collider (LEP) and it would be capable
of colliding protons at 14 TeV Center-of-Mass energy and lead ions at Center-of-Mass
energies exceeding 1000 TeV. The LHC started operating for the first time in September
2008.

5.1 Structure of the accelerator

The accelerator consists of two acceleration rings going in opposite directions in the ac-
celerator tunnel. Inside each ring there is a beam of protons separated into bunches of
1011 protons per bunch. These bunches are accelerated using radio frequency cavities and
kept on a circular track by 1232 superconducting dipole magnets with 8.3 Tesla magnetic
field strength. As the proton beams reach the desired energies, the beams are made to
collide.
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The two acceleration rings intersect at eight points. At these four of these interaction
points, the proton bunches collide and variety of particle detectors observe the debris from
the proton-proton interactions. The four main experiments at the LHC are situated at
these interaction points: CMS, ATLAS, LHCb and ALICE. CMS and ATLAS are both
general-purpose detectors studying a variety of different subjects. LHCb examines the
difference between the amount of matter and antimatter in the universe, known as the
baryon asymmetry. ALICE is specialized in studying heavy-ion collisions, where highly
dense matter known as quark-gluon plasma is created at the asymptotically free region
of QCD.

The LHC ring is only the final step in the acceleration chain for creating the energetic
proton beams. At the point when the proton beams enter the LHC, they already have
a kinetic energy of 450 GeV. There are in total four separate particle accelerators the
particles go through before entering the LHC. The acceleration chain and the energy of
the protons as leave each accelerator before the LHC ring is: Linac 2 (50 MeV), Proton
Synchrotron Booster (1.4 GeV), Proton Synchrotron (25 GeV) and the Super Proton
Synchrotron (450 GeV). The motivation for having so many accelerators for protons of
different energies comes from optimizing the radio frequency cavities used in pushing the
protons to higher and higher energies. The protons have to be in the range of 450 GeV
when entering the LHC ring in order to be accelerated by its RF-cavities.

There are other experiments connected to the same accelerator complex than the ones
described above. A diagrammatic picture of the complex is shown in Figure 5.1. These
other experiments use the lower energy beams from the preaccelerators to the LHC to
conduct various high energy physics and radiation experiments.

5.2 The CMS detector

The letter of intent for this general-purpose detector was presented by the CMS Collab-
oration in 1992 [63], and it was approved for one of the main detectors for the LHC. The
main motivation for the CMS detector is to study the nature of electroweak symmetry
breaking i.e. the Higgs mechanism and look for anything inconsistent with the Standard
Model of particle physics, a clear signal of Beyond the Standard Model (BSM) physics.

The detector was designed with the demanding conditions of the LHC collisions in mind.
Some of the aspects considered in making the detector were efficient τ -triggering and
tagging required for many search channels of the Higgs bosons, and of course good muon
momentum resolution and identification as implied by the name of the detector. The
main components of the detector and their purposes are presented concisely, as described
in the CMS design report [64].

The subdetectors of the CMS can be presented as layers in the order that a particle
emerging from the proton-proton collision in the interaction point would see them. This
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Figure 5.1: A diagram of the many experiments and accelerators at the CERN accelerator
complex near Geneva. [62]
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is an enlightening way to view the detector since different types of particles are stopped
at different layers of the detector, dispatching their energies into the detector elements.
This is demonstrated in Figure 5.2.

Figure 5.2: Cross cut slice of the CMS detector, showing how different types of particles
propagate in the detector [65]

Tracking system surrounds the interaction point, extending to a radius of 1.1 meters
from the beam pipe in the center of the detector. It is a silicon based tracker that
operates by detecting small ionization currents caused by passing charged particles. With
high granularity of the silicon components, measuring the currents from the individual
silicon components allows the tracks of the charged particles to be determined up to very
high accuracy. These components are called pixels or strips depending on their form.
The innermost part of the tracker consists of silicon pixels while the outer region is made
of silicon strips. The tracker has a spatial resolution of 10-30 µm for isolated muons
of pT = 100 GeV/c and resolution of 10-12 µm in reconstructing primary vertices of
interesting collision events [66].

With the tracks of the charged particles, primary vertices can be determined. They are
the locations of proton-proton collisions in the beam pipe as well as secondary vertices,
the locations where unstable, short-lived particles resulting from the primary vertices
have decayed in the inner tracker. The tracker enables the calculation of charged particle
momenta. Inside the CMS detector, the intense magnetic field curves the tracks of the
particles due to the Lorentz force. After identifying the particle, its rest mass allows the
momentum to be determined from the radius of curvature in the track.

There are in total ten layers of tracker material in the barrel region of the detector, four
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in the inner tracker and six in the outer tracker. In the end-cap region there are 12 disk
layers of pixel trackers, three inner disks and nine outer disks. The hit finding efficiency
of the silicon layers were over 99% for the strip-layers and over 99.5% for the pixel-layers
during the LHC Run-1 period [67].

Electromagnetic calorimeter (ECAL) is made of lead tungstate crystals (PbWO4)
scintillators that absorb energy from ionizing radiation, causing excited states in the
crystals. These excited states re-emit the energy as blue-green light when returning to
the ground state. This light is amplified by photodiode amplifiers and converted into a
readout signal. The amount of light produced is proportional to the energy of the particle,
allowing the energy of the particles to be determined from the readout signals. The ECAL
stops the photons and electrons, while the more massive charged particles only deposit
part of their energies to the crystals when passing through.

The crystals used in the ECAL are well suited for the extreme conditions of the LHC. The
crystal material is highly dense (8.28 g/cm3) and the electromagnetic showers caused by
the absorbed energies are contained in small volumes i.e. the material has a small Molière
radius. This allows for good granularity and a compact detector. The decay time for the
excited states is of the same order of magnitude as the timing between bunches at the
LHC, around 25 ns for most of the energy to be re-emitted. This fast response time is
necessary to deal with the large particle flux. The material is also very radiation resistant
so the ECAL should not suffer too large losses of sensitivity due to radiation damage.

The achieved energy resolution for electrons of ET ≈ 45 GeV is less than 2% in the
barrel region |η| ≤ 0.8 and between 2-5% elsewhere. For photons of ET ≈ 60 GeV the
corresponding resolutions are 1.1-2.6% and 2.2-5.0 % [68]

Hadron calorimeter (HCAL) is built from alternating layers of absorber material and
scintillator material. The hadrons hit the dense absorber material made of steel and brass,
causing a shower of particles, which we can measure with the scintillator in the same way
the ECAL measured electron and photon energies. There are in total 16 layers of scintil-
lators in the HCAL. The calorimeter uses plastic scintillators instead of the lead tungstate
crystals. These are not as radiation resistant as the PbWO4 crystals, but as the ECAL
already protects the HCAL from some of the radiation damage, this is not a problem.
As materials with very high atomic numbers would cause muon momentum resolution to
deteriorate in the multiple scattering region, brass was chosen as the absorber.

In addition to the usual barrel and endcap, the HCAL has forward region calorimeters
extending the pseudorapidity region of the detector from |η| = 3.0 up to |η| = 5.2. In a
proton-proton collision, on average 100 GeV is deposited to the barrel and endcap, where
as the forward region calorimeter receives 760 GeV. This intense particle flux requires the
forward calorimeter to be radiation durable. The calorimeter operates on detecting the
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electromagnetic components of the particle shower by observing the emitted Cherenkov
radiation.

The HCAL is much coarser than the ECAL resulting in poorer energy resolution. However
the two subdetectors’ data is combined when determining the energy for hadrons, resulting
in energy resolution of the order 10% at ET ≈ 100 GeV [69].

Muon detector system is the outermost component for CMS detector. Muons are able
to penetrate most layers of the detector with little loss of energy, where as a large part
of the other particles is stopped in the inner layers. Since the particles seen in the muon
detectors are almost solely muons, they are relatively easy to detect. This allows high
precision in interesting signal decays such as H → ZZ → µ+µ+µ−µ−.

The CMS utilizes three kinds of subdetectors for muons: cathode strip chambers (CSC),
resistive plate chambers (RPC) and drift tubes (DT). All of these are gaseous particle
detectors, operating by detecting ionization in the gas caused by a passing charged par-
ticle. The muon detector covers the pseudorapidity region of |η| < 2.4. The information
from the inner tracker system is combined to the data from the muon detectors when
reconstructing the muon momenta, in order to achieve high accuracy.

Total efficiency for muon reconstruction in pp collisions by the CMS detector is over 95%
for muons with transverse momentum over few GeV/c. The energy resolution is between
1-6% depending on the pseudorapidity |η| for muons pT ≤ 100 GeV/c and under 10% for
muons with transverse momenta pT ≤ 1 TeV/c [70].
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Chapter 6

Reconstructing collision data

In order to derive the physical content of the particle collisions from the data of the CMS
subdetectors, so called Particle Flow (PF) technique is utilized. The detector information
is used to construct all the stable particles of the event in a hierarchical way, and from
these PF-candidates the higher level physics objects that have decayed in the detector
can be constructed for further physics analysis’. The Particle Flow technique is a flexible
approach to the analysis since the PF-candidate information can be used to later anal-
yse the jet structure or change the parameters of reconstruction algorithms for unstable
particles.

A good τ -reconstruction efficiency is deemed very important in the CMS detector, as
many of the particles beyond the Standard Model could show up as an excess of taus
compared to the Standard Model prediction. This is also the case with the charged Higgs
boson. The particle reconstruction in the CMS detector is described in the following
section, focusing on the aspects important to τ -reconstruction.

A schematic picture of how the reconstruction of the collision data through the PF-
algorithms and the analysis of these objects leads back to the collision that took place
inside the detector is presented in Figure 6.1.

6.1 Particle-Flow event reconstruction

The need for accurate PF-candidate reconstruction is obvious since all further analysis is
based on these objects. The main aspects of the PF-algorithm [72], are reviewed here.

An important subdetector in determining the momenta of particles and the primary in-
teraction vertices is the pixel tracker. The charged hadrons hit the tracker before the
magnetic field has time to curve their paths, allowing simple measurements of flight di-
rections of the particles from a vertex. The pixel tracker has also a good resolution
required for accurate track determination.

The charged particles deposit energy to the pixel tracker when they pass through. These
depositions are called hits and by combining hits on different layers of the tracker the
path of the particle can be determined. The CMS PF-candidate reconstruction utilizes
the iterative tracking strategy [66], where the original tracks are chosen with strict criteria
from the detector hits so that the fake rate is kept small. The signals matching these tracks
are then removed from the data and the next round of matching the detector hits into a
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Figure 6.1: Demonstration of how the physical interaction of the colliding protons shows
up in the detector and is reconstructed through the PF-algorithm to allow the analysis of
the event [71].

continuous particle track is performed with slightly more loose criteria. Repeating this
process results in a good track reconstruction efficiency with a relatively low fake rate.
Especially for isolated muons this leads to an impressive ∼ 99% efficiency [73]. As the
magnetic field causes the paths of the charged particles to curve, their momenta can be
calculated from the curvature radius when the track is extended to take into account the
hits in the outer detector elements.

The tracker information is combined to the data from the other subdetectors, checking
that the tracker hits correspond to energy deposits in these instruments. By starting
from the particles with the clearest signals and removing the detector data used after
reconstructing the PF-candidate from consideration, this process can be done efficiently
even for the large amounts of data received from the CMS detector.

Muons can be identified using the muon chambers and the tracker data. An event where
a charged particle that is not a muon causes a signal in the muon chambers is called a
punch-through event but it is a relatively unlikely occurrence. This leads to a signature,
where muons leave hits on the inner tracker layers and the muon systems, but only small
energy deposits in the calorimeters in between. If a muon chamber track can be linked
to a signature in the tracker, a global muon candidate is constructed. Such global muon
candidates are reconstructed as PF-muons if they satisfy the conditions of the Tight Muon
selection [74] which require for example certain amount of hits in the trackers and |η| to
be within the sensitive region of the detector.
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Electrons are the lightest charged particles in the detector and as such they emit
Bremsstrahlung when interacting with the magnetic field. These photons deplete the
electron energy in between tracker elements so the trajectory curvature radius is seen to
diminish. The photons are emitted tangentially with respect to the electron trajectory
curve and they leave energy deposits spread in the φ direction to the ECAL subdetec-
tor. A Gaussian-Sum-Filter (GFS) [75] is used to refit the electron candidate trajectory
and if the ECAL and tracker data agree, a PF-candidate electron is constructed. Due to
the transition region between the barrel and the end-cap of the ECAL detector, electron
candidates within pseudorapidity 1.4442 < |η| < 1.5660 are removed.

Photons are neutral particles and such they do not cause hits in the tracker elements.
They are however absorbed by the ECAL subdetector, so energy deposits there that are
not matched with other particle tracks will be considered as photons. However when the
photons are energetic enough, they can convert into a e+e− pair. This is known as the
photon conversion and up to ∼ 70% of the photons mediating the tracker undergo this
process [76]. This effect is taken into account in the photon reconstruction algorithms
using the ECAL and tracker data [77].

Charged hadrons can be identified from the tracker and HCAL signals that remain after
the aforementioned particles have been reconstructed into PF-candidates. Even though
charged, the hadrons deposit little energy to the ECAL detector elements.

Neutral hadrons give a signal where there are no hits in the tracker but energy deposits
in the HCAL elements. After the tracks and calorimeter signals of the above mentioned
particles that are somewhat easier to detect directly, the excess energy in the calorimeter
can be assigned into neutral particles and removed from consideration.

Primary vertices are constructed with a deterministic annealing method [78], where
artificial neural networks are utilized in clustering tracks together. The vertex with the
largest sum of the squares of the transverse momenta is chosen as the signal primary
vertex. The reconstructed vertices must fulfil the conditions

• The transverse distance from the beam pipe |ρ| < 2 cm.

• The longitudinal distance from the nominal interaction point |z| < 24 cm.

• The degrees of freedom ndof > 4 for the vertex, where

ndof = −3 + 2

#tracks�

i

wi

.

The wi are weights given to the tracks, with the tracks closest to the vertex getting the
highest weights. As the physical content of the interactions is derived from the outgoing
particles from the vertex, a good performance in clustering the correct tracks to the same
vertex is vital for the analysis.
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Jets in the event are reconstructed by clustering the PF-candidates in the event with
a anti-kT algorithm [79] with jet size parameter R = 0.4. Algorithm combines PF-
candidates into jets satisfying the identification conditions [80], where the energy dis-
tribution and particle content in the jet is examined and required to fit within certain
parameters. The combined particles are determined by calculating distance parameters
between nearby particles and linking them into a jet should the distance parameter be
small enough. Due to detector effects, the reconstructed jet energies do not completely
match the true jet energy and jet energy scale corrections are performed when analysing
data [81].

Due to the structure of the proton and the colour confinement of the QCD presented
before, jets are very common in hadron collision data. Understanding and reconstructing
jets in the detector is then crucial for analysing the results.

B tagging is required for identifying events with b-quarks resulting in jets. In the tt̄
events, there ar two jets originating from the b-quarks that the t-quarks decay into. The
b jets are found and identified using the Combined Secondary Vertex algorithm [82]. It
reconstructs the secondary vertex where the b-quark decays using the charged tracks and
their impact parameters. Due to the finite lifetime of the b-quark the tracks from the
secondary vertex are clustered away from the primary vertex. As b-jets are present in
many events of interest, they are identified in this early stage of the analysis in order to
separate possibly interesting collision events from the rest.

The missing transverse energy can be determined after the reconstruction of all the
particles described above. Since the initial total momentum of the collision is very close
to zero in the detector’s frame of reference, the negative vector sum of the constructed
particles’ momenta is defined as the missing transverse energy Emiss

T . The Emiss
T of an

event contains the contributions from neutrinos that do not interact with the detector,
known causes for mismeasurements resulting in missing energy and other sources such
as cosmic rays passing through the detector [83]. A good performance in measuring the
missing energies is a priority as many searches for new physics assume a signature of large
missing energy in the event.

6.2 τ -jet reconstruction

The higher level physics objects are constructed from the PF-candidates. As the τ lepton
has a relatively short lifetime, its mean lifetime at rest being 2.91 × 10−13s [84], the
signal tau leptons with high energies usually propagate distances of a few millimeters
before decaying. This is not enough to reach the detector elements. The final states are
hadronic; neutral and charged pions with a tau neutrino, in about two thirds of the time.

A specialized hadrons-plus-strip (HPS) algorithm [85] is used in reconstructing the τ jets
from the PF-candidates, taking special care in identifying the photon conversion in the
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Figure 6.2: The signal cone and the isolation cone around the tau candidate. Figure
modified from [86]

detector. In this process combinations of the reconstructed PF-candidates are matched
with possible τ decay channels. If the PF-candidates match a possible tau decay, τ -
candidate is formed with the 4-momentum calculated as the sum of 4-momenta of the PF-
candidates used for the reconstruction. For the constructed τ -candidates, discriminators
separating τ -decays from signals caused by electrons, muons and gluon or quark jets are
used.

The PF-candidates used in the reconstruction of a τ -candidate are required to be within
ΔR ≤ 3.0/pT[GeV] around the τ -candidate momentum vector with lower and upper
limits of 0.05 ≤ ΔR ≤ 0.10. This is to account for the effect of higher energy tau
particles decaying into more collimated jets. The cone defined by ΔR is called the signal
cone. Tau decays in the detector can be mostly separated from QCD-jets by defining an
isolation cone around the tau candidates. A cone of ΔR ≤ 0.5 is formed around the tau
candidate momentum vector and the sum transverse momentum of charged particles and
photons exceeding pT ≥ 0.5 GeV that are outside the signal cone and inside the isolation
annulus is calculated. Then the strictness of the isolation condition is defined as loose,
medium or tight working points, requiring the sum of the momenta to not exceed 2.0,
1.0 or 0.8 GeV respectively. This isolation cone discriminates between taus, that form
very narrow collimated jets, from the QCD jets that tend to be more spread out after
the hadronization. The signal cone and isolation annulus around the tau candidate are
visualised in Figure 6.2.

The used tau reconstruction and identification methods in CMS achieve identification
efficiency of 50-60% for tau leptons and misidentification rates between per mille and per
cent level for quark and gluon jets, muons and electrons. [85]
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Chapter 7

Searching for the Charged Higgs boson
in the H± → τ±ν fully hadronic
-channel

The search channel described here assumes the decay of charged Higgs bosons into tau
and neutrino H+ → τντ , and the subsequent decay of the tau lepton into hadrons π+

and π0. The mass of the charged Higgs bosons can be reconstructed in the transverse
plane and possible finding of the charged Higgs boson would result from a large enough
deviation from the transverse mass distribution of taus and neutrinos predicted by the
Standard Model. The notation H+ is used to refer both negatively and positively charged
Higgs boson.

The mass of the charged Higgs boson is one of the parameters left free by the supersym-
metric extensions. Experimentally the lower limits have been determined by excluding
mH+ < 78.6 GeV [87–90] in a model independent way, while the upper limit of the mass is
set on theoretical grounds to around ∼1 TeV in order to restrict the amount of fine-tuning
in the theories. The analysis for charged Higgs boson seaches presented here is restricted
into the mass window 80 GeV ≤ mH+ ≤ 500 GeV.

The mass of the charged Higgs boson determines its dominant production mechanism
and decay channels. Two different cases divided as light charged Higgs boson and heavy
charged Higgs boson are studied. Depending on the mass of the charged Higgs boson,
there are various backgrounds that will obstruct the detection of the signal. The main
backgrounds and the event selection methods designed to separate the signal from the
backgrounds are presented. The studied collision events have the center of mass energy
of 13 TeV and the data from 2015 is used in the fake tau background measurements.

7.1 Signal

Depending on the mass of the charged Higgs boson, the production and decay channels
differ. The defining factor is whether the Higgs mass is less than the mass difference of
top and bottom quark masses mH+ ≤ mt−mb so that top quarks can decay as t → H+b.
In this mass region the charged Higgs boson decays preferentially to tau lepton and a tau
neutrino, causing an excess of taus in tt̄ events in comparison with the Standard Model
prediction.
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Figure 7.1: a) Light charged Higgs boson production through t→H+b. b) Heavy charged
Higgs boson production in 4 flavour scheme through t̄b→H+. c) Heavy charged Higgs
boson production in 5 flavour scheme through t̄b→H+. [92]

If the charged Higgs boson mass is larger than the difference of top and bottom quark
masses, mH+ > mt − mb, the main production mechanism for charged Higgs bosons is
through bottom and anti-top (or top and anti-bottom) quark fusion. In perturbative
QCD processes involving bottom quarks, the calculations are done in different flavour
schemes that give identical predictions when calculated to all orders of perturbation the-
ory, but differ in finite orders. In the CMS analysis for the charged Higgs boson, the
four flavour scheme (4FS) and five flavour scheme (5FS) are combined with Santander
matching method [91]. In the 4 flavour scheme the b-quark production is calculated per-
turbatively from a quark splitting into bb̄ pair, while in the 5 flavour scheme approach the
b-quarks are treated as partons with the four lightest quarks so the quark-sea includes a
certain number of b-quarks that can participate in the charged Higgs boson production.

The different production mechanisms for the charged Higgs boson production are pre-
sented in Figure 7.1 for the light charged Higgs boson and heavy charged Higgs boson in
4 four flavour scheme and in 5 flavour scheme.

In all of the scenarios the presence of the charged Higgs boson would cause an excess of
tau leptons in the data. As the taus decay dominantly into hadronic channels, observing
the hadronic tau jets give a good discovery potential. The hadronically decaying tau
is denoted as τh. A problem in this decay channel is that it overlaps with the large
background from QCD-jet events, but as the tau jets tend to be more collimated, the
isolation requirements used in tau jet reconstruction give reasonable discriminating power
against the QCD background.

The charged Higgs boson decays into a tau and a neutrino, which is detected through the
missing transverse energy of the event. If there are no other sources Emiss

T , the transverse
mass for the charged Higgs boson can be reconstructed from the signal tau pT and the
Emiss

T in the event.
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7.2 Backgrounds

Dominant backgrounds in searching the signal from hadronic tau decays are given by
QCD multijets and electroweak (EWK) processes causing jets. The EWK processes are
W + jets, single top, Z*/γ and diboson WW, WZ and ZZ events. The background can be
divided as fake tau and genuine tau backgrounds, depending on whether the tau lepton in
the event is due to misidentification or a real tau production process. These backgrounds
with the signal from a charged Higgs boson is presented in Figure 7.2.

 (GeV)Tm
0 100 200 300 400 500 600 700

D
at

a/
Bk

g.
 

0
0.5

1
1.5

2
2.5

syst. unc.⊕Bkg. stat.

Bkg. stat. unc

Data blinded: 0-700 GeV

Ev
en

ts
 / 

20
 G

eV

0

20

40

60

80

100

120

140

160

180

Data
=200 GeV+H m+H

 (data)hτMis-ID. 
tt

W+jets
Single top quark

*+jetsγZ/
Bkg. stat.

syst.⊕Bkg. stat.

 (13 TeV)-12.1 fb

CMS
Preliminary

Figure 7.2: Backgrounds when searching charged Higgs boson in the hadronic tau decays
at 13 TeV center of mass energy. The fake taus are contained in the data-driven Mis-ID.
τh background and the true tau events in the rest of the backgrounds that are simulated.
The charged heavy Higgs boson with mH+ = 200 GeV/c2 is used as the signal.

QCD multijet background is an inevitable nuisance in hadron collisions due to colour
confinement and the hadronization of the quarks. As mentioned the QCD background is
suppressed in check through the isolation condition when constructing tau jets.

EWK+tt̄ with genuine tau background is called the irreducible background when
analysing the tau channel for the signal. Since taus are the signal particles that are
being searched for the reconstruction of the charged Higgs boson mass, it is especially
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hard to discriminate the signal taus against this background. It is in order to reduce this
background that the tau veto method studied for this thesis is intended.

EWK+tt̄ with fake tau background is caused due to the misidentification of some
other particle or jet as a tau. The better the tau reconstruction algorithms, the lesser the
effect of this background in the analysis will be.

The background measurements are to be done using data-driven techniques. The QCD
multijets with fake tau and the EWK+tt̄ with fake tau can be determined using inverted
selection, where the events satisfying all the selection conditions except tau isolation are
chosen. This leads to a sample of events dominated by the fake tau events. The EWK+tt̄
with genuine tau background is measured using observed muon events where the muon is
replaced using tau embedding insert a tau particle into the event. [93]

7.3 Event selection

For a collision event to be considered interesting enough to be used in the analysis of the
charged Higgs boson, it has to pass the trigger designed to look for such events. Events
passing the trigger must have:

• Loosely isolated PF-candidate tau with pT > 50 GeV/c.

• Number of charged prongs in the tau candidate is less than four.

• Leading charged track pT > 30 GeV/c and |η| < 2.1 in the signal tau.

• Missing transverse energy Emiss
T > 80 GeV.

The conditions for selecting events for the analysis from those passing the trigger are
chosen so that the background events and events with large mismeasurements of Emiss

T are
separated from the signal events of good quality:

• Loosely isolated τh with pT > 60 GeV/c, |η| < 2.1 is present in the event.

• The τh is associated to one charged hadron and it has pT > 30 GeV/c.

• Particle Flow Emiss
T > 120 GeV in the event.

• No isolated electrons (muons) with pT > 15 (10) GeV/c.

• At least three jets with pT > 30 within |η| < 2.1 in addition to the τh jet.
One or more of them is b-tagged.

• �Emiss
T and jet directions satisfy the angular cuts Rmin

bb > 40◦, Rmin
coll > 40◦,

where
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Rmin
bb =

��
π −Δφ(τ jet, �Emiss

T )
�2

+
�
Δφ(jetn, �Emiss

T )
�2
,

Rmin
coll =

��
Δφ(τ jet, �Emiss

T )
�2

+
�
π −Δφ(jetn, �Emiss

T )
�2

and jetn, n = 1, 2, 3 refers to the three highest pT-jets in the event.

Large missing transverse mass in the τν-channel is a signature of the charged Higgs boson
due to the neutrinos from its decay. The requirement of at least three jets in total with
at least one tagged as a b jet allows the selection of the tt̄-like events, where the excess of
taus due to charged Higgs boson is expected to be observable. The angular cuts suppress
the events where �Emiss

T is reconstructed due to mismeasurement, when it tends to be in
the direction of the tau or one of the other jets.

The events with isolated electrons and muons are removed as they are always accompanied
by their corresponding neutrinos, which would affect the transverse mass reconstruction
of the charged Higgs boson through Emiss

T . This is also necessary in order to be able to
combine the results from the study of fully hadronic decay modes of the charged Higgs
boson to the studies performed in leptonic decay channels without overlap.

7.4 Tau veto

Since Emiss
T is used in the reconstruction of the transverse mass distribution, all the inac-

curacies in determining Emiss
T affect the analysis when searching for the signal events. One

aspect to be considered is the case for the events with more than one lepton. These events
will also have a corresponding number of lepton neutrinos that contribute to the missing
energy of the event. In the transverse mass reconstruction, the missing transverse energy
is associated to the neutrino from the signal event, so multiple neutrinos can decrease the
transverse mass resolution.

Events with more than one tau lepton are possible in the selected events for the charged
Higgs boson analysis and if the tau neutrinos are emitted into roughly the same direction,
the value for Emiss

T grows. This effect can cause some of the background events to be
reconstructed into higher transverse masses overlapping the transverse masses of the H+

signal. The goal of a tau veto is to reduce this kind of events.

As the neutrinos are not directly detected by the CMS, reducing the distortion in the
Emiss

T and its effect on quantities reconstructed using it has to be done indirectly. Since
large missing transverse energy is expected from the Higgs signal, direct cuts by setting
maximum value for Emiss

T when selecting events will not improve the analysis. A possible
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method would be to remove all events with more than one reconstructed τ particle from
the analysis using a tau veto condition. Even though the signal tau used in the event
selection was 1-pronged, both 1-pronged and 3-pronged taus can be present in the events
studied.

To evaluate the usefulness of such a tau veto, the improvement of significance and the
increase in systematic uncertainty of the whole analysis chain has to be considered. Ve-
toing the events with more than one tau will of course remove some of the signal too,
which is taken into consideration when calculating the significance. The effect of tau veto
is studied by using simulated data samples for the charged Higgs boson signals and tt̄
jets with genuine taus, in order to determine the change in significance from using this
method. For the light charged Higgs boson scenario, masses mH+=[80, 100, 120, 140, 160]
GeV/c2 are considered and for the heavy charged Higgs boson the masses are mH+=[180,
200, 220, 250, 300, 350, 400, 500] GeV/c2.
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Chapter 8

Results

8.1 Statistical significance and systematic uncertainties

The tt̄ background contains many events with more than one tau lepton, as both top-
quarks can decay into taus via W-bosons. It is also the largest background that can
include two taus after the event selection and it will be used as an example background
when studying the effect of tau veto on the analysis. However the limit calculations
presented in this section are done with all the backgrounds present.

The transverse mass distribution for reconstructed tau particles in tt̄ event sample when
all the events with more than one generator level tau were removed is shown in Figure 8.1.
In the high transverse mass tail (mT ≥ 100 GeV/c2), the number of events is reduced by
43% with this removal. This is to be considered the ideal case scenario giving the upper
limit of possible background reduction in tt̄ background events in the high mT tail using
a tau veto. The removal of the events could result in a better signal-to-background ratio
as the high mT tail overlaps the mass region of the H+ signals.

For the light charged Higgs boson signal, the relevant background is around mT = 60−180
GeV/c2 instead of the high energy tail. In this region the reduction in background events
is 26%.

The efficiency of tau reconstruction and identification is 50-60% at the CMS [85] so that in
events with multiple taus the identification of more than one tau is not always successful.
The distribution of the transverse momentum pT for the identified and unidentified taus for
a sample of tt̄ event taus after all the selections is shown in Figure 8.2. The identification
efficiency as a function of transverse momentum is shown in Figure 8.3. It is seen that
a majority of the unidentified taus have small transverse momenta (pT < 20 GeV/c2).
As the tau reconstruction algorithm is not even seeded by tau jets with pT < 14 GeV/c,
the large number of unreconstructed taus in that region is not surprising. The trigger
also affects the number of identified taus at low pT values. Even though the trigger and
the event selection do not accept events without taus with transverse momenta pT ≥ 50
GeV/c and pT ≥ 60 GeV/c, there can be taus with lower momenta present in the events
where the signal tau satisfies the momentum conditions.

When the transverse momentum is low, the decay products of tau particles are not nec-
essarily collimated enough to allow efficient discrimination from the QCD background.
The reason for this can be determined from the kinematics of decaying particles. Using
as a simple example the decay τ → π+π0ντ , the angle θπ between the direction of the
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Figure 8.1: Comparison between the transverse mass of reconstructed taus from all tt̄
events passing the selections and from tt̄ events with only one tau. A decrease of 43%
in event rate in the tail mT ≥ 100 GeV/c2 and a decrease of 26% in event rate in the
mT = 60− 180 GeV/c2 region are observed in the reconstructed taus.

Figure 8.2: A large portion of the unidentified taus (shown in red) after the event selection
have a relatively small transverse momentum pT ≤ 60 GeV/c2. The distribution of identi-
fied taus shows the effect of the trigger selection at tau pT > 50 GeV/c. The sub-leading
tau is unaffected by the trigger, and shows the exponentially decreasing distribution as a
function of tau pT. A sample tt̄ events was used for this distribution.

visible part of the tau and a decay product pion in the detector frame of reference has
the relation
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Figure 8.3: Identification efficiency of taus as a function of transverse momentum shown
for a tt̄ event sample. The rapid decrease of the efficiency below 60 GeV/c is caused by
the trigger turn-on.

θπ ∝ arctan

�
1

|p̄τ |

�
, (8.1)

due to Lorentz boost from the tau rest frame to the detector rest frame. So the smaller
the momentum of the tau in the detector, the larger the decay angle is for the daughter
particles. When the decay angle is large, the jet is not considered collimated enough to
discern reliably from QCD jets to be reconstructed as a tau particle.

The low pT and deviation of the decay products from the visible tau direction give some
insight to why all taus are not identified, as the risk of misidentification becomes higher
at lower pT values. However since the possible advantages through removal of the events
with more than one tau were shown to be significant, one should try to estimate how much
could be achieved in a best case scenario, with the imposed limitations to the identification
discussed above.

8.1.1 An optimistic tau veto using charged tracks

To estimate the effect of a tau veto using charged tracks, an assumption is made that all of
the charged tracks within ΔR ≤ 0.1 of the visible tau direction could be used successfully
to identify the excess taus in events with multiple taus. A tt̄ event sample is used as a
background in this estimation. A limit calculation for the expected cross section before
and after the tau veto with all the backgrounds present is also presented at the end of
this section. Using generator level information to match charged tracks with visible taus,
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4.4% of the tt̄ jets background events in the high energy mT ≥ 100 GeV/c2 tail and 2.2%
of the events in the region mT = 60 − 180 GeV/c2 can be vetoed. The effect of the tau
veto on the reconstructed transverse masses is presented in Figure 8.4. As the veto is
performed using generator level information of the existence of a tau in the event, this
has no effect on the fake tau backgrounds.

Figure 8.4: The effect of the optimistic tau veto on tt̄ events. Only a small fraction of
the missing taus are seen from charged pion tracks in generator level tau directions.

The low percentage of vetoed events compared to the number of events with more than
one tau can partly be understood through the nuclear interactions of the charged pions
with the detector. The CMS detector material corresponds to between 0.4X0 at η = 0
to 1.8X0 at |η| ≈ 1.5 interaction lengths for the charged pions. This complicates the
reconstruction of charged pion tracks in the detector especially in for the low transverse
momenta pT ≤ 0.9 GeV/c pions [94] and many of the low pT taus cannot be identified
even in this optimistic scenario.

An example distribution for the transverse mass calculated using reconstructed taus in
this scenario are shown in Figure 8.5. A heavy charged Higgs boson of mass mH+ = 180
GeV/c2 was used as the signal. The transverse mass distributions after a tau veto for
all the different light and heavy charged Higgs boson masses studied are collected into
appendix A. The event rates were normalized to B(t → H+b) × B(H+ → τ+ντ ) = 0.01
for the light charged Higgs boson and σ(pp → t̄(b)H+) × B(H+ → τ+ντ ) = 1 pb for the
heavy charged Higgs boson.

As the (anti)top quark decay can result in a tau lepton via intermediate W+ (W−) boson,
the charged Higgs boson signal events can also contain more than one tau. The percentage
of the H+ events vetoed with the same conditions are presented in the Tables 8.1 and 8.2.
In the light Higgs boson scenario, the highest pT tau used in transverse mass reconstruction
is actually from the W± boson in around 4-11% of the events, depending on the charged
Higgs boson mass. This causes the number of removed events in the mass window to vary
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Figure 8.5: The transverse mass distribution for the signal+background and the back-
ground only, where the background contains only tt̄ events after the event selection and
tau veto. The heavy charged Higgs boson with a mass of mH+ = 180 GeV/c2 was used
as the signal. Transverse mass reconstruction was done using reconstructed taus after a
tau veto on events with more than one tau, under the assumption that all the charged
tracks withing ΔR ≤ 0.1 from the visible generator tau direction could be identified as
taus. This removes 4.4% of the events from the mT ≥ 100 GeV/c2 and 2.2% of the events
in the region mT = 60− 180 GeV/c2 from the tt̄ jets background.

Light charged Higgs boson (mH+) Removed (%) Δsig/sig (%)
80 2.1 -1.0
100 2.0 -0.9
120 1.3 -0.2
140 1.8 -0.7
160 0.6 0.5

Table 8.1: The percentages of removed events from the signal and the increase in signif-
icance. For light charged Higgs boson, the mass window mH+ = 60 − 180 GeV/c2 was
used, where the percent of removed tt̄ jet background is 2.2%.

instead of being the same 2.2% found for tt̄ events, which one would have expected due
to the second tau being independent of the tau from the charged Higgs boson.

Now the amount of possible improvement of the significance can be calculated. Using the
gaussian statistics to calculate the change in significance as
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Heavy charged Higgs boson (mH+) Removed (%) Δsig/sig (%)
180 1.0 1.3
200 0.4 1.9
220 1.9 0.3
250 1.5 0.7
300 1.3 0.9
350 3.4 -1.2
400 1.8 0.4
500 1.6 0.6

Table 8.2: The percentages of removed events from the signal and the increase in signif-
icance. For the heavy charged Higgs boson, the percentage was calculated in the region
mH+ > 100 GeV/c2 where the percent of removed tt̄ jet background is 4.4%.

Δsig

sig
=

1

S1/
√
B1

�
S2√
B2

− S1√
B1

�

=
1− rS√
1− rB

− 1,

(8.2)

where rS, rB are the percentage of events removed from signal and background respectively.
The improvements in significance are presented in Tables (8.1) and (8.2) for the light and
heavy charged Higgs bosons. The expected limit calculations for the heavy charged Higgs
boson cross section before and after the tau veto are presented in Figure 8.6. The tau
veto does not have a clear effect on the limits as for some mass points the limits go up
while for some the limits go down. The new systematic uncertainties added by the tau
veto discussed below were included in the limit calculation.
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Figure 8.6: The expected σH+×BH+→τν before and after the optimistic veto for the heavy
charged Higgs boson. The effect of the veto is barely visible.

95% CL upper limit on σH+ × BH+→τν

mH+ Expected limit Observed
(GeV) −2σ −1σ median +1σ +2σ limit
180 0.967 1.327 1.939 2.926 4.310 Blinded
200 0.903 1.238 1.808 2.718 4.012 Blinded
220 0.632 0.860 1.243 1.839 2.648 Blinded
250 0.421 0.570 0.816 1.191 1.700 Blinded
300 0.331 0.447 0.641 0.935 1.338 Blinded
350 0.245 0.332 0.477 0.698 1.013 Blinded
400 0.201 0.273 0.392 0.576 0.849 Blinded
500 0.135 0.184 0.268 0.403 0.625 Blinded

Table 8.3: Expected σH+ × BH+→τν limits before the optimistic tau veto presented for
heavy charged Higgs boson

Adding tau veto introduces new systematic uncertainties to the analysis that need to be
taken into account. This tau veto will be affected by the uncertainties in tau identification
and the identification of the charged particles whose tracks were used. The systematic
uncertainty in τh identification is estimated to be 6% [92]. Uncertainty for the charged
pion tracks is taken as 1.4%, as was estimated in [73].

Assuming these uncertainties are fully uncorrelated and summing in quadrature gives the
total systematic uncertainty of the tau veto to be 6.2%. Added to the other uncertainties
of the analysis presented in Table 8.2, this leads to an increase of 5.6% of the total
systematic uncertainty in the analysis.

In the high energy tail, the uncertainties are determined using an exponential fit of the
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95% CL upper limit on σH+ × BH+→τν

mH+ Expected limit Observed
(GeV) −2σ −1σ median +1σ +2σ limit
180 0.968 1.330 1.945 2.936 4.330 Blinded
200 0.891 1.221 1.783 2.684 3.970 Blinded
220 0.636 0.867 1.254 1.857 2.681 Blinded
250 0.440 0.596 0.855 1.250 1.790 Blinded
300 0.334 0.452 0.648 0.947 1.360 Blinded
350 0.252 0.342 0.492 0.722 1.053 Blinded
400 0.205 0.279 0.401 0.590 0.880 Blinded
500 0.139 0.189 0.275 0.415 0.648 Blinded

Table 8.4: Expected σH+ × BH+→τν limit calculations after the optimistic tau veto pre-
sented for heavy charged Higgs boson. The results do not show definitive advantage from
using the tau veto as the limits for some mass points grow larger and for some a little
smaller.

event yields. The statistical uncertainties in the event yield are of the order of few percent
for the signals and around four percent for the tt̄ background [92].

Uncertainty source EWK+tt̄
with τh (%)

Trigger, approximation in Emiss
T 12

Trigger, single µ 0.1
τh identification 6.0
τ energy scale 5.8
µ identification <0.1
Multijet contamination 2.0
W→ τντ → µνµντ 1.2
τ veto 6.2

Table 8.5: Systematic uncertainties associated with EWK+tt̄ with τh background simu-
lation data. [92]

The analysis of the tau veto performance in the optimistic case presented shows a change
in significance between −1.0% and 0.5% for the light charged Higgs boson and between
−1.2% and 1.9% for the heavy charged Higgs boson, depending on the mass used for the
simulation of the dataset. An increase of 5.6% in the total systematic uncertainty of the
analysis due to the tau veto is determined. The low increase in significance compared to
the potential increase shown by using the generator level information to remove all events
with more than one tau is explained by the difficulties in identification of the excessive
taus in events. The low transverse momenta is the apparent cause of the problems in the
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identification. Even though the signal taus were chosen to be 1-pronged, the other taus
in the event can be 3-pronged, so that the spreading of the decay products in the low pT
tau decays hinders their reconstruction.

8.1.2 A realistic veto using isolated charged tracks and
tau identification

An algorithm for remove multiple tau events in a real analysis could utilize the charged
pion tracks in the detector fulfilling isolation conditions. This could notice some of the
1-prong taus that have been missed by the reconstruction algorithm due to too low trans-
verse momenta. Some of the 3-pronged taus with low pT might not fulfil the isolation
conditions due to spreading of the charged decay products.

For the charged pion track, the following conditions are used:

• pT ≥ 15 GeV/c.

• Sum of charged track pT between 0.03 ≤ ΔR ≤ 0.1 around the π± is than 1 GeV/c.

These conditions lead to a slight improvement in the ratio of events with one tau versus
events with multiple taus. This is probably by no means optimal selection of conditions,
but as an ideal case was already studied above these conditions mostly serve as an example
of how such a tau veto could be constructed. The veto has little to no effect on the fake
tau events.

The veto removes of the order of few percent of all the events. The results of this tau
veto are shown in the limit calculation for the heavy Higgs scenario in Figures 8.7. No
clear improvement in the limits for the cross section is achieved with this tau veto but
the uncertainties are increased by introducing the veto into the analysis.

95% CL upper limit on σH+ × BH+→τν

mH+ Expected limit Observed
(GeV) −2σ −1σ median +1σ +2σ limit
180 0.967 1.327 1.939 2.926 4.310 Blinded
200 0.903 1.238 1.808 2.718 4.012 Blinded
220 0.632 0.860 1.243 1.839 2.648 Blinded
250 0.421 0.570 0.816 1.191 1.700 Blinded
300 0.331 0.447 0.641 0.935 1.338 Blinded
350 0.245 0.332 0.477 0.698 1.013 Blinded
400 0.201 0.273 0.392 0.576 0.849 Blinded
500 0.135 0.184 0.268 0.403 0.625 Blinded

Table 8.6: Expected σH+ × BH+→τν limit calculation values before the realistic tau veto
presented heavy charged Higgs boson
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Figure 8.7: The expected σH+ ×BH+→τν before and after the realistic veto for the heavy
charged Higgs boson. The limits become worse with the added veto.

95% CL upper limit on σH+ × BH+→τν

MH+ Expected limit Observed
(GeV) −2σ −1σ median +1σ +2σ limit
180 1.064 1.462 2.139 3.237 4.785 Blinded
200 1.018 1.395 2.042 3.082 4.564 Blinded
220 0.696 0.948 1.370 2.031 2.929 Blinded
250 0.482 0.653 0.937 1.371 1.961 Blinded
300 0.377 0.511 0.732 1.072 1.542 Blinded
350 0.271 0.368 0.529 0.776 1.130 Blinded
400 0.227 0.308 0.444 0.654 0.980 Blinded
500 0.160 0.219 0.318 0.481 0.754 Blinded

Table 8.7: Expected σH+ × BH+→τν limit calculation values after the realistic tau veto
presented heavy charged Higgs boson. The tau veto does not improve the limits on the
cross section.
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Chapter 9

Conclusions

Excessive neutrinos in the events deteriorate the mass measurement of the charged Higgs
boson signal in the τν -channel. Neutrinos from other decays than the charged Higgs
boson signal affect the amount and direction of the missing transverse energy Emiss

T in
the collision, distorting the transverse mass reconstructions that use the signal tau and
missing energy. Any events containing more than one tau will reduce the accuracy of the
reconstruction.

The effectiveness in reducing EWK+tt̄ jets with genuine tau background in the charged
Higgs boson signal regions by removing events with multiple taus was shown using gen-
erator level information in simulated collision data. The achieved reduction in this back-
ground was 43% and 26% in the regions mT ≥ 100 GeV/c2 and mT = 60 − 180 GeV/c2
respectively when using reconstructed taus for calculating the transverse masses.

This potential is hard to realize in the analysis of real data due to the inefficiency of tau
reconstruction algorithms when searching for multiple tau events, as the sub-leading tau
can be very soft. From the generator level information the sources for the difficulties in
identifying the excessive taus were shown to be the low pT and the related large spread
in the decay products of the taus.

An optimal case scenario was presented and analysed, assuming all charged tracks within
ΔR ≤ 0.1 of the direction of unidentified taus could be used to identify the tau. A
reduction of tt̄ background of 2.2% and 4.4% in the signal regions for light and heavy
charged Higgs boson was shown. Combined with the reductions in the signal events the
change in significance was Δsig ∈ [−1.0%, 0.5%] for the light charged Higgs boson and
as Δsig ∈ [−1.2%, 1.9%] for the heavy charged Higgs boson. A realistic implementation
of a tau veto was also presented. The increase in the systematic uncertainty of the
analysis was determined by the systematic uncertainties in tau identification and the
track reconstructions. The uncertainty contributed by the tau veto to the analysis was
estimated to be 6.2%. This leads to an increase of 5.6% for the overall analysis.

These considerations lead to the conclusion that even though removing the events with
more than one tau has great potential in improving the analysis, the difficulties in recon-
structing and identifying these excess taus from the collision data renders this approach
moot. As the increase of systematic uncertainty in implementing the tau veto is larger
than the improvement in significance, it would not benefit the analysis. More accurate
methods for reconstructing the low pT taus in the CMS data are required in order to make
vetoing the events with more than one tau useful in this analysis.
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Appendix

A. Plots for H+ transverse masses using reconstructed
taus

Figure A1: Transverse masses for the light charged Higgs boson signals using reconstructed
taus in the mass region 80-160 GeV/c2, presented before and after the tau veto using the
charged tracks.
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Figure A2: Transverse masses for the heavy charged Higgs boson signals using recon-
structed taus in the mass region 180-500 GeV/c2, presented before and after the tau veto
using the charged tracks.
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