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Abstract

Studies of charged Higgs bosons at the Compact
Linear Collider

Johan Relefors

The Compact Linear Collider is an electron-positron collider being developed by
CERN and collaborating universities. With a center of mass energy of 3 TeV it will be
used to further explore TeV scale physics after the Large Hadron Collider. This thesis
is part of the simulation studies which are currently being performed for the CLIC
conceptual design report (CDR).

In the framework of the Minimal Supersymmetric Standard Model (MSSM) the
reconstruction of charged Higgs boson pairs at CLIC is studied using a full detector
simulation. Methods for measuring the mass, decay width and branching ratios of the
charged Higgs boson are presented. The mass and decay width measurements focus
on fully hadronically decaying charged Higgs boson pairs and it is possible to achieve a
precision of a few GeV. The branching ratio can be measured with an accuracy of
about 2%.

Studies of top-tagging in fully hadronic charged Higgs boson decays are also
presented. A top-tagging efficiency per event of about 60% is achieved. Top-tagging is
also tested on the process H0A0 to bbbb and it is shown that top-tagging can be used
to discriminate between fully hadronically decaying charged Higgs bosons and H0A0
to bbbb with a rejection power of about 6 to 1.

The study is limited by the fact that there are no simulations with hadronic
background from beam-beam effects and no simulations of the Standard Model
backgrounds are available at the time of writing.
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Chapter 1

Introduction

The aim of this thesis is to study the prospect for discovering as well as
measuring the properties of charged Higgs bosons at the Compact Linear
Collider (CLIC) which is a possible future linear positron-electron (e+e−)
collider operating at a center of mass energy of 3 TeV.

1.1 Background

The Standard Model, describing the fundamental particles and their inter-
actions through the strong, weak and electromagnetic forces, is already a
well tested theory. However, it predicts one particle which has not yet been
observed: the Higgs boson. In order to discover the Higgs boson as well as
new fundamental physics beyond the Standard Model, particle accelerators
operating at increasingly high energies have been constructed. The most re-
cent is the Large Hadron Collider (LHC) at CERN, Geneva. There, the last
pieces of the Standard Model, and maybe physics beyond it, are currently
being explored.

Finding the Higgs boson would not bring an end to the development of
particle physics since several questions remain unanswered in the Standard
Model. For example, the Standard Model does not account for gravity.
Another issue is that if cold dark matter is to be explained by elementary
particles there is nothing that fits with its properties in the Standard Model.

One of the theories beyond the Standard Model is called Supersymmetry
(SUSY). In supersymmetric models each fermion has a new bosonic partner
and vice versa. The theoretical framework for this thesis is the Minimal
Supersymmetric Standard Model (MSSM). In the MSSM five Higgs bosons
are predicted, two of which are charged.

If a version of Supersymmetry is indeed the successor of the Standard
Model a future e

+
e
− collider operating at the multi-TeV scale would be a

good place to further explore the properties of such a model. There are
theoretical scenarios where the LHC would only be able to discover the

1



2 CHAPTER 1. INTRODUCTION

lightest neutral supersymmetric Higgs boson but not the heavier ones [1].
This is where CLIC or a similar collider comes into the picture.

Since the last study of heavy MSSM Higgs bosons at CLIC [2] the design
of the machine has been updated and thus some parameters have changed.
Another difference is that in the previous studies a fast detector simulation
was used, while a full detector simulation is performed here. The previous
study found that the discovery limit for charged Higgs bosons at CLIC
lies around 1.2 TeV over the whole range of tanβ values, for an integrated
luminosity of 3000 fb−1, as shown in Fig. 1.1. In that study only the decay
modes with Standard Model particles in the final state, H+

H
− → tbtb and

H
+
H

− → tbτντ , were considered.
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Figure 1.1: Discovery limit for charged Higgs bosons at CLIC in the previous
study [2].

1.2 Structure of this thesis

The thesis is organized as follows: chapter 2 contains an introduction to the
theoretical framework used in this thesis and a presentation of the bench-
mark points. Chapter 3 describes the experimental conditions at CLIC and
how these are simulated. In chapter 4 the reconstruction of charged Higgs
bosons is studied and different algorithms for top tagging in charged Higgs
boson decays are tested. Chapter 5 presents methods for measurement of
the mass, decay width and branching ratio which will be tested on simula-
tions with background when these become available. Results for top tagging
are also presented. Finally, in chapter 6 a summary is given and possible
extensions are presented.



Chapter 2

The Standard Model and

beyond

2.1 The Standard Model

The so far very successful model for describing elementary particles and their
interactions through the electromagnetic, weak and strong forces is called
the Standard Model. It was developed in the 1960s and 1970s. To this day
all experimental data, except neutrino oscillations (for a review, see e.g. [3]),
support the model with very high accuracy. For a detailed introduction of
the Standard Model, see Ref. [4].

In the Standard Model there are two types of particles; fermions and
bosons. Fermions carry a spin 1

2 and bosons carry a spin 1. There are
two types of fermions, leptons and quarks, arranged in three generations
of increasing mass as summarized in Table 2.1, where a row corresponds
to particles with the same charge. Bosons are also divided into two types:
gauge bosons, which are the mediators of the fundamental forces in the
theory, and the Higgs boson which is needed in order to generate mass for
the other particles. To each of these particles there is a corresponding anti-
particle with the same mass but opposite electric charge.

There are 12 leptons in the model; the electron, the muon and the tau,
all carrying an electric charge -1, their corresponding neutral neutrinos and
the anti-particles of each of these particles. Each generation of leptons has
a quantum number associated with it called electron number, muon number
and tau number respectively.

There are six flavors of quarks (up, down, charm, strange, bottom and
top) which are also divided into three generations. Each quark carries a
so-called color charge (red, green or blue) and each anti-quark carries an
anti-color (anti-red, anti-green or anti-blue). Quarks are also charged in
units of one third of the elementary charge, e.

For each of the fundamental forces there is at least one gauge boson.

3



4 CHAPTER 2. THE STANDARD MODEL AND BEYOND

The electromagnetic force is mediated by massless photons, the weak force
is mediated by heavy W

± and Z bosons and the strong force is mediated
by massless gluons. The gluons, W and Z bosons can interact through the
force which they are mediating, while the photon does not interact electro-
magnetically.

The ranges of the three fundamental forces in the Standard Model are
very different. This can be explained through the energy-time uncertainty
relation ∆E∆t ≥ �/2 where ∆E is the uncertainty in the energy. Rewritten
as ∆E ≥ �/2∆t it can be interpreted as follows: it is not possible to verify
energy conservation to a higher degree of accuracy than �/2∆t where ∆t

is the measurement time. As a result of this, force carrying particles can
exist for a limited amount of time even if their existence violates energy
conservation in the classical sense. Assuming that the borrowed energy is
∆E = mc

2 and that we make the best measurement possible the relation
reads mc

2∆t = �/2. To get an upper limit on the distance travelled, r, it
is assumed that the particles have the speed of light c, giving ∆t = r/c.
Putting all of this together gives an approximation on the range of a force
mediated by a particle of mass m which is r = �/2mc. From this it is clear
that the weak force gets a short range since the mass of the W and Z bosons
are 80.4 GeV and 91.2 GeV respectively, which under the assumptions above
give ranges of the order of 10−18 meters. In contrast, the massless photon
has an infinite range. Although massless the range of the gluons is still small
due to color confinement, see below.

Similarly to how the electric charge is the source for the electromagnetic
interaction, the color charge acts as a source for the strong interaction. Lep-
tons do not carry color and do not interact strongly. Another distinction
between leptons and quarks related to color is that while leptons can be
observed as free particles, quarks can not. This is a result of the concept of
color confinement, which states that each object consisting of colored ele-
mentary particles must be color neutral. A color and its anti-color or a red,
green, blue triplet or a anti-red, anti-green, anti-blue triplet are considered
as color neutral and are thereby observable objects. An object consisting of
three quarks is called a hadron and an object consisting of a quark and an
anti-quark is called a meson.

Table 2.1: Generations of matter.

1st 2nd 3rd

Quarks
u c t

d s b

Leptons
e µ τ

νe νµ ντ
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2.2 Lagrangian densities and the gauge principle

The Standard Model is written in the language of relativistic quantum field
theory. The particles are described by fields φi = φi(x, y, z, t), the properties
and interactions of which are described by Lagrangian densities L. Since the
theory is relativistic the space and time coordinates must be treated equally
in L which is therefore a function of the fields and their derivatives with
respect to x, y, z and t. From now on coordinates and derivates are written
using the notation

x
µ = (x, y, z, t); ∂µ =

∂

∂xµ
µ = 1, 2, 3, 4. (2.1)

When omitting all the interaction terms of the theory, the Lagrangian
describes free particles. The interaction terms can then be generated from
this free Lagrangian by demanding local gauge invariance. Local gauge
invariance states that the physical significance of the solutions to an equation
should be invariant under certain local symmetry transformations. This
principle can be used to generate all fundamental forces in the Standard
Model [5].

To demonstrate the mathematics behind symmetry transformations and
the gauge principle let’s look at the Dirac Lagrangian, first for a single field
and later for three fields. The single field Lagrangian is (with � = c = 1)

L0 = iψ̄γ
µ
∂µψ −mψ̄ψ (2.2)

which is clearly invariant under the global transformation ψ
� = ψe

−iα. It is
however not invariant under the local transformation ψ

� = ψe
−iα(x) since

∂µ(ψe
−iα(x)) = (∂µψ)e

−iα(x) − ψe
−iα(x)

i∂µα(x) (2.3)

where the second term destroys the invariance. Since the gauge principle
demands local gauge invariance the Lagrangian has to be modified in order
to eliminate the second term as follows:

L1 = (iψ̄γµ∂µψ −mψ̄ψ)− 1

16π
F

µν
Fµν + gψ̄γ

µ
ψAν (2.4)

where Aµ is a vector field which transforms according to A�µ = A
µ− 1

g
∂
µ
α(x)

under local gauge transformation and F
µν = ∂

µ
A

ν−∂
ν
A

µ. This Lagrangian
is locally gauge invariant. One often introduces the covariant derivative
Dµ = ∂µ − igAµ which gives

L = (iψ̄γµDµψ −mψ̄ψ)− 1

16π
F

µν
Fµν . (2.5)

The last term in this Lagrangian is the free term of the vector field A
µ taken

from the Lagrangian for a spin-1 field,

L2 = − 1

16π
F

µν
Fµν +

1

8π
m

2
AA

ν
Aν . (2.6)
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The mass mA must be equal to zero since it would otherwise destroy local
gauge invariance. The final locally gauge invariant Lagrangian can be in-
terpreted as a spinor, an electromagnetic field and their interactions. The
coupling strength is g. Demanding local gauge invariance led to the inclusion
of the electromagnetic interaction and the photon field Aµ. The transforma-
tions ψ

� = ψe
−iα(x) belong to a group of transformations called U(1) since

they are represented by unitary transformations described by a 1x1 matrix.
For two spin-12 fields of equal mass the Lagrangian is

L3 = iψ̄1γ
µ
∂ψ1 −m1ψ̄1ψ1 + iψ̄2γ

µ
∂ψ2 −m2ψ̄2ψ2 = iψ̄γ

µ
∂ψ − ψ̄mψ (2.7)

where

m = m1 = m2 and ψ =

�
ψ1

ψ2

�
. (2.8)

In this context the requirement of local gauge invariance translates into
an invariance under locally varying unitary transformations with determi-
nant one, a group of transformations known as SU(2). Any such transfor-
mation can be written as

ψ
� = ψe

−iα(x)·σ (2.9)

where σj represents the Pauli spin matrices. To ensure that equation (2.7)

is locally gauge invariant three gauge fields A
j
µ, j = 1, 2, 3 are introduced.

The final gauge invariant Lagrangian is then

L4 = (iψ̄γµ∂µψ −mψ̄ψ)− 1

16π
F

µν

j
F

j

µν + gψ̄γ
µ
σjψA

j

µ. (2.10)

The three fields Aµ in SU(2) must, just as in the U(1) case, be massless.
This prevents interpreting them as the three gauge bosons of the theory of
weak interactions.

2.3 Electroweak theory

As previously stated, all interactions in the Standard Model can be deter-
mined from the gauge principle. In the case of the electroweak theory, the
unification of the electromagnetic and weak forces is obtained by demanding
both local SU(2) and local U(1) symmetry.

The examples above showed how the local U(1) symmetry gives rise
to Quantum Electrodynamics (QED) and how the local SU(2) symmetry
resulted in a theory with three gauge bosons. Both of the above examples
require that the gauge fields are massless and for the weak interaction this is
not the case: both W

± and Z are massive. There is also a problem related
to the mass of fermions which is discussed in the case of electrons below.
Both issues can be resolved through the Higgs mechanism. This section and
the next are based on [6].



2.3. ELECTROWEAK THEORY 7

2.3.1 The Higgs mechanism

The Higgs mechanism uses spontaneous symmetry breaking to generate
masses for the gauge bosons of the weak force. By spontaneous symmetry
breaking it is meant that the Lagrangian is symmetric under some opera-
tions while the vacuum state of the Lagrangian is not. In the electroweak
case, the Lagrangian is symmetric under U(1)Y ×SU(2)L but this symmetry
is spontaneously broken to a U(1)EM symmetry in the ground state.

The Higgs mechanism works by introducing a SU(2)L doublet of scalar
fields with a weak hypercharge Y=1

Φ =

�
φ
+

φ
0

�
=

1√
2

�
φ1 + iφ2

φ3 + iφ4

�
(2.11)

with the Lagrangian

L0 = (∂µΦ
†)(∂µΦ) + µ

2Φ†Φ− λ

4
(Φ†Φ)2. (2.12)

The Lagrangian is invariant under the global symmetry U(1)Y ×SU(2)L. To
promote this invariance to a local U(1)Y ×SU(2)L invariance it is convenient
to introduce

Dµ = ∂µ − igσ ·W µ/2− ig
�
Y Bµ/2 (2.13)

F µν = ∂
µW ν − ∂

νW µ − gW µ ×W ν (2.14)

and
G

µν = ∂
µ
B

ν − ∂
ν
B

µ
. (2.15)

This gives the locally gauge invariant Lagrangian

L = (DµΦ)
†(DµΦ) + µ

2Φ†Φ− λ

4
(Φ†Φ)2 − 1

4
F µν · F µν − 1

4
G

µν
Gµν . (2.16)

where the second and third term can be interpreted as a potential. The
minimum of this potential is given by the condition

Φ†Φ = 2µ2
/λ ≡ v

2
/2. (2.17)

The minimum corresponds to the vacuum expectation value �Φ� which
should be electrically neutral. The conventional choice is

�Φ� =
�

0
v/

√
2

�
. (2.18)

Expanding the field around this minimum to see the physical particles,
one can write:

Φ =
1√
2

�
φ1(x) + iφ2(x)

v + h(x) + iφ3(x)

�
= e

(−iθ(x)·σ) 1√
2

�
0

v + h(x)

�
(2.19)
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In view of the last expression for Φ it is clear that it is possible to choose a
suitable SU(2) gauge, called the unitary gauge, in which

Φ =
1√
2

�
0

v + h(x)

�
. (2.20)

In this gauge masses are generated for only three of the gauge bosons
according to

W
±
µ =

1√
2

�
W

1
µ ∓ iW

2
µ

�
,mW =

1

2
gv (2.21)

Zµ =
gW

3
µ − g

�
Bµ�

g2 + g�2
,mZ =

1

2

�
g
2 + g

�2�1/2
v (2.22)

Aµ =
g
�
W

3
µ + gBµ�
g2 + g�2

,mγ = 0. (2.23)

The remaining symmetry of the vacuum is U(1)em, that is invariance is
achieved under the symmetry operation

�Φ� → �Φ�� = e
Qf(x)�Φ� = �Φ� (2.24)

where the generator of the group is the electric charge Q, defined as

Q = σ3/2 + Y/2. (2.25)

For further discussions on extended Higgs sectors it is convenient to look
at what has been done above in terms of degrees of freedom. The Higgs
doublet introduced above has four degrees of freedom, out of which one is
left as a physical Higgs boson. The other three degrees of freedom have been
absorbed by the W and Z bosons through the choice of the unitary gauge,
giving them mass.

2.3.2 Fermion masses

The leptons in the Standard Model are eigenstates to the chiral operator.
The left-handed leptons are part of an SU(2) isodoublet while the right-
handed ones are SU(2) singlets. Since mass terms of the Dirac equation are
of the form mf̄f = m(f̄RfL + f̄LfR) and the fR and fL states do not trans-
form in the same way these terms are not gauge invariant. This difficulty is
resolved by introducing a Yukawa coupling to the Higgs field Φ introduced
above.

To illustrate let’s look at the SU(2)L doublet containing the electron
and its neutrino

le =

�
νe

e
−

�
. (2.26)
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We introduce the coupling to the Higgs doublet

L = −ge

�
l̄eΦeR + ēRΦ

†
le

�
(2.27)

which is invariant under SU(2)L. Inserting the vacuum expectation value
of the Higgs doublet yields

L = −ge
v√
2
(ēLeR + ēReL) (2.28)

which can be interpreted as a Dirac mass term with me = gev/
√
2.

In a similar way the masses of the other fermions can be included in the
theory, each with a specific coupling parameter g. The masses of down type
fields, such as the left-handed neutrino, are generated by using the charge
conjugate field of Φ, ΦC = iσ2Φ∗. Since the masses of the Standard Model
are so different these coupling parameters span many orders of magnitude.

2.3.3 Issues with the Higgs bosons

The Higgs mechanism described above is so far only a theoretical prediction
since no Higgs boson has been observed experimentally. While it solves
theoretical difficulties related to mass terms, its introduction also carries
with it some issues which make the model less compelling. One of them
is the inclusion of a lot of independent parameters in the Higgs coupling
to fermions. Another comes from the large higher order corrections to the
Higgs mass. In order to keep the Higgs mass low, the bare mass of the
Higgs boson must be carefully adjusted. The nature of this fine tuning is
such that the bare mass has to be adjusted to cancel contributions to the
mass which are several orders of magnitude larger than the effective mass.
This is known as the fine tuning problem.

Searches for the Higgs boson has limited the mass range to values larger
than 114.4 GeV, at LEP [7], and outside the range from 158 to 175 GeV, at
the Tevatron [8], at 95% confidence level.

2.4 Supersymmetry and extended Higgs sectors

Supersymmetry is a model which goes beyond the Standard Model. In
Supersymmetry there are additional particles such that for each fermion in
the Standard Model there is a bosonic superpartner (called sfermion) and
vice versa. The superpartners of the electroweak and Higgs bosons mix into
charginos and neutralinos.

The theoretical framework of this thesis is the Minimal Supersymmetric
Standard Model (MSSM). It is the minimum extension to the Standard
Model which realizes Supersymmetry. MSSM offers a natural solution to at
least three different issues with the Standard Model:
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• The fine tuning problem

• Dark matter

• Gauge coupling unification

The fine tuning problem was discussed in section 2.3.3. In the MSSM
this issue is resolved by the fact that fermion and boson radiative corrections
to the Higgs mass have opposite sign and cancel if the mass splitting between
the SM particles and their superpartners is not too large.

If R-parity, defined as R = (−1)2s+3B+L where s is the spin, B is the
baryon number and L the lepton number, is conserved the lightest super-
partner can not decay and thus offers a candidate for dark matter.

If the mass of the superpartners are not too heavy the gauge couplings
of the electromagnetic, weak and strong force unify at high energies.

2.4.1 The Higgs sector in the MSSM

In the discussion of the Higgs mechanism above, one doublet of complex
scalar fields was used. It is also possible to construct models in which two
or more such doublets are introduced. This is also a requirement in the
MSSM. In this type of model the number of degrees of freedom introduced
through Higgs doublets is 8, twice as many as for one doublet. The W and
Z bosons acquire mass in a similar way as they did when using a single
doublet using three degrees of freedom. This leaves 5 physical Higgs bosons,
h
0, H0, A0 and H

±. The two charged Higgs bosons have the same mass
while the other neutral Higgs bosons do not.

There are two reasons why two Higgs doublets are needed in Supersym-
metry. One is that, if there is only one Higgs boson, the theory becomes
non-renormalizable and the other is that the Lagrangian must be written as
an analytic function of the fields which prevents using the charge conjugate
field to generate mass for down type fermions. Thus two Higgs doublets are
introduced, Hd and Hu, with hypercharge -1 and +1 respectively. The two
doublets are

Hd =

�
H

0
d

H
−
d

�
Hu =

�
H

+
u

H
0
u

�
. (2.29)

Both of these have non-zero vacuum expectation values

�Hd� =
1√
2

�
vd

0

�
�Hu� =

1√
2

�
0
vu

�
. (2.30)

An important parameter is the ratio between the two vacuum expectation
values, usually denoted tanβ which is defined as:

tanβ ≡ vu

vd
. (2.31)
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One mass parameter and tanβ determine the masses of all five Higgs bosons
at tree level. The mass parameter is often taken to be mA. The mass of the
charged Higgs bosons are then given by

m
2
H± = m

2
A +m

2
W . (2.32)

The masses of the neutral Higgs bosons are determined at tree level by the
relation

m
2
H,h

=
1

2

�
m

2
A +m

2
Z ±

��
m

2
A
+m

2
Z

�2 − 4m2
A
m

2
Z
cos2 2β

�
. (2.33)

The tree level Higgs sector in the MSSM is determined by tanβ and one
Higgs boson mass. These two parameters do not put a lot of constraints on
the MSSM parameter space and it is therefore possible to have a wide range
of models with the same Higgs sector. It is also possible to construct non-
Supersymmetric models with an extended Higgs sector. However, SUSY is a
well motivated extension of the Standard Model and this justifies the choice
of working within a Supersymmetric model. The results can be translated
to a non-Supersymmetric model with two Higgs doublets. These models are
usually referred to as two Higgs doublet models (2HDM).

2.5 Benchmark points

The benchmark points considered in this thesis can be found in Table 2.2.
They are chosen among the benchmark points for the upcoming CLIC con-
ceptual design report.

As mentioned above the theoretical framework used in this thesis is the
MSSM. Furthermore, the benchmark point SUSY01 is also compatible with
the constrained MSSM (cMSSM). In the cMSSM the gauge couplings unify
at a scale MGUT � 1016 GeV [6]. In order to accomplish this there are
constraints on the parameters at the unification scale so that only four pa-
rameters and a sign are needed in addition to the SM parameters.

The relation with dark matter mentioned previously has been taken into
consideration in the benchmark points. The parameter values are consistent
with the dark matter density as measured by the WMAP satellite [9] if dark
matter is made of the lightest neutralino. In this context the decay width
and mass of the neutral Higgs bosons are important for the annihilation rate
of the lightest neutralino to SM particles [10]. The dependence of the error
in the dark matter relic density depending on how well mA is determined is
given in Fig. 2.1.

Charged Higgs bosons can be pair produced in an e
+
e
− collision through

the exchange of a virtual photon or Z boson [12], the tree-level Feynman
diagram is shown in Fig. 2.2(a). The cross section is model dependent
and values for the benchmark points are given in Table 2.2. The main decay
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Table 2.2: Benchmark point parameters and corresponding Higgs boson
masses, cross sections and branching ratios. Since SUSY02 is chosen in the
cMSSM only four parameters and a sign are needed.

Model: SUSY01 SUSY02
Parameters

M1 (GeV) 780
M2 (GeV) 940
M3 (GeV) 540
A0 (GeV) -750 0
m0 (GeV) 303 966
m1/2 (GeV) 800

tanβ 24 51
µ + -

mtop (GeV) 173.3 173.3
Higgs boson masses

h
0 (GeV) 119.13 118.52

H
0 (GeV) 902.4 742

A
0 (GeV) 902.6 742.8

H
± (GeV) 906.3 747.6

Cross sections
σe+e−→H+H− (fb) 1.12 1.84
Branching ratios

H
± → tb 0.15 0.14

H
± → τντ 0.85 0.86

Decay widths
ΓH± (GeV) 20 20
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Figure 2.1: Relative error in calculated dark matter relic density when vary-
ing the mass mA0 around its value in the benchmark point SUSY02. The
calculations are performed under the assumption that dark matter is made
of the lightest neutralino and that it annihilates through the neutral Higgs
boson A

0. It is clear that a precise measurement of mA0 provides a good
test for this hypothesis. From [11].

channels of the charged Higgs boson for the benchmark points areH± → τντ

and H
± → tb. In this thesis the focus is mostly on the tb decay and more

specifically when the top quark decays fully hadronically: t → Wb → qqb.
The Feynman diagram for a fully hadronically decaying H

+ is shown in Fig.
2.2(b)

e
+

e
−

H
+

H
−

γ, Z∗

(a)

H
+

b̄

t
W

+

b

q

q

(b)

Figure 2.2: Feynman diagrams for charged Higgs boson pair production at
CLIC and for a hadronically decaying H

+.

The probability for fully hadronic charged Higgs boson decay is deter-
mined by BR(H± → tb), BR(t → Wb) and BR(W± → qq). The top quark
decays almost exclusively to a W boson and a b-quark. The branching ratio
of the W decay to a pair of quarks is 68%. Thus the probability for one
charged Higgs boson to decay hadronically is:

P (H± → qqbb) ≈ BR(H± → tb)× 0.68. (2.34)
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The probability for two charged Higgs bosons to decay hadronically is the
square of this:

P (H+
H

− → qqqqbbbb) ≈ BR(H± → tb)2 × 0.682. (2.35)

The branching ratio for charged Higgs boson decay to tb and τντ depends
on which model that is considered and the values for the two benchmark
points are given in Table 2.2.

The cross sections for SUSY particles at CLIC are shown in Fig. 2.3 and
the cross sections for relevant Standard Model backgrounds at

√
s = 3 TeV

are given in Table 2.3.
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Figure 2.3: Cross sections for SUSY processes at CLIC as a function of the
centre-of-mass energy at benchmark point SUSY02. From [13].

Table 2.3: Cross sections for Standard Model backgrounds at
√
s = 3 TeV.

Process σ (fb)
W

+
W

− 464.9
Z

0
Z

0 26.9
bb̄bb̄ 0.4

W
+
W

−
Z

0 32.8
Z

0
Z

0
Z

0 0.4



Chapter 3

CLIC

The energy range of up to a few hundred GeV has been extensively explored
by both hadron-hadron and e

+
e
− colliders. The Large Hadron Collider is a

proton-proton collider operating in the TeV range. Despite a great discovery
potential, it is not expected that the LHC will exhaustively explore TeV-
scale physics. Instead it seems likely that, if new physics is discovered at the
LHC, a future e+e− collider will be used to perform precision measurements
along with possible new discoveries.

There are several ways in which lepton and hadron colliders complement
each other. One is that most interactions in a hadron collider are mediated
by the strong force, while leptons can not interact strongly. Another one is
that when hadrons collide it is actually the partons that interact and the
energies of the interacting partons are not the same as the energies of the
hadrons. This leads to an uncertainty in the experimental conditions in the
form of parton density functions that one must fold with the cross sections.
Also, the partons which are not involved in the hard collision contribute
as background to the event. In contrast, a future lepton collider could be
used to study particles that interact through the electroweak interaction
and, since fundamental particles are collided, a much cleaner environment is
achieved, enabling precision measurements of known or new particles. Two
e
+
e
− colliders under development are the Compact Linear Collider (CLIC)

and the International Linear Collider (ILC). A previous evaluation of the
physics potential at CLIC can be found in [14].

CLIC is a linear e
+
e
− collider being developed by CERN and several

collaborating universities. In the current design [1] CLIC features a center
of mass energy of 3 TeV with a luminosity of 5× 1034 cm−2s−1. It is based
on a two-beam accelerator technology with a main beam and a drive beam.
The radio frequency power used to accelerate the high-energy, low current
main beam is extracted from the low-energy, high current drive beam. The
frequency of the drive beam is 12 GHz and accelerating gradients of up to
100 MV/m can be achieved.

15
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One of the reasons to build a linear accelerator as opposed to a circular
accelerator is that when the trajectory of a charged particle is curved, it
emits synchrotron radiation. The power loss due to this radiation increases
with energy and is inversely proportional to the mass of the particle and
the radius of the accelerator. As the energy increases having a circular
configuration becomes increasingly expensive in terms of energy loss and
this is especially true for light particles. Increasing the curvature of the
beam path decreases the energy loss, in turn making a linear configuration
ideal in this respect.

Figure 3.1: CLIC general layout from [15]

3.1 Beam-beam backgrounds at CLIC

Due to energy losses prior to the collision, the electrons and positrons do not
collide exactly at the centre of mass energy for which CLIC is designed. Two
sources of energy loss are initial state radiation (ISR) and beamstrahlung.

ISR is the process where the incoming e
+ and e

− radiate photons before
the collision, thus reducing the energy of the particles.

When the positron and electron beams collide, the electromagnetic field
of one beam bends the opposite beam towards its center, this is called the
pinch effect. The pinch effect leads to the emission of beamstrahlung pho-
tons, comparable to synchrotron radiation, which reduces the energy of the
colliding particles. The photons created in this way are involved in several
processes which contribute to the background in the collisions [16, 17].
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3.1.1 Effect on the collision energy

The energy loss due to ISR and beamstrahlung means that the center of mass
energy of the colliding electron and positron beams is not always exactly 3
TeV. With the 2008 parameter set the expected luminosity within 1% of the
design energy is 2 × 10−34 cm−2s−1 which is about one third of the total
luminosity, equal to 6 × 10−34 cm−2s−1. The combined effect of ISR and
beamstrahlung on the center of mass energy spectrum is shown in Fig. 3.2.
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Figure 3.2: Relative center of mass energy spectrum including ISR and
beamstrahlung, from [18].

3.1.2 Background from beamstrahlung

Electron-positron pairs can be created from a photon in the presence of a
strong electromagnetic field. This process is called coherent pair creation.
The energy of these coherent pairs peak at ∼ 100 GeV but can be as high
as the center of mass energy. Coherent pairs initially have small angles with
respect to the beam axis. However, the positrons created in the electron
beam may be deflected by the positron beam during the collision. Since the
energies of the coherent pairs are usually quite low the angle after deflection
can be large. The expected number of coherent pairs per bunch crossing
is 38 × 107, approximately one order of magnitude less than the number
of particles per bunch which is 3.72 × 109 in the 2008 parameter set. This
number of pairs is large enough to increase the e

+
e
− luminosity by some

percent, and it will also contribute to e
−
e
−, e+e+ and e

−
e
+ (electron from

positron beam and vice versa) luminosity.
Incoherent pairs are created by the interaction between two photons

which can be either virtual or real. The main processes are γγ → e
+
e
−,
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eγ → e
+
e
− and ee → ee(e+e−). The expected number of coherent pairs per

bunch crossing is 3×105. Most of the particles are created with small angles
with respect to the beam and may be deflected to larger angles just as the
coherent pairs. Some of the particles created at large angles can contribute
to background in the detector, which constrains its design.

A considerable source of beam-beam induced background is γγ →hadrons
where the colliding photons come from beamstrahlung. With the current
parameter set 3.3 hadronic events per bunch crossing with Eγγ > 3 GeV are
expected, where Eγγ is the center of mass energy of the two photon system.
The time between two consecutive bunch crossings at CLIC is 0.5 ns which
is much smaller than the time resolution of any current or foreseen detector
technology. To account for this the hadronic background from several bunch
crossings must be overlaid onto the signal.

3.2 Detector

A typical detector used for high energy physics experiments is composed
of several subdetectors, each with a different task. Normally, the different
subdetectors are organized as follows, from the innermost to the outermost
layers: a vertex detector and a tracker, calorimeters and a muon system.

The inner detector measures tracks from charged particles. A magnetic
field over the vertex tracker curves the trajectories of the charged particles
thus making it possible to identify the particle and measure its momentum.

Calorimeters measure the energy of the particles. There are usually two
types of calorimeters, the Electromagnetic Calorimeter (ECAL) and the
Hadron Calorimeter (HCAL). The ECAL measures the energy of electrons,
positrons and photons while the HCAL measures the energy of charged and
neutral hadrons.

The muon system is designed to measure the momentum of muons, which
pass through the other detectors, using their tracks, thereby complementing
the measurement performed in the inner detector.

Neutrinos are not detected by these detectors due to their weak interac-
tions. Instead they are measured using missing transverse energy.

3.3 Simulations

All data used in this thesis was provided by CLIC physics team. The event
generators used to simulate the events are PYTHIA 6.125 [19]. The sim-
ulations were performed centrally in order to coordinate with other CLIC
studies. The simulation of the background and of events with hadronic back-
ground overlaid was delayed and therefore could not be considered in this
thesis.
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Beam-beam interactions are simulated with GUINEA-PIG. The output
from GUINEA-PIG which is used for our simulations consists of the energies
of the two colliding particles and the γγ pairs which give rise to hadrons.
CALYPSO is then used to interface the energy distribution of the colliding
beams with the event generators. The beams are assumed to be unpolarized.
The simulation of the γγ → hadrons background is performed using the γγ

pairs from GUINEA-PIG. HADES is used to interface these to PYTHIA
which is used for generation of the hadronic events. The hadronic cross
sections are modeled according to [20]. The hadrons are then passed through
the full detector simulation, see below, and overlaid onto the particles from
the primary collision before reconstruction using the LCIO package [21]. The
number of hadronic events to be overlaid depends on the time resolution of
the detector.

The simulated events are processed through a full detector simulation.
The detector model used here is a version of the International Large De-
tector (ILD) [22] which has been modified for physics at CLIC. The tracker
used is a combination of a Time Projection Chamber and a Silicon Vertex
Tracker. The tracker has a momentum resolution δp/p

2 = 2× 10−5 GeV−1

and a impact parameter resolution σRΦ = 5 ⊕ 15
pT (GeV ) µm. The detector

simulation is performed using the GEANT4-based MOKKA program [23]
and the reconstruction is done with processors to MARLIN [24]. The ener-
gies of the particles in the event are reconstructed using the PandoraPFA
particle flow algorithm [25], see below.

The coordinate system used here has the z-axis along the beam pipe
with the positive direction along the electron path. It is useful to introduce
a coordinate system which describes four-vectors through the pseudorapidity
η, the polar angle in the transverse plane φ, the transverse momentum pT

and the mass m. Pseudorapidity is defined as η = − ln(tan(θ/2)) where θ is
the angle between the beam pipe and particle momentum.

3.3.1 Particle flow algorithm

The traditional way of measuring the energy of electromagnetic showers
and hadronic jets in an event is to use the Electromagnetic Calorimeter
(ECAL) and the Hadron Calorimeter (HCAL). Individual particles are not
resolved and the accuracy of the measurement is limited by the calorimeter
resolutions.

At CLIC a different approach is being evaluated, the so-called Particle
Flow (PFlow) approach to calorimetry. In this approach the four vector
of each visible particle in an event is reconstructed in a way which tries to
minimize the impact of the calorimeter performance.

In the PFlow approach only neutral hadron energies are measured in
the HCAL and only photon energies are measured in the ECAL. Charged
particle momenta are measured in the tracker where they are also identified,
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which enables full reconstruction of the four vector. In this way the impact
of the calorimeter performance is minimized.

Since the energies of the charged particles are measured using the tracker,
the energy deposited by charged particles in the calorimeters have to be
removed. This is a challenge. If too much energy is removed from the
calorimeters, a nearby neutral particle might not be reconstructed, or it
might be reconstructed with a too low energy. Also, if some energy is left
after removal of the contribution of charged particles, then it might be in-
terpreted as a neutral particle which is not there. This confusion sets the
limit for the performance of PFlow. Correctly assigning energy deposits
in the calorimeters to the reconstructed particles requires high granularity
calorimeters and an effective algorithm.



Chapter 4

Charged Higgs boson

reconstruction

The main process explored in this thesis is when a charged Higgs boson pair
is created in the e

+
e
− collision and where both H

+ and H
− subsequently

decay hadronically: H
± → tb → Wbb → qqbb. The two charged Higgs

bosons are produced back to back since the total transverse momentum in
the centre-of-mass frame is zero. Since the mass of the charged Higgs bosons
uses a large part of the collision energy, it is not likely that they are created
with high momentum, hence the decay products should not be collimated
along the charged Higgs boson direction.

In this chapter, studies of how to best reconstruct hadronically decaying
charged Higgs boson pairs are presented. The work is done at benchmark
point SUSY01 where mH± = 906.3 GeV. There is also a section which deals
with top-jet tagging in the hadronic charged Higgs boson decay. Most of
the work is done at generator level, so no detector effects are included at
this stage and there is no background. At generator level a sample of 3,000
e
+
e
− → H

+
H

− events is used. Out of these events 954 decay in the desired
way. This is expected since BR(H± → tb) ≈ 0.85 and using eq. (2.35)
approximately 30% of fully hadronic H

+
H

− events are expected.

In each event all final state particles, except neutrinos, are clustered into
jets with the kt algorithm [26] using Fastjet [27]. In this thesis, a lot of focus
is put on the number of jets used in order to optimize the reconstruction.
The clustering is done by forcing 4, 6 or 8 jets. Whenever a jet is compared
with its parton the jet-parton assignment is done by minimizing the distance
in the ηφ-plane between jets and partons.

In order to determine the mass of the charged Higgs bosons, the mass of
the jets and system of jets, obtained by simply adding the four vectors, are
used. This is defined as m =

�
E2 − p2 where E is the energy and p is the

momentum of the jet or system of jets. The mass measurement is performed
by trying to pair the correct jets in order to recover jet systems which repre-

21
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sent the hadronically decaying charged Higgs bosons. Varying the number
of jets corresponds to trying to reconstruct the event at various stages in
the charged Higgs boson decay. When forcing 4 jets, these represent the tbtb
from the charged Higgs boson decays. When forcing 6 jets, these represent
WbbWbb after the decay of the two top quarks decays. When forcing 8 jets,
these represent the final state: bbqqbbqq. An 8 jet reconstruction was suc-
cessfully used in a previous study of heavy charged Higgs bosons at CLIC
in Ref. [2].

For simplicity we sometimes refer to, for example, the top-jet in events
reconstructed by forcing 6 jets even though there is no such jet. What is
meant by this is that the correct b-jets and W-jets out of the 6 jets have
been paired forming a combined four vector which is treated as a top-jet.

4.1 Jet reconstruction

In the process of interest there are 8 quarks in the final state. Due to color
confinement the quarks, as well as the gluons which they emit, can not be
observed directly. Instead, what is detected is a collection of particles in the
final state which can be taken to represent the initial quarks through the
concept of jets. A jet is made out of particles which are roughly collinear. On
the parton level, the gluons emitted by the quarks have a high probability
to move in roughly the same direction as the original quark. From the
quark and gluon interactions hadrons are created and these will also be
moving roughly collinear with the original quark. This process is called
hadronization or fragmentation.

The top quark decays too fast to hadronize. In the Standard Model the
top quark decays to a W boson and a bottom quark in 99.8% of the cases.
In the process of interest the W boson then decays into two lighter quarks.
The top quark produced in the decay of a charged Higgs boson with a mass
of several hundred GeV is boosted and the decay products have low masses
compared with the top quark. Therefore, the decay products do not spread
very far from the direction of the top quark. This means that it might still
be possible to represent the top quark with a single jet.

A hadron which contains a b-quark is called a b-hadron. The lifetime
of b-hadrons is such that they often travel a short distance before decaying.
The particles created in the decay will therefore not be originating from the
primary vertex of the collision. This means that there is often a secondary
vertex and this information can be used for b-tagging. For information on
b-tagging at an ILC detector see Ref. [28].

4.1.1 Jet mass

A possible way to associate jets with partons is to look at the mass of the
jets. Fig. 4.1 shows those obtained when forcing 4, 6 or 8 jets.
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Figure 4.1: Jet mass when forcing the reconstruction of 4, 6 and 8 jets,
indicating that mass is often not a good way to associate the jets with the
original particle. Jets obtained when forcing 4, 6 and 8 jets are shown
as solid, dashed and dotted lines respectively. (a) b-jets coming from the
decaying H

±. (b) top-jets. (c) W-jets coming from the decaying top. (d)
b-jets coming from the decaying top.

Fig. 4.1(a) and 4.1(d) clearly shows that the jets corresponding to b-
quarks rarely have the mass of a b-quark. Some b-jets have masses which
are in the top mass range and higher. The fewer jets in the event the more
mass the b-jets may acquire.

In Fig. 4.1(b), showing the top-jet mass, the peak around the top mass
contains about the same number of events for 4, 6 and 8 jets. In the 4 jet
spectrum a peak around the W mass can be seen indicating that the W

decay products are sometimes clustered into a single jet when forcing 4 jets.
This is not the case in the 6 and 8 jet mass spectra.

Fig. 4.1(c) shows the W-jet mass for 6 and 8 jets. Fig. 4.1(d) shows the
mass of the b-jet where the corresponding b-quarks comes from decaying
top quarks. It is clear that when forcing 6 jets the top decay is not split
into jets having the W boson and b-quark masses. When forcing 8 jets the
W and bottom peaks are much more prominent which indicates that it is
possible to resolve the jets from each parton.
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Jet mass can be used to discriminate between b-jets and top-jets in some
events. However, the discriminating power is low and it is not a good idea
to base too much of the analysis on jet mass.

4.1.2 Energy resolution

As a measure of how well the jets represent partons when using 4, 6 and 8
jets the energy resolution of the jets with respect to the partons is studied.

Fig. 4.2 shows the energy resolution of the b-jets and top-jets, coming
from H

± decay. The figures show that there are only small differences when
varying the number of jets.
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Figure 4.2: Comparison of the jet energy resolution for the charged Higgs
boson decay products when forcing 4, 6 and 8 jets at generator level and 4
jets using full simulation. (a) and (b) b-jets coming from the H± decays. (c)
and (d) top-jets coming from H

± decays. In (a) and (c) the reconstruction
is performed forcing 4 jets at generator level (solid line) and using full simu-
lation (dashed line). In (b) and (d) the reconstruction is performed forcing
6 (dashed line) and 8 (solid line) jets, both at generator level. A top-jet
when forcing 6 or 8 jets means that the correct jets have been paired.

Forcing 4 jet reconstruction gives a top-jet energy resolution with a tail
towards smaller jet energies. This could be due to the fact that the top
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decay is not always collimated and therefore it is sometimes not possible
to consider the top decay products as a single jet. Forcing 6 jets gives a
top energy resolution which is centered around the top-jet energy. Forcing
8 jets gives too large jet energy. This is probably a result of collimated
top decays which would make it more appropriate to treat the top decay
products as a single jet. The b-jet energy resolutions show a tail towards
low jet energy. The tail grows as the number of jets increases, which is
natural in the sense that more of the b-quark energy is split between jets
when the distance between jets becomes smaller. When going from generator
level to full simulation the jet energy resolution is only slightly affected.

To quantify the differences in jet energy resolution, RMS90 of the dis-
tributions is studied. RMS90 is the root mean square of 90% of the events
which are closest to the mean value. The results are summarized in Table
4.1. Using this measure the generator level and full simulation jet energy
resolutions are comparable.

Table 4.1: RMS90 for b-jet and top-jet energy resolution. A top-jet when
forcing 6 and 8 jets means that the correct jets have been paired.

b-jets Top-jets
4 jets generator 0.127± 0.003 0.140± 0.003
4 jets simulation 0.135± 0.004 0.136± 0.004
6 jets generator 0.126± 0.003 0.156± 0.004
8 jets generator 0.147± 0.003 0.160± 0.004

Fig. 4.3(a) and Fig. 4.3(b) shows the energy resolution of the W-jets and
b-jets from top decay respectively. Here it is clear that forcing 6 jets leads to
a much worse energy resolution than in the case where the reconstruction is
performed using 8 jets. This suggests that the jet algorithm can not separate
the top decay products when forcing 6 jets. The jet energy resolution of the
light quarks when forcing 8 jets is shown in 4.3(c). The RMS90 of the
distribution is 0.403 ± 0.007 which is poor in comparison to the energy
resolution for the top quarks and b-quarks from the charged Higgs boson
decays.

4.1.3 Angles in the decay

In order to better understand the geometry of the top quark decay, and
in particular why the 6 jet reconstruction performance is so poor, angular
distributions of the top quark decay products are studied at parton level.
In Fig. 4.4(a) the angle between the b-quark and the W boson from the
top decay is shown. It is clear that the b-quark and the W boson coming
from the same decaying top are well separated in space. In Fig. 4.4(b) the
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Figure 4.3: Comparison of the jet energy resolution when the events are
forced into 8 jets (solid line) and 6 jets (dashed line): (a) W-jets; (b) b-jets
coming from top decay; (c) the two light quark jets coming from W decay.

x-axis indicates the angle between the two quarks from the W-decay and
the y-axis shows the angle from one light quark to the bottom quark plus
the angle from the bottom quark to the other light quark. The plot suggests
that the bottom quark is often between, or very close to, the two lighter
quarks from the W decay. Thus, the poor energy resolution of the W-jet
when forcing 6 jet reconstruction can be explained by the fact that the W

boson decay products and the b-quark from the top decay are often not well
separated in space. The improvement in jet energy resolution when forcing
8 jets indicates that it is more often possible to separate the two light quarks
from the W decay from the b-quark coming from the top decay.
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Figure 4.4: Angles between particles produced in the top quark decay at
generator level. These show that all the top decay products are close in
space explaining why there is not a good W-jet in many cases. (a) the angle
between the b-quark and the W boson coming from the same top decay.
(b) is organized as follows: the x-axis shows the angle between two quarks
coming from the same W decay and the y-axis shows the angle from one of
the quarks to the b-quark coming from the same top decay as the W boson
plus the angle from the other quark to the same b-quark. If they are about
equal, the b-quark is between or close to the two light quarks.

4.2 Mass and width determination

In this section, the mass measurement for charged Higgs bosons is studied
at generator level in order to determine whether to use 4, 6 or 8 jets. This is
done by using perfect b-tagging of the jets or using no b-tagging at all. In the
4 jet reconstruction the method is to take the two tb pairs which minimize
the mass difference. In the 6 jet reconstruction, first a top candidate is
reconstructed by selecting the pairs of a W-jet and a b-jet which minimize

(mt − m
(1)
Wb

)2 + (mt − m
(2)
Wb

)2. Then the tb pairs which minimize the mass
difference is used. When forcing 8 jets two W bosons are reconstructed by

minimizing (mW − m
(1)
qq )2 + (mW − m

(2)
qq )2. Then, the two top quarks are

reconstructed from the b-jets and W candidates as in the 6 jet case. Finally
the charged Higgs bosons are reconstructed by selecting the two tb pairs
which minimize the mass difference. Cuts are then applied to select only
good events. There should be at least one top-jet with a mass within 30
GeV, about 3σ, of the top mass, and the mass difference between the two
tb pairs should be less than 100 GeV.

Fig. 4.5 shows the mass spectra from reconstruction of the charged Higgs
boson as described above. The histograms with perfect b-tagging have been
fitted to a Gaussian convoluted with a Breit-Wigner, where the Breit-Wigner
has a fixed width equal to the decay width used in the simulation. From the
figure it is clear that with perfect b-tagging there are no major differences
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Figure 4.5: Mass spectra for charged Higgs bosons reconstructed using 4, 6
and 8 jets at generator level. The solid black line is from assuming perfect
b-tagging and the dashed blue line is the result when no b-tagging is used.
The histogram where b-tagging is used has been fitted with a Breit-Wigner
function with fixed width equal to the simulated decay width of the charged
Higgs boson, convoluted with a Gaussian. With perfect b-tagging there are
only small differences but when no b-tagging is used forcing 4 jets clearly
gives the best performance. (a) using 4 jets. (b) using 6 jets. (c) using 8
jets.

when varying the number of jets. However, when no b-tagging is assumed
forcing 6 jets clearly suffers the most and the performance when forcing 8
jets is also significantly degraded. The reconstruction when forcing 4 jets is
almost unaffected by b-tagging.

Perfect b-tagging and no b-tagging are two extreme situations and what
is expected is something in between. However, since the 4 jet reconstruction
is not affected by the b-tagging performance and the reconstruction using
6 and 8 jets show a significant loss in effectivity it is clear that a 4 jet
reconstruction is preferable.
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4.3 Top tagging

It is beneficial to know which jets are top-jets for at least three reasons: it
reduces the number of possible combinations when pairing jets, it is possible
to scale the jet mass to the top mass and, if the top tagging efficiency per
event is high and the mistag rate low, it is possible to separate the signal
from background in the cases when the background does not contain any
top jet. Several methods are implemented for top tagging. All methods
described below are tested using different cuts on the top and W masses.
The results are displayed in table 4.2.

4.3.1 Top tagging using 6 jets

Forcing 6 jets would ideally give four b-jets and two W-jets. As shown
above this is often not the case. However, when the reconstruction works as
intended it is possible to use the 6 jet reconstruction to tag top quarks among
the jets from the 4 jet reconstruction. The idea is that top candidates can
be formed from the 6 jets by pairing each W-jet with a b-jet. This is done
by pairing a jet with W mass and the other jet which gives the ”dijet” mass
closest to the top quark mass. Such combinations are not found in each event
but when they are it is a clear indication that the Wb pair represents a top
quark. The top tagging is then performed by finding the jet from the 4 jet
reconstruction which is closest to the Wb pair from the 6 jet reconstruction.

The technique is implemented as follows:

• Potential W-jets are identified by requiring that the mass of the jet is
within a mass window around the W mass.

• If a Wb pair with a mass within a chosen window around the top-jet
is found, then this Wb pair is considered as a top candidate.

• The top candidate is paired with the closest jet in 4 jet reconstruction.

As can be seen in the W-jet mass spectrum in Fig. 4.1(c), the masses of
W-jets from the 6 jet reconstruction are not always close to the W mass and
the technique outlined above can not be expected to work in every event.
However, many of the jets which do represent a W boson in terms of mass
can be paired with a b-jet to make a top-jet. This can be seen in the mass
spectrum in Fig. 4.6(a) which shows the masses of all jet pairs where one
of the constituent jets has a mass within 20 GeV of the W mass. It is also
indicated in the scatter plot showing the mass of the two jets which are part
of a jet pair with a mass within 35 GeV of the top mass, as displayed in Fig.
4.6(b).
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Figure 4.6: (a) mass spectra of all jet pairs where one of the constituent jets
has a mass within 20 GeV of the W mass. (b) mass of the two jets which
are part of a pair with mass within 35 GeV of the top mass.

4.3.2 Jet de-clustering

A method very similar to that described in [29] is implemented. The method
is based on the possibility to undo the steps in the jet clustering to obtain
parent jets or subjets. The algorithm does this in several steps while dis-
carding soft subjets and the result is 0 to 4 subjets. While the technique
is developed for use at the LHC and considers higher pT jets our results
are still good. The main difference between the method described in [29]
and the method implemented here is the choice of jet algorithm, here the kt
algorithm is used. The algorithm used is as follows:

• The final state particles are forced into 4 jets using the kt algorithm.

• Each jet in the event is de-clustered into parent jets by undoing the
last step in the jet algorithm. For the de-clustering to succeed, the
distance, ∆R =

�
(∆η)2 + (∆φ)2, where η is the pseudo-rapidity and

φ is the azimuthal angle, between the two parents is required to be at
least 0.19. Parents are discarded if pparent

T
< 0.05pjet

T
where pT is the

transverse momentum. If only one parent satisfies the requirement the
process is repeated on that parent. The process ends when there are
two parents satisfying the requirement or when it is no longer possible
to find two parents.

• If the first de-clustering step is successful, each parent jet is separated
into grandparents in the same way as described above.

• If the result of the above process is 3 or 4 subjets, where the 4th subjet
represents an additional soft gluon emission, it is considered as a top
candidate and additional cuts are made. The cuts are: the mass of
the jet should be within a chosen window around the top mass, there
should be a subjet pair with a mass within a chosen window around
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the W mass and the W helicity angle, described below, should indicate
a top decay by satisfying the requirement cosθh > −0.8.

The W helicity angle, θh, is defined as the angle between the decaying top
quark and one of the W decay products in the rest frame of the W boson.
In this case the W decay product with highest pT is used.

4.3.3 Forcing three subjets

A method inspired by the one above but in some sense more simple is to take
the particles in each jet and force them into three subjets. Then identical
cuts to those for jet de-clustering are applied, that is: the mass of the jet
should be near the top mass, two subjets should reconstruct a W and the
W helicity angle should be consistent with a top decay.

4.3.4 Comparison
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Figure 4.7: Cut flows for jet de-clustering and forcing three subjets for top
identification at generator level. Both cut flows are obtained by selecting jets
with a mass within 75 GeV of the top mass and requiring a pair among the
subjets with a mass within 20 GeV of the W mass. Jet de-clustering shows
a higher discriminating power between top and bottom jets. (a) Jet de-
clustering algorithm. (b) Forcing three subjets. The dashed line represents
b-jets and the full line represents top-jets in both histograms.

In Fig.4.7 the cut flow for the jet de-clustering and forcing 3 subjets
algorithms are compared at generator level for a large mass window around
the top quark and W boson masses. It is clear that using jet de-clustering
results in significantly lower percentage of tagged b-jets but also slightly
fewer tagged top-jets. Comparing the fraction of tagged top-jets to the
fraction of tagged b-jets favors jet de-clustering. This is also reflected in
Table 4.2 which shows the percentage of top and bottom jets tagged by the
algorithms. Forcing three jets stands out as the worst algorithm for a wide
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Table 4.2: Summary of the percentage of tagged top-jets and b-jets for
the three different algorithms at generator level using various mass cuts.
The table shows numbers as follows: top-tag efficiency / b-tag efficiency (in
percent). The statistics are based on 954 events of hadronically decaying
H

+
H

−.

Using 6 jets Using jet de-clustering Using three subjets

Max W mass
difference

Max top mass difference

35 75 35 75 35 75
15 31%/3% 39%/7% 29%/2% 37%/5% 34%/4% 43%/12%
20 33%/4% 42%/8% 31%/2% 40%/5% 36%/5% 46%/14%

mass range but the values are otherwise comparable. From the cut flow for
jet de-clusering it is also clear that it is possible to choose not to cut on all
variables to adjust the performance of the algorithm.
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Figure 4.8: Cut flows for jet de-clustering using full simulation. Both cut
flows are from looking at jets with mass within 75 GeV of the top mass
and requiring a jet pair among the subjets with a mass within 20 GeV of
the W mass. (a) kt algorithm (b) Semi-inclusive anti-kt algorithm. The
dashed line represents b-jets and the black full line represents top-jets in
both histograms.

Jet de-clustering is implemented using full simulation and with two dif-
ferent jet algorithms: the kt algorithm (as before) and the semi-inclusive
anti-kt jet algorithm [30]. In the latter case, the particles are clustered
with the anti-kt algorithm using the minimum distance R such that there
are exactly 4 jets with an energy above a given threshold (100 GeV in this
case).

The cut flows from the full simulation implementation of the jet de-
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clustering algorithm are presented in Fig. 4.8. Jet de-clustering translates
well from generator level to full simulation when using the kt algorithm.
However, when using the semi-inclusive anti-kt jet algorithm the method
is no longer effective. The reason is that the number of subjets is too low
for top jets. By varying the parameters used in the jet de-clustering it is
possible to increase the number of subjets. The drawback is that the increase
happens both for the top-jets and the b-jets. The discriminating power does
not improve enough to make jet de-clustering with the semi-inclusive anti-kt
algorithm a viable option.

4.4 Summary

At generator level there are no large differences in the charged Higgs boson
reconstruction when forcing 4, 6 or 8 jets as long as the b-tagging per-
formance is good. However, the performance when forcing 6 or 8 jets is
degraded without b-tagging and therefore forcing 4 jets is the best choice.

In terms of how well the jets represent the particles, forcing 4 jets is
preferred. When forcing 6 jets the W boson and b-quark from the top decay
can not be sufficiently well separated by the jet algorithm in many cases.
When combining the correct jets in the 8 jet reconstruction the W boson
and b-quark from the decaying top are better represented than when using
6 jets. Forcing 4 jets gives the best energy resolution for the top and b from
the charged Higgs boson decays.

The investigation on top tagging showed that it is possible to tag about
30%-40% of the tops with a few percent tagged b-jets. The algorithm trans-
fers well to full simulation when using the kt algorithm but fails when the
semi-inclusive anti-kt algorithm is used.
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Chapter 5

Results

In this chapter methods for measuring the the mass, decay width and branch-
ing ratio of the heavy charged Higgs boson at CLIC are presented. Results
of the measurements for simulated events without background are shown.
For comparison, relevant information on the benchmark points are shown in
Table 5.1.

Table 5.1: Information on the benchmark points.

Model: SUSY01 SUSY02

H
± (GeV) 906.3 747.6

σe+e−→H+H− (fb) 1.12 1.84
H

± → tb 0.15 0.14
H

± → τντ 0.85 0.86
ΓH± (GeV) 20 20

In addition to presenting methods for measuring the properties of charged
Higgs bosons, the jet de-clustering technique for top tagging is tested. This
is done on hadronically decaying H

+
H

− as well as on neutral Higgs bo-
son pairs in the decay H

0
A

0 → bb̄bb̄. The idea behind this choice is that
it might be possible to use the technique for separating H

0
A

0 events from
hadronically decaying H

+
H

−.
The number of events are scaled to an integrated luminosity of 2 ab−1,

which corresponds to two years of data taking.

5.1 Mass and width

The measurement of the charged Higgs boson mass is done in several steps.
In each event the detected particles are clustered using the semi-inclusive
anti-kt jet algorithm which gives 4 jets. Then, an event selection is per-

35
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formed in order to select events which decay in the channel under study.
In these events a constrained kinematic fit (CKF) is performed which sets
the total transverse momentum to zero and constrains the energy to the
nominal centre-of-mass energy (3 TeV). The jets from the fit are used to do
the jet pairing. The dijet pairs which minimize the mass difference between
them are used as charged Higgs boson candidates. Additional cuts are made
to make sure that the reconstruction is good enough. Finally a constrained
kinematical fit is performed on the original jets, which adds an equal mass
constraint for the two reconstructed charged Higgs boson candidates.

Mass spectra at various stages in the reconstruction procedure for bench-
mark point SUSY01 are shown in Fig. 5.1. Every step of the reconstruction
is described in more detail below.

5.1.1 Jet reconstruction

A 4 jet reconstruction is used to determine the mass and decay width of
the charged Higgs boson. In each event only particles with pT > 1 GeV are
considered. In addition, charged particles are only considered if they have
at least 12 hits in the tracker and a relative uncertainty in the measured
momentum of less than one. Jet reconstruction is performed on the particles
matching these criteria. The jet clustering is performed using the anti-kt
algorithm [31] implemented in Fastjet [27]. The parameter R is chosen as
the minimum value which gives 4 jets with energy in excess of 150 GeV.
The 4 jets which meet this requirement are used in the reconstruction and
the remaining jets are considered as coming from background processes.
This choice of jet algorithm is motivated by the fact that it performs well
when background from γγ → hadrons is overlaid, according to Ref. [30].
In order to get a measure of the natural number of jets in each event the
final state particles are also clustered using the Durham algorithm [32] with
ycut = 0.0025.

5.1.2 Event selection

A number of cuts are applied on the events in order to separate the signal
from the background. The cuts are:

• Number of particles > 50

• Number of muons < 3

• Etot > 2500 GeV

• 0.62 < thrust < 0.92

• 0.04 < sphericity < 0.75

• ET > 1300 GeV
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• 3 < Number of jets < 8

• b-tag probability larger than 80% for the whole event

Since no Standard Model background is considered in this thesis, the reader
should refer to Ref. [30], where almost the same cuts are used, to see the
background rejection of these cuts. Sphericity and thrust are defined in Ref.
[19].

5.1.3 Constrained kinematical fit

To improve the mass resolution a constrained kinematical fit is used. The fit
which is used is the PUFITC algorithm [33] ported to C++. The algorithm
was developed for W+

W
− reconstruction in Delphi at LEP-2.

The kinematical fit works by changing the momenta of each jet in an
event to pF = e

a
p̄M + bp̄b + cp̄c, where p̄F is the momenta after the fit,

p̄M is the measured momenta, p̄b and p̄c are two vectors perpendicular to
p̄M and a, b and c are the parameters which are adjusted by the fit. The

jet momenta after the fit minimizes Σi

�
(ai−a0)2

σ2
a

+
b
2
i

σ
2
b
+

c
2
i

σ2
c

�
, where a0 is the

expected energy loss, σa is the energy spread parameter and σb and σc are the
transverse momentum spread parameters. In addition to the minimization
of the above quantity it is possible to impose constraints on the system. The
constraints used are:

• E±|pz| =
√
s, which says that the energy of the system of jets plus an

undetected particle with zero transverse momentum should be equal
to

√
s. The undetected particle accounts for energy loss prior to the

collision.

• px = py = 0, which accounts for the fact that the initial transverse
momentum is supposed to be zero.

• m(H+) = m(H−), which accounts for the fact that the two charged
Higgs bosons have equal masses.

5.1.4 Jet pairing

The jet pairing is performed with jets from an initial constrained kinematical
fit without the equal mass constraint. The pairing is done by testing all jet
pairs among the 4 jets. The two jet pairs with the smallest mass difference
are charged Higgs boson candidates. Further cuts are placed to keep only
good events. The mass difference between the two dijet pairs is allowed
to be at most 100 GeV and there should be at least one single jet with a
mass within 25 GeV of the top mass. For benchmark point SUSY01 this
gives the charged Higgs boson mass spectrum shown in Fig. 5.1(b). Adding
then the equal mass constraint gives the mass spectrum in Fig. 5.1(c). For
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comparison, the mass spectrum when using no kinematic fit is shown in Fig.
5.1(a). It is clear that without the fit it is not possible to read off the value
of the mass from the histogram and the decay width can not be measured.

The angular distribution of the reconstructed dijets with respect to the
beam pipe together with the true production angle of the charged Higgs
bosons are shown in Fig. 5.2. The solid line shows the angle at generator
level and the blue dashed line show the angular distribution of the recon-
structed charged Higgs bosons after full reconstruction. The reconstructed
dijets follow the expected distribution well in most regions of the detector.
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Figure 5.1: Mass spectra for charged Higgs bosons at the benchmark point
SUSY01. (a) Using no CKF. The function shown is a Gaussian with mean
863 GeV and σ = 61 GeV. (b) Using CKF. (c) Using CKF and the equal mass
constraint. (d) Using the Monte Carlo information but with the same pairing
as in the other spectra. (b), (c) and (d) have been fitted to a Breit-Wigner
convoluted with a Gaussian as described in section 5.1.5. The resulting
parameters from the fit can be found in Table 5.2.
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Figure 5.2: Angular distribution of the charged Higgs bosons with respect
to the beam pipe. The solid line is at the particle level and the blue dashed
line represents the reconstructed dijets.

5.1.5 Fitting techniques

In order to determine the mass and width of the charged Higgs boson, the
mass spectrum is fitted to a Breit-Wigner convoluted with a Gaussian. The
Breit-Wigner represents the natural width of the charged Higgs boson and
the Gaussian is a resolution term. It is assumed that it is possible to mea-
sure the Gaussian width. This width will most likely be determined by
data-driven studies of the detector response and resolution, using known
processes.

The fitting technique described above is implemented by fitting the mass
spectra twice. First the width of the Breit-Wigner is fixed to the correct
value and a fit is performed in order to get the Gaussian resolution of the
measurement. In the second fit, the width of the Gaussian is kept fixed
and the width of the Breit-Wigner is a free parameter. The validity of this
technique is limited by how well it is possible to determine the Gaussian
resolution in practice. It is clear from the mass spectra in Fig. 5.1(c) that
it is still possible to determine the mass with high precision without using
this technique.

The results obtained when fitting the mass spectra obtained at the two
different benchmark points are shown in Table 5.2.
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Table 5.2: Results from fitting the charged Higgs boson mass spectra. A

signal dijet has |M(H±)measured −Mdijet| < 5×
�

Γ2
measured

+ σ
2
measured

/2.

SUSY01 SUSY02

Using Monte Carlo information
Mass (GeV) 904.65± 1.07 746.15± 1.22
Width (GeV) 23.67± 2.17 21.29± 2.60

Gaussian width (GeV) 14.30± 1.36 15.09± 1.53
Number of signal dijets 645.59± 25.95 426.30± 21.88
Constrained kinematic fit without the equal mass constraint

Mass (GeV) 905.07± 2.18 743.87± 2.20
Width (GeV) 25.98± 3.26 23.42± 3.65

Gaussian width (GeV) 46.23± 2.66 42.05± 2.33
Number of signal dijets 708.63± 27.70 588.4± 25.82
Constrained kinematic fit with equal mass constraint

Mass (GeV) 901.91± 1.66 744.56± 2.10
Width (GeV) 23.75± 2.74 20.46± 3.31

Gaussian width (GeV) 26.60± 1.84 27.68± 2.24
Number of signal dijets 521.12± 23.90 387.34± 21.18

5.1.6 Resulting accuracies

The lowest error on the mass and decay width is achieved when the con-
strained kinematic fit is performed with the equal mass constraint. The
mass spectra after the kinematic fit are shown in Fig. 5.3. The spectra have
been fitted according to the technique described in section 5.1.5. The mass
and decay width from the fit are shown in Table 5.3. The number of signal
events is smaller for benchmark point SUSY02 even though the cross section
is higher.

In the mass and decay width measurements no background is used. Fig.
5.4 shows a charged Higgs boson mass spectrum from Ref. [34] where the
Standard Model background is taken into account. The background after
cuts is essentially flat.
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Figure 5.3: Mass spectra for reconstructed charged Higgs bosons at both
benchmark points after the constrained kinematic fit with the equal mass
constraint. The spectra are fitted according to the technique described in
section 5.1.5. (a) SUSY01. (b) SUSY02.

Table 5.3: Results from the mass and decay width measurements. The re-
sults are obtained using the fitting technique described in section 5.1.5. The
constrained kinematic fit with the equal mass constraint has been applied.

SUSY01 SUSY02

MH± (GeV) 901.91± 1.66 744.56± 2.10
ΓH± (GeV) 23.75± 2.74 20.46± 3.31
δM/M 0.002 0.003
δΓ/Γ 0.12 0.16

Number of signal dijets 521.12± 23.90 387.34± 21.18

5.2 Top identification using jet de-clustering

Top identification is performed using jet de-clustering as described in section
4.3.2. The technique is tried on a sample of hadronically decaying H

+
H

− as
well as on a sample of H0

A
0 → bb̄bb̄. The result is measured as the fraction

of events which have at least one top tag in order to measure the techniques
ability to discriminate between events with and without top quarks. This
is done both at generator level and using full simulation. The resulting cut
flows are found in Fig. 5.5. In the full simulation about 60% of the fully
hadronic H

+
H

− → tbtb are tagged and about 10% of the H
0
A

0 → bb̄bb̄ are
tagged. Thus a rejection power of 1 to 6 is achieved. These results are likely
to change when hadronic background is included in the simulations.
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Figure 5.4: Charged Higgs boson mass spectrum with background from Ref.
[34] using 3 ab−1 of data.

The cuts which are applied here are:

• There should be more than 2 subjets.

• A subjet pair should have a mass within a given range around the W
mass. At generator level the requirement is 60 < mpair < 100 (GeV)
and with full simulation the requirement is 60 < mpair < 110 (GeV)
in order to account for loss in resolution.

• The jet mass is required to be in the range 100 < mjet < 250 (GeV).
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Figure 5.5: Cut flow showing the fraction of events with at least one top
tagged jet using jet de-clustering. The solid line shows the generator level
result while the markers shows the result using full simulation. (a) fully
hadronically decaying H

+
H

−. (b) H0
A

0 → bb̄bb̄.
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5.3 Branching ratios

By measuring the branching ratio of the charged Higgs boson decay it is
possible to determine tanβ. A clear discrepancy between the Monte Carlo
simulations, where only Standard Model decays are considered, and data
could also be seen as an indication of non Standard Model decays. To mea-
sure the branching ratios of charged Higgs bosons, events with at least one
fully hadronically decaying H

± → tb are used. The idea is to reconstruct
one hadronically decaying charged Higgs boson and then determine the de-
cay mode of the other charged Higgs boson by looking at the other side of
the event.

When measuring the branching ratio no cut on the total energy in the
event is used since it removes most of the leptonically decaying charged
Higgs bosons. The Durham jet algorithm with ycut = 0.0025 is used. In
events with 3 or 4 jets a charged Higgs boson is reconstructed using 2 or 3
jets (whichever gives the best reconstruction). This is done by selecting the
system of jets which minimizes the mass difference between the system of
jets and the experimental mass peak without the constrained kinematic fit
(see Fig. 5.1(a) for SUSY01). If the reconstructed mass of the H± candidate
is within 150 GeV of the experimental mass peak, the reconstructed mass of
the remaining jets is used to discriminate between tb and τντ decays. This
allows for a measurement of the branching ratio.

Looking at the mass of the remaining jets and using the Monte Carlo
information to separate the two decay channels gives two reference samples
(templates) of the mass spectrum, these are shown for the benchmark point
SUSY01 in Fig. 5.6. By making the best possible combination of these
two reference samples to the full mass spectra of the remaining jets, called
signal in the following, the branching ratio can be measured. An example
of a signal which is approximated with the two reference samples is shown
in Fig. 5.6(c). To determine the best combination a χ

2 fit is used. This is
done by finding the value of the branching ratio (BR) which minimizes

χ
2 =

�

i

(M(i)−BR×Mτντ (i)− (1−BR)×Mtb(i))2

σM (i)2
, (5.1)

where M(i) is the content of bin i of the signal, Mτντ (i) is the content of
bin i of the τντ reference sample, Mtb(i) is the content of bin i of the tb

reference sample and σM (i) is the error of bin i of the signal. Minimizing
the χ

2 corresponds to maximizing the likelihood function. The standard
deviation is given by the branching ratio for which the χ

2 has increased by
one from the minimum value.

The χ
2 distributions for benchmark point SUSY01 and SUSY02 are

shown in Fig. 5.7(a) and Fig. 5.7(b), respectively. The distributions are
fitted with second order polynomials. The minima and minima plus one of
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Figure 5.6: Reference samples for the branching ratio measurement from
the remaining jets and how a combination of these approximates the signal.
(a) τντ sample. (b) tb sample. (c) the two reference samples approximating
the signal.
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Figure 5.7: χ
2 distributions for the two benchmark points. Here the signal

is simply the sum of the two reference samples which is why the minima are
zero. (a) SUSY01. (b) SUSY02.

the functions gives the branching ratio and the standard deviation. These
values are shown in Table 5.4. For SUSY01 the measured branching ratio
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corresponds to the actual branching ratio. The measurement of the branch-
ing ratio for SUSY02 is biased towards lower values.

In order to estimate the validity of this technique on a random sample, a
toy test is performed. In the toy test each bin in the signal is smeared using
a Gaussian distribution with standard deviation equal to the bin error, i.e.√
Ni. The χ

2 fit is applied and the resulting minima, or measured branch-
ing ratio, is recorded in a histogram. The process is repeated 5000 times
which gives a distribution that is approximately Gaussian. The resulting
histogram is shown in Fig. 5.8. The mean value and standard deviation
of the fitted Gaussian give a measure of the expected value and error in a
random measurement, respectively. The results of the fit are presented in
Table 5.4.

A small study on a sample with no background can not be seen as a proof
that the method will work on a real sample. The background can probably
be accounted for by generating a background reference sample and use a χ

2

fit with two degrees of freedom. Another effect of the background could be
that it changes the number of jets obtained. It might be possible to correct
for this by discarding low energy jets or by using events with more than 4
jets.

Table 5.4: Results from the χ
2 fit for the branching ratios of charged Higgs

bosons to tb and τντ . Measured branching ratio is the measured value when
the signal is simply the sum of the two reference samples. In the toy test
the signal is smeared with a Gaussian and then the fit is performed. This
is repeated 5000 times and the resulting branching ratios in each test is
recorded.

SUSY01 SUSY02

Measured branching ratio.
BR(H± → τντ ) 0.151 0.116
σ(H± → τντ ) 0.018 0.011
Branching ratio in the toy test.
BR(H± → τντ ) 0.168 0.122
σ(H± → τντ ) 0.020 0.013
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Figure 5.8: Branching ratio toy test distributions for the two benchmark
points. (a) SUSY01. (b) SUSY02.

5.4 Summary

In this chapter methods for measurement of the mass, decay width and
branching ratio of charged Higgs bosons are presented. The mass and decay
width can be measured with an accuracy of 2 GeV and 3 GeV, respectively.
The branching ratio measurement works well for SUSY01 with an accu-
racy of about 2% while the measurement is biased towards lower values for
SUSY02. All results are obtained with no hadronic background overlaid and
no background processes are considered.

Jet de-clustering is presented as a method for discriminating between
fully hadronic H

+
H

− → tbtb events and H
0
A

0 → bb̄bb̄ events. A discrimi-
nating power of 6 to 1 is achieved with an efficiency of about 60%.



Chapter 6

Conclusions and outlook

In this thesis methods for the reconstruction of MSSM charged Higgs bosons
at CLIC are presented. The aim was to measure the mass, decay width
and branching ratios of charged Higgs bosons. Top tagging in neutral and
charged Higgs boson decays at CLIC has also been studied. At the time
of writing no background samples and no events with hadronic background
were available. With the available data it is not possible to estimate the
discovery potential of CLIC for charged Higgs bosons.

The measurement of the mass and decay width or branching ratio, which
gives tanβ, determines the whole MSSM Higgs sector at tree level. The
value of tanβ plays an important role in the MSSM and constraints can
therefore be placed on tanβ from other measurements. The mass of the
charged Higgs boson is, however, largely decoupled from the MSSM. Thus,
a scenario where the values of tanβ in the benchmark points are excluded
but where the charged Higgs boson mass is the same as in the benchmark
points is possible.

In this thesis it has been shown that the best way to reconstruct fully
hadronic charged Higgs boson pairs at CLIC is to use 4 jets. Without
background it is possible to determine the mass with an accuracy of about
2 GeV and the decay width with an accuracy of about 3 GeV. The jet
algorithm used is the semi-inclusive anti-kt algorithm. This jet algorithm
has been successfully applied to reject hadronic background in an earlier
study of neutral Higgs bosons at CLIC. The event selection made here is
also very similar to the event selection in that study.

The method for measuring the branching ratios in charged Higgs boson
decays works well for SUSY01, with an accuracy of about 2%, but is biased
towards a small value for SUSY02. More development is needed to cover
a wide range of mass parameters. Another issue is that the jet algorithm
used, the Durham jet algorithm, is sensitive to hadronic background.

Jet de-clustering has been investigated as a method for top tagging in
hadronic H+

H
− → tb events. In these events about 30%-40% of the top-jets

47
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are tagged. Hadronically decaying charged Higgs boson pairs can be tagged
with an efficiency of about 60%. With a rejection power of about 6 to 1,
top tagging shows promise as a way to discriminate between H

+
H

− → tbtb

and H
0
A

0 → bb̄bb̄ events. Since there is no data on how the substructure
of jets is affected by the hadronic background it is not possible to estimate
the top-tagging performance when hadronic background is considered.

The most apparent extension of the work presented in this thesis is to ap-
ply the methods to simulations where hadronic background has been overlaid
and to investigate the effect and reduction of Standard Model background.
Hadronic background will most likely affect the branching ratio measure-
ment and top tagging and these methods will therefore need to be updated.
When simulations of the background become available it will be possible
to determine the discovery potential of CLIC for charged Higgs bosons. A
study with the charged and neutral Higgs bosons to determine the combined
discovery potential would be interesting.
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