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Abstract

As the Big Bang model has become established, the fields of cosmology
and particle physics have become intertwined. A range of observations
forces us to consider the phenomena of dark matter and dark energy.
This interpretation is based on our understanding of gravity, while the
standard model of particle physics describes the other fundamental forces
in nature and fails to explain the dark components. This thesis includes
two different types of studies where hypotheses of physics beyond the
standard models of particle physics and cosmology are faced with what
observations and experiments can tell us.

The first one deals with the possibility that our theory of gravity is
what has to be modified at large distances to explain the dark energy,
which then need not be a contribution to the energy content at all. The
expansion histories in two such frameworks are tested with data from
type Ia supernovae and measurements of the baryon acoustic peak in the
galaxy distribution as well as in the cosmic microwave background.

The second type of study concerns the possibility of establishing the
particle nature of dark matter through interactions other than gravi-
tational. While there are ways of doing this using astrophysical obser-
vations, the uncertainties due to astrophysics and the unknown distribu-
tion of the dark matter are large. High energy particle colliders provide
a way of imitating the conditions of the early universe in the laboratory,
where we can hope to produce yet unknown heavy particle states and
in a more controlled environment determine their properties. We study
the prospects for discovering two types of weakly interacting dark matter
candidates at the CERN Large Hadron Collider.
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Sammanfattning p̊a svenska

V̊ar numera väletablerade beskrivning av universums utveckling i form
av Big Bang-modellen har gjort att forskningsfälten partikelfysik och
kosmologi har vävts samman. Många olika observationer sammantagna
tvingar oss att förklara nya fenomen som mörk materia och mörk energi.
Denna tolkning baseras p̊a v̊ar gravitationsteori, medan standardmodellen
för partikelfysik beskriver de övriga tre krafterna i naturen utan att kunna
förutsäga de mörka komponenterna. Den här avhandlingen baseras p̊a tv̊a
olika typer av studier där hypoteser för fysik bortom standardmodellerna
ställs mot vad observationer och experiment kan säga oss.

Den första rör möjligheten att v̊ar gravitationsteori är vad som behöver
modifieras för att förklara den mörka energin, som d̊a inte skulle behöva
vara n̊agon ny energikomponent överhuvudtaget. Expansionshistorierna
i tv̊a s̊adana scenarier testas, huvudsakligen med hjälp av mätningar av
standardljus i form av supernovor av typ Ia, samt den kosmiska bak-
grundsstr̊alningen.

Den andra typen av studie behandlar möjligheten att utforska mörk
materias partikelnatur genom n̊agon annan växelverkan än den gravita-
tionella. Att göra detta med astrofysikaliska observationer medför stora
osäkerheter som har att göra med astrofysik och att distributionen av
mörk materia är okänd. Partikelacceleratorer som kolliderar partiklar
vid hög energi ger oss en metod att studera förh̊allandena i det tidiga
universum när temperaturen var hög. Där skulle vi kunna producera tyn-
gre, hittills oupptäckta partiklar och studera dess egenskaper under mer
kontrollerade former. I den här avhandlingen undersöks utsikterna för att
upptäcka tv̊a olika typer av svagt växelverkande mörk materia-kandidater
vid LHC-acceleratorn vid CERN-laboratoriet i Schweiz.
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Early search for supersymmetric dark matter models at the LHC with-
out missing energy, JHEP 03, 054 (2010) arXiv:0910.1106.

Paper IV Michael Gustafsson, Erik Lundström & Sara Rydbeck. The
inert doublet model and multilepton signatures at the LHC, in prepa-
ration , to be submitted (2011) .

xi

http://arxiv.org/abs/astro-ph/0701495
http://arxiv.org/abs/astro-ph/0701495
http://arxiv.org/abs/astro-ph/0701900
http://arxiv.org/abs/arXiv:0910.1106


xii



Contents

Abstract vii

Sammanfattning p̊a svenska (summary in Swedish) ix

List of Papers xi

Contents xiii

Acknowledgments xv

Preface xvii

I Introduction and Summary 3

1 The Standard Models and Beyond 5

1.1 Cosmology . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2 Particle Physics . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Dark Energy in non-Einstein Gravity 13

2.1 Expansion History from Candles and Rulers . . . . . . . . 13
2.2 The Dvali-Gabadadze-Porrati Model . . . . . . . . . . . . 16

2.2.1 An Infinite Extra Dimension . . . . . . . . . . . . 16
2.2.2 DGP Facing Observational Data . . . . . . . . . . 17

2.3 f(R) Modified Einstein Gravity . . . . . . . . . . . . . . . 19
2.3.1 An Inverse Curvature Correction . . . . . . . . . . 19
2.3.2 1/R Facing Observational Data . . . . . . . . . . . 22

xiii



3 Dark Matter at the Large Hadron Collider 25
3.1 Particle Nature of Dark Matter at Colliders . . . . . . . . 25
3.2 Computational Tools . . . . . . . . . . . . . . . . . . . . . 29

3.2.1 Event Generation . . . . . . . . . . . . . . . . . . . 29
3.2.2 MadGraph/MadEvent, Pythia and PGS . . . . . . 31

3.3 Supersymmetry . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3.1 MSSM-7 – Minimal Supersymmetry for Phenomenol-

ogy . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3.2 MSSM-8 – for Improved Leptonic Signatures . . . 36
3.3.3 Predictions for Early LHC Discovery without Miss-

ing Energy . . . . . . . . . . . . . . . . . . . . . . 36
3.4 The Inert Doublet Model . . . . . . . . . . . . . . . . . . 39

3.4.1 The Inert Higgs as a Scalar WIMP . . . . . . . . . 41
3.4.2 Predictions for the LHC and the Role of Multileptons 42

References 45

II Papers 49

Paper I: Testing the DGP model with ESSENCE 51

Paper II: Expansion history and f(R) modified gravity 67

Paper III: Early search for supersymmetric dark matter models at
the LHC without missing energy 85

Paper IV: The inert doublet model and multilepton signatures at
the LHC 117

xiv



Acknowledgments

I am grateful for the opportunity to do my Ph.D. surrounded by experts
in theory as well as experiment, and in astronomy as well as particle
physics. I have many people at (what is now) the Oscar Klein Centre, in
particular past and present members of the CoPS and ATLAS groups, to
thank for sharing their knowledge, for discussions and for contributing to
a good ambiance for research and learning - thank you all.

I would like to take this opportunity to especially thank my supervisor,
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Chapter 1

The Standard Models and
Beyond

Dark matter and dark energy are seen in the universe through their gravi-
tational influence.

Stars in galaxies move faster than they should according to Newton’s
laws, and galaxies and gas in clusters seem to be too tightly bound. To
explain this, more mass is needed than what shines, and it is not that
the mass is hiding in non-luminous gas clouds, faint stars or black holes.
Only a certain amount of baryonic matter could have been synthesized in
the hot, dense early times, and the cosmic microwave background photons
tell us that the gravitational potential wells that they had to climb were
due to the invisible kind of matter dominating over the stuff that atoms
are made of.

The gravitational pull between galaxies should slow down the uni-
verse’s expansion but observing supernovae looking fainter than we ex-
pect the farther away we look, we conclude that something unknown is
pushing outwards, making the expansion accelerate.

While these phenomena could mean that there exist not only dark
matter particles that cannot interact with light but also a dark energy
density with reversed pressure making up most of the energy content of
the universe, an alternative source of explanation could be that our theory
of gravity does not hold on galactic and cosmological scales. Phenomeno-
logical modifications of Newton’s laws to explain the velocities of stars in
spiral galaxies, without the need for dark matter, cannot simultaneously
explain the gravitational effects seen on scales of galaxy clusters, making
dark matter the more minimal attempt to explain observations. Never-
theless, in order to completely rule out the possibility of modified gravity

5



6 Chapter 1. The Standard Models and Beyond

to explain away dark matter, we should preferably discover the dark mat-
ter particle(s) through some interaction other than gravitational. The
hypothesis for dark matter under consideration in this thesis is a particle
that interacts also via the weak force.

The question for dark energy is even more open. A cosmological con-
stant fits observations very well but its value is not predicted by current
theories. A näıve quantum field theory calculation would predict the vac-
uum energy to be too large even for structures to form in the universe.
In order to accept the cosmological constant model, we would have to
explain its non-zero but small value and also rule out the possibility that
general relativity breaks down on cosmological scales. In the models un-
der study in this thesis, the cosmological constant is assumed to be zero
and all dark energy is explained by some modification of Einstein gravity.

1.1 Cosmology

Our description of how the universe evolves relies on the theory of general
relativity (for a review of cosmology and particle physics see for example
[1]). The space-time metric gµν (the indices µ, ν run over 0, for the time
coordinate, and 1, 2, 3, for the space coordinates) has to solve the Einstein
equations, in which the matter and energy content on the right-hand side
is related to the curvature of space-time on the left-hand side:

Rµν −
1
2
gµνR− Λgµν = 8πGTµν (1.1)

where Rµν is the Riemann curvature tensor, the Ricci scalar R = gµνRµν ,
G is Newton’s constant, Tµν the stress-energy-momentum tensor and Λ
is a constant (the cosmological constant).

The concordance model that has emerged in cosmology assumes the
cosmological principle – that the universe is homogeneous and isotropic,
a good approximation only on large enough scales – and the energy con-
tent to be radiation, non-relativistic matter and a cosmological constant.
By applying a perfect fluid energy-momentum tensor and postulating the
Friedmann-Lemâıtre-Robertson-Walker (FLRW) metric for an isotropic
space-time with spatial curvature parametrized by k, the Einstein equa-
tions give the Friedmann equation

H2(t) +
k

a2
=

8πG
3

ρ (1.2)
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Figure 1.1. WMAP seven year sky showing the cosmic microwave back-
ground. Different colors correspond to different photon temperature fluc-
tuations around the mean. Image from map.gsfc.nasa.gov.

where a is the scale factor by which distances get stretched as the uni-
verse expands and ρ is the sum of the matter and energy densities. The
expansion is given by the Hubble parameter:

H(t) ≡ ȧ

a
(1.3)

Distances in space and the age of the universe are not directly measur-
able, so in order to compare the cosmological model with observations H
is written as a function of redshift instead of time. Light that is emitted
from a source travels through the expanding universe and its wavelength
λ is then shifted towards the red before it reaches us. The redshift pa-
rameter z is defined

1 + z =
λ0

λ
(1.4)

where λ0 is the observed wavelength. We will use the subscript 0 on
various quantities to denote their values today (at redshift zero).

Dimensionless parameters for the energy densities (their present day
values) are defined as

Ωi =
ρi0
ρc

(1.5)

http://map.gsfc.nasa.gov/
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Figure 1.2. The angular power spectrum of the fluctuations in the
WMAP full-sky map 1.1. Image from map.gsfc.nasa.gov.

where ρc = 3H2
0/8πG is the critical density of today. One also defines

Ωk =
−k
a0H0

(1.6)

and assumes the energy content to be matter ΩM , radiation Ωγ and the
cosmological constant ΩΛ. The Friedmann equation then takes the form(

H(z)
H0

)2

= ΩM (1 + z)3 + Ωγ(1 + z)4 + ΩΛ + Ωk(1 + z)2 (1.7)

Setting z = 0, we see that we must have the constraint

1 = ΩM + Ωγ + ΩΛ + Ωk. (1.8)

Various cosmological observations determine the values of the H0

and Ωi parameters. The Hubble parameter can be expressed H0 =
h · 100 km s−1Mpc−1, where h has been measured to be between ∼ 0.7
and 0.8 [2]. The Wilkinson Microwave Anisotropy Probe (WMAP) mea-
surement of the first peak in the cosmic microwave background (CMB)
power spectrum, see figure 1.2, in combination with this estimate of H0

http://map.gsfc.nasa.gov/


1.2. Particle Physics 9

gives a total energy density Ω of 1, indicating Ωk ∼ 0, i.e. space seems to
be very close to flat [3]. This is also motivated from the more theoretical
side by inflation, an accelerated expansion which should have taken place
in the early universe.

The contribution to Ωγ comes from the cosmic background radiation
of photons and is about Ωγh

2 ∼ 4 · 10−5 (in principle, also neutrinos
contribute but at least not today since they have a small mass and would
therefore not be relativistic anymore). Big bang nucleosynthesis (BBN)
gives the estimated density of baryonic matter ΩBh

2 ∼ 0.02 or ΩB ∼ 0.05
[4]. X-ray studies of galaxy clusters constrain the total ΩM to lie between
0.2 and 0.3 [5, 6].

The difference in amplitude between the first and second peak in the
CMB power spectrum is related to the ratio of baryonic and dark matter
densities and is in agreement with the BBN+clusters results. Observa-
tions of supernovae type Ia give ΩΛ ∼ 0.7 [7, 8].

1.2 Particle Physics

The standard model of particle physics does not include gravity. It de-
scribes how the elementary particles that make up the known matter
interact through the much stronger electromagnetic, weak and strong
forces. This is done in the framework of quantum field theory, which
unifies quantum mechanics and special relativity, and where particles can
be created and annihilated as excitations of fields.

An important concept in quantum field theory, as in physics in general,
is that of symmetry, and the breaking of symmetry. Global symmetries
are directly related to conservation laws as described by Noether’s the-
orem. The generalization of a global symmetry to a local one, gauge
invariance, was shown to give the quantum theory of matter and light
(quantum electrodynamics, QED), and led to the discovery of the elec-
troweak interactions.

The (gauge) symmetry group of the standard model (SM) is SU(3)C×
SU(2)L × U(1)Y 1, with the corresponding charges color C, weak isospin
L and electroweak hypercharge Y . The fundamental particle content con-
sists of three generations of fermions (leptons and quarks) and the gauge
bosons. The electrically charged leptons are the electron, the muon and

1S stands for ”special” and U for ”unitary”. I will not go into a discussion of group
theory here but see for example chapter 4 in [9].
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Figure 1.3. The particle content of the standard model, excluding the
Higgs boson. Charge refers to electrical charge. Image from Wikipedia.

the tau, and corresponding to each of them is an electrically neutral neu-
trino. The quarks carry color charge (being subjects to the strong force)
and are the up and down quarks in the first generation, the charm and
strange quarks in the second and the top and bottom quarks in the third.
The gauge bosons are the photon, that mediate the electromagnetic in-
teractions, the Z and W± for the weak force and the mediator of the
strong force, the gluon. Due to the property of (color) confinement in
strong interactions (or quantum chromodynamics, QCD), quarks and glu-
ons cannot propagate freely, but form composite states called hadrons (an
example of which is the proton).

In order to give masses to the matter fermions and the Z and W
gauge bosons without violating the symmetries and renormalizability of
the standard model, the mechanism of spontaneous symmetry breaking
is needed. Through the Higgs mechanism, the electroweak gauge group
SU(2)L × U(1)Y is spontaneously broken into the electromagnetic U(1),
and the Higgs field (SU(2) doublet) is taken to be part of the model even
though the existence of the corresponding Higgs boson has not been ex-
perimentally confirmed so far. Apart from giving particles their masses,
the Higgs is needed in the standard model to keep certain cross-section

http://en.wikipedia.org/wiki/Standard_Model
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calculations unitary (meaning the probabilities of all possible outcomes
sum up to one - if this is violated the theory does not make sense). This
was a motivation for building the Large Hadron Collider, since even with-
out the direct observation of a Higgs particle, new physics would then
have to show up in the measurement of W+W− production, for which
the cross-section would grow beyond the unitarity limit without the can-
celing contribution from the interaction with Higgs - or something else.

The standard model has been very successful in predicting particles
and interactions, and the masses and couplings that parametrize it have
been determined to high precision at accelerators. However, as it stands,
the model does not include gravity or the observed neutrino masses (see
[10, 11]) and neither predicts enough dark matter nor the correct amount
of vacuum energy needed to explain dark energy. It is also considered a
flaw that loop corrections to the mass of the Higgs boson, which is the
only scalar field in the standard model, grow unnaturally large due to
quadratic divergences.

The latter is commonly referred to as the hierarchy problem and can
be cured to a large extent by a new symmetry dubbed supersymmetry, or
by lowering the scale of gravity as in models of extra dimensions like ADD
[12] or Randall-Sundrum [13]. As it happens, each type of hypothesis also
offers the possibility of providing a dark matter candidate in the form of
a new massive particle that only interacts via the weak force (and grav-
ity). Such a Weakly Interacting Massive Particle (WIMP) is a good dark
matter candidate since it naturally would give a thermally produced relic
density in agreement with the observed ΩM . Other new physics mod-
els with WIMPs exist, such as the inert Higgs scalar doublet considered
in this thesis, and yet other that provide dark matter candidates in the
form of axions or composite states (see [14] for a review of dark matter
candidates).

The dark matter candidates under study in this thesis may be seen as
two archetypes of WIMP dark matter; the neutralino appearing in min-
imal supersymmetric extensions of the standard model, and the lightest
inert particle in a minimal extension of the standard model Higgs sector.
Supersymmetry is one of the most well studied hypotheses as its rich phe-
nomenology offers a large variety of experimental signals beyond what can
be produced in the standard model. It is also theoretically very appeal-
ing, while the much simpler inert doublet model provides a framework for
explaining phenomena without solving the more fundamental problems of
our current theory.
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Chapter 2

Dark Energy in non-Einstein
Gravity

General relativity has been well tested in the solar system and, when
applied to cosmology, successfully predicts the nucleosynthesis of light
elements in the early universe – but the theory may or may not hold
over distances comparable to the size of the observable universe today. In
the models referred to in this thesis Einstein gravity is not abandoned but
modified in different ways, in the hope that the effects on the gravitational
laws are noticeable only over cosmological distances and can lead to late-
time acceleration without a cosmological constant.

The action from which the Einstein equations can be derived is

S =
M2
Pl

2

∫
d4x
√
−gR+

∫
d4x
√
−gLM (2.1)

where g = det gµν , the Planck mass M2
Pl = 1/8πG (in natural units

~ = c = 1) and LM is the matter Lagrangian.
The attempts to modify this action presented below are as they stand

not supported by consistent theories but provide us with toy models for
phenomenology. The aim of our work has been to investigate whether
expansion histories alternative to the concordance model of a cosmological
constant and cold dark matter (ΛCDM) can be ruled out or not by the
data.

2.1 Expansion History from Candles and Rulers

There are two basic approaches to probing dark energy experimentally,
geometrical probes of the expansion history and the growth of structure.

13



14 Chapter 2. Dark Energy in non-Einstein Gravity

The two are complementary and should be combined to pin down the
nature of dark energy [15]. In the studies presented here, we restrict
ourselves to the first approach and mainly use supernovae type Ia as
standard candles and the baryon acoustic oscillation peak as a standard
ruler.

The luminosity distance dL is defined through the relation

F =
L

4πd2
L

(2.2)

where L is the luminosity, i.e. the emitting power of the source, and F is
the flux measured at the telescope. The angular distance, dA, defined as
the ratio of an object’s physical size D and its angular size dψ

dA ≡
D

dψ
(2.3)

and the angular and luminosity distances are simply related to each other
by

dA =
dL

(1 + z)2
(2.4)

Under the assumption of the FLRW metric, the expression for the
luminosity distance to objects at redshift z becomes

dL =
(1 + z)
H0

√
|Ωk|
S
(√
|Ωk|

∫ z

0

dz′

E(z′)

)
(2.5)

where S(x) = sin(x) if Ωk < 0, S(x) = sinh(x) for Ωk > 0 and S(x) = x
for Ωk = 0 and E(z′) = H(z′)/H0 is given by the model.

Instead of flux and luminosity, astronomers use the terms apparent
and absolute magnitudes. The observed brightness of an object is mea-
sured in terms of the apparent magnitude m, related to the flux F and
telescope characteristics. The object’s true luminosity is related to the
absolute magnitude M and there is a simple relation between magnitudes
and luminosity distance (for dL in units of Mpc):

m−M = 5 log dL + 25 (2.6)

A standard candle is a luminous object for which the absolute magni-
tude is known. Cepheid stars are standard candles because of the known
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correlation between the frequency with which they pulsate and their lu-
minosity. They are however not bright enough to be observable at very
high redshifts. A better standard candle for probing dark energy is a type
Ia supernova.

Supernovae are stars exploding at the end of their life. Type Ias
are believed to originate from white dwarfs in binary systems, accret-
ing mass from the accompanying star. The collapse happens when the
Chandrasekhar limit is reached, with the consequence that the absolute
magnitude M should be the same for all type Ia supernovae. In reality,
however, they are not perfect standard candles, and it is more correct to
say that supernovae type Ia are standardizable candles.

Supernovae are measured at redshifts up to ∼ 1. This means that we
can neglect the radiation density Ωγ so that

H(z)
H0

=
√

ΩM (1 + z)3 + ΩΛ + Ωk(1 + z)2 (2.7)

and

1 = ΩM + ΩΛ + Ωk (2.8)

If we are interested in the relative energy content of the universe, we
can choose to treat H0 as a nuisance parameter, together with the un-
known absolute magnitude of the supernovae, and write the magnitude-
luminosity distance relation

m(z) = 5 log dL + 25 +M = 5 log d′L − 5 logH0 + 25 +M

= 5 log d′L(z) + b (2.9)

where then

d′L =
(1 + z)√
|Ωk|
S
(√
|Ωk|

∫ z

0

dz′

H(z′)/H0

)
(2.10)

At every point in the (ΩM ,ΩΛ)-plane, we can calculate χ2

χ2 =
∑
i

(mi − 5 log d′L(zi)− b)2

(∆mi)2
(2.11)

and choose the value for b that minimizes χ2 in that point, in this way
treating b as a free parameter.
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Another geometric measure is a standard ruler, something for which
the physical size is known. The baryon acoustic oscillations (BAO) that
took place before the universe became transparent to light give rise to
such a ruler in the preferred length scale corresponding to the distance
sound waves could travel at the time of the decoupling of photons. This
has been measured as a peak in the galaxy correlation function by the
Sloan Digital Sky Survey [16] and its imprint in the CMB is seen by
WMAP. The observable in this case is the angular distance, which is
directly related to the luminosity distance as described above. Unlike
the supernova data points however, the BAO data points are themselves
to some extent derived and therefore not completely independent of the
cosmological model.

2.2 The Dvali-Gabadadze-Porrati Model

2.2.1 An Infinite Extra Dimension

The existence of extra spatial dimensions is an intriguing idea to describe
new physics. One way to explain why we do not experience the extra
dimensions in every day life is through compactification, which would
cause gravity to be altered only at very short distances. In the model
by Dvali, Gabadadze and Porrati (DGP), the extra dimension is instead
infinitely large and gravity is changed over long distances.

In the DGP model, our (3+1)-dimensional space is confined to a brane
residing in a fifth dimension which is spatially flat and infinite [17]. The
action looks like

S = −M
3

2

∫
d5x

√
−g(5)R(5)−

M2
Pl

2

∫
d4x

√
g(4)R(4) +

∫
d4x

√
g(4)LM

(2.12)

Due to the different mass scalesM andMPl, gravity propagates differently
on the brane than in the bulk. In the weak field limit, Newtonian gravity
is recovered at distances smaller than a crossover scale

L =
M2
Pl

2M3
(2.13)

At larger distances gravitational leakage into the bulk dimension sets in
and gravity becomes weaker.

The modified Friedmann equation for DGP was derived by Deffayet
[18] assuming a FLRW-like but five-dimensional metric. By first solving
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the vacuum bulk equations and then treating the zero-thickness brane
using junction conditions, assuming a y ↔ −y symmetry for the bulk
coordinate and taking the metric to be continuous over the brane, he
arrived at the modified Friedmann equation

H2 +
k

a2
− ε

L

√
H2 +

k

a2
=

ρM
3M2

Pl

(2.14)

where ε = ±1. It is the ε = 1 solution that gives the late-time self-
accelerated expansion without the need for a cosmological constant.

As one looks for generalizations of the DGP model to higher dimen-
sions, the five-dimensional (5D) DGP turns out to be a very special case.
Similarly to what happens with the Coulomb field due to a charged par-
ticle, increasing the number of co-dimensions to more than one leads
to divergences on the brane. These can be regularized by assuming a
thickness for the brane. One such regularization may give rise to a new
Friedmann equation of the form

H2 − 1
L2(β + (LH)n−1)

=
ρM

3M2
Pl

(2.15)

for zero spatial curvature on the brane. Here L corresponds to the
crossover length scale and we have an additional parameter β. We can
notice that when β dominates the denominator, the term involving the
new scale L will behave like a cosmological constant term.

We also compare this generalisation to one without β but assuming
spatial curvature Ωk in which case we also recover the 5D DGP model for
n = 0. See Paper I for the equations on dimensionless form (ΩL being the
dimensionless parameter related to L). The number of free parameters is
the same as in the ΛCDM model.

2.2.2 DGP Facing Observational Data

The expansion history due to the self-accelerating branch of the DGP
model was first tested by Fairbairn and Goobar in 2006 [19]. Since then,
the model has been tested by different groups using different data sets,
sometimes concluded to be somewhat disfavored in comparison to the
ΛCDM model and other times to be indistinguishable from it. Our find-
ings in Paper I were that systematic effects led to discrepancies between
different supernova data sets, favoring one cosmology or the other de-
pending on the way data had been analyzed, see figure 2.2.
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Figure 2.1. The ESSENCE data sample compared with models with
β = 0 and non-zero spatial curvature for the cases corresponding to the
basic DGP model (n = 1) and to ΛCDM (n = 2). The pink ellipses cor-
respond to the 68%, 95% and 99% confidence regions from the supernova
data when the peculiar velocity error is not yet included, the blue bands
border the 99% confidence region for the baryon acoustic peak data while
the green region borders the 99% confidence region for the CMB shift
parameter. The dark green circle is the 68% confidence region for the
combined fit. The pink dotted line corresponds to the 99% confidence
region for the supernova data when we have included the 400 km/s error
in the redshift. The black line corresponds to spatially flat universes.

Figure 2.2. Comparison between the results of fitting DGP and ΛCDM
to the SNLS and ESSENCE supernova data set (filled in 68%, 95% and
99% confidence regions) and the Riess 07 Gold set (dotted lines). The
solid black line corresponds to spatially flat universes.
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After the publication of our work, supernova data from different sur-
veys have been compiled and all analyzed in a consistent way [20, 8]. How
to take systematic effects into account, using different methods of fitting
the supernova light curves, is however still under debate [21, 22].

Even if the DGP model is not in clear tension with geometrical probes
of the expansion history, the combination with probes of growth pertur-
bations has been argued to seriously disfavor self-accelerating 5D DGP
compared to ΛCDM [23, 24]. This branch of the model is also ruled out
due to theoretical inconsistency unless the ghost problem can be resolved
[25]. As a further note, in models like these, one should still explain why
the cosmological constant is zero, something that is however considered
to be a less severe fine-tuning problem than having to explain a small
but non-zero value. As has already been stressed, this model, and its
possible generalization, is in this thesis simply used as a toy framework
for phenomenological studies of dark energy.

2.3 f(R) Modified Einstein Gravity

2.3.1 An Inverse Curvature Correction

In general, an f(R) modification of the Einstein-Hilbert action is written

S =
M2
Pl

2

∫
d4x
√
−gf(R) +

∫
d4x
√
−gLM (2.16)

giving the vacuum field equations

f ′(R)Rµν −
1
2
f(R)gµν + (gµν∇γ∇γ −∇µ∇ν)f ′(R) =

Tµν
M2
Pl

(2.17)

where f ′(R) = ∂f/∂R, which in the case of f(R) = R reduces to the
Einstein equations.

Dark energy is a late-time effect and in our expanding universe late
times correspond to low curvatures. The simplest correction that becomes
important at low curvatures is the 1/R model:

f(R) = R− µ4

R
(2.18)

where µ is a new mass scale introduced for dimensional reasons. This
model was shown in [26] to give late-time accelerated expansion.
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Assuming a spatially flat FLRW metric one arrives at a modified Fried-
mann equation

3H2− µ4

12(Ḣ + 2H2)3

(
2HḦ + 15H2Ḣ + 2Ḣ2 + 6H4

)
=

ρM
M2
Pl

(2.19)

with two new parameters Ḣ and Ḧ in addition to the mass scale µ.
This equation looks complicated but can be written in a different way
that is easier to interpret. For a Lagrangian of the form f(R), such
that f ′(R) > 0, we can perform a conformal transformation, which is a
rescaling of the metric:

g̃µν = pgµν , p ≡ f ′(R). (2.20)

If we define a scalar field φ

p ≡ exp

√
2
3

φ

MPl
(2.21)

the equations can be written on the more familiar form of a scalar field
coupled to matter in Einstein gravity. The difference between f(R) mod-
els lies in the potential

V (φ) ≡
M2
Pl

2p2
(pR− f) (2.22)

The potential for the 1/R model is plotted in figure 2.3. To get a
feeling for the phenomenology of this model we can consider the vacuum
case, as done in [26]. Assuming the beginning of the universe corresponds
to R→∞⇒ φ→ 0, we take the initial value of φ to be small, φi << MPl.
Depending on the initial value of φ′, there are three different outcomes
for the future of the universe :

1. There is a critical value φ′c of φ′i, for which the field comes to rest at
the top of the potential, giving an unstable de Sitter solution, i.e. the
same as for an empty universe with a cosmological constant but very
sensitive to perturbations of the field.

2. For φ′i < φ′c, the field rolls back down the potential towards a singu-
larity and “big rip” solutions.

3. For φ′i > φ′c, the field rolls over the top of the potential and at late
times V ∼ µ2M2

Plp
−3/2, giving a power law accelerating solution ã ∝

t̃4/3 ⇔ a ∝ t2.
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Figure 2.3. The potential for the effective scalar field in the 1/R model,
plotted as V/µ2M2

Pl as a function on φ/MPl.

These three types of destinies remain in the presence of matter, for tuned
values of φ′i. The matter term gives an effective time-dependent shift to
the potential.

To compare this model with the data we need E(z) = H(z)/H0, or
rather

∫
dz
E(z) . Our free parameters here, apart from the matter density

ΩM , are the mass scale µ and the values today of φ and φ′, one of which
is fixed in terms of the others through the usual constraint equation from
putting z = 0. The equations are written on dimensionless form in Paper
II by introducing the time-variable τ = H̃0t̃, and σ = φ/MPl for the field.
By relating τ to z, we are able to determine the evolution of the universe
in this model, and the dimensionless free parameters that we need to
specify each time we calculate H(z)/H0 are ΩM , σ0 and ∂σ/∂τ |0.

As a first generalisation of the 1/R model, the term added should be
of the form

−µ
2(n+1)

Rn
(2.23)

We analyze also the n = 2 case, for which the form of the potential is
similar to the one in the 1/R case with the maximum slightly shifted.
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Figure 2.4. Look back times (age of the universe) for f(R) = R −
µ4/R cosmologies, given in years in the matter frame assuming a Hubble
constant of 65 kms−1Mpc−1. In cosmologies above the line labeled ’big
bang’, the scalar field goes over the top of the potential too quickly (see
figure 2.3). The red region is the 99% region fitting to supernova data,
the blue region is the same for BAO.

2.3.2 1/R Facing Observational Data

When considering the 1/R model in Paper II, we could find a range of
parameter values giving an expansion history that we were able to fit
to the data from supernovae, BAO and CMB, see figure 2.4. However,
we found that these models give an expansion at early times mimicking
that of a radiation dominated universe, see the left plot in figure 2.5,
in agreement with what Amendola, Polarski and Tsujikawa [27] found
to be a generic feature of a more general class of f(R) models. To test
how this would compare with observations, we calculated the thickness
of the last scattering surface as a function of radiation density, shown to
the right in figure 2.5, and were able to rule out the 1/R model. The
integral in the expressions for luminosity and angular distances (equation
2.5) make these measures more sensitive at lower redshift, which is why
we are able to fit to the geometrical probes of the expansion in the 1/R
framework. At high redshift, on the other hand, and in particular at
the time of last scattering of the CMB photons, the expansion rate is
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Figure 2.5. On the left, comparison of the total effective equation of
state in the best fit version of f(R) = R − µ4/R vs. ΛCDM, in both
cases ΩM = 0.3. On the right, thickness of the LSS as a function of the
effective radiation like energy density. The red line runs from the value
predicted from the CMB in ΛCDM to the value which best fits the high
redshift expansion for the 1/R model which best fits the data. WMAP
has measured ∆z to be 195± 2 [28].

radically changed compared to that of the ΛCDM scenario. The freeze-
out of photons occurs roughly as the expansion starts to dominate over
the interaction rate of the photons, whose cross-section in turn depends on
the temperature, which is how the effect of altering the radiation density
is equivalent to altering the expansion. The expansion in 1/R at these
times can be effectively described as that of a ΛCDM universe with a
much higher photon density, which would make the process of freeze-out
of photons take longer for a given temperature.

The phenomenologically motivated f(R) models are theoretically con-
sistent but difficult to get to agree with local tests of gravity such as solar
system tests [29]. The coupling to matter in the Einstein frame can in
some f(R) constructions evade such constraints through the chameleon
effect [30], which however does not save the 1/R model in particular [31].
Since there might be other ways of screening the fifth force due to the ef-
fective scalar field at solar system scales, our result is nevertheless valuable
in providing a way to explicitly rule out similar scenarios on cosmological
grounds.
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Chapter 3

Dark Matter at the Large
Hadron Collider

The approaches to probing particle dark matter already present in the
universe are ground-based and satellite-borne telescopes, aiming to de-
tect rest products of dark matter particle interactions in space (indirect
dark matter detection), and underground experiments aiming to detect
dark matter particles directly as they pass through the earth (direct de-
tection). These methods are of great importance; even if we would see
a weakly interacting massive particle created in the lab that is stable
enough to escape the detector, we cannot be sure that it remains stable
on time scales of the order of the age of the universe. On the other hand,
such observations are flawed with large astrophysical uncertainties and
the information gained from high energy accelerators should be an im-
portant guide to what the particle nature of dark matter may be. Here,
we study the prospects for discovery of dark matter models at the CERN
Large Hadron Collider (LHC).

3.1 Particle Nature of Dark Matter at Colliders

Physics beyond the standard model has been searched for at accelerators
such as the Large Electron-Positron collider at CERN (LEP) and the
Tevatron at Fermilab but so far, it seems, the energies (or maybe, in case
of some scenarios, the luminosities) have not been high enough for the
new particle states to be created and observed. The hope is that the
unprecedented reach in energy and luminosity of the LHC will lead to
such a discovery.

25
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The LHC consists of an accelerator ring underground, 26.7 km in
circumference. The two proton beams are accelerated using a radio-
frequency system made up of a number of super-conducting cavities, and
strong superconducting dipole magnets are used to bend each beam in
its circular path. Additional magnets are needed to focus the beams, es-
pecially at the interaction points where the detectors are situated [32].
There are four detectors at the LHC, two of which are general purpose
detectors, meaning that they are designed to discover physics beyond the
standard model such as Higgs bosons, supersymmetry, extra dimensions,
microscopic black holes, etc. The general purpose detectors are the AT-
LAS (A Toroidal LHC ApparatuS) and CMS (Compact Muon Solenoid)
detectors, and in this thesis we consider the ATLAS detector in particular,
shown in figure 3.1 [33].

The detector consists of several sub-detectors, which are:
• the inner detector – for track reconstruction and primary and sec-

ondary vertex identification,
• the electromagnetic calorimeter – for measuring electron and photon

energies,
• the hadronic calorimeter – for measuring strongly interacting particles

in order to enable jet identification,
• the muon detector – for identification of muons and measurement of

their momentum.
The concept of luminosity, here denoted by L, has a slightly different

meaning in this context compared to that of the previous chapter.

L ∝ fnN
2

A
(3.1)

where f is the revolution frequency, n is the number of bunches, N is the
number of protons in each bunch (∼ 109) and A is the beam cross section
[34]. The design luminosity for the LHC is 1034 cm−2s−1. This leads to
an event rate of 40 MHz that has to be reduced to ∼ 200 Hz due to disc
storage capacity. This is done using a three-level trigger system which
identifies high-energy events to be stored permanently.

If we let L denote the luminosity integrated over runtime, the number
of events N for a process with cross section σ is given by

N = σL (3.2)

The integrated luminosity L is usually quoted in units of inverse pico- or
femtobarn. At design luminosity, the experiment will accumulate ∼ 100
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Figure 3.1. The ATLAS detector. Image from atlas.ch.

fb−1 per year. During the first LHC run in 2010, 35 pb−1 of data from
proton-proton collisions at 7 TeV centre-of-mass energy was recorded.
The plan is to run at 7 TeV also during 2011-2012, expecting to reach
an integrated luminosity of a few fb−1. After a longer shut-down, the
experiment should be ready to start up again in the later part of 2014
and run at the design energy of 14 TeV.

The coordinate system in which collision events are described has the
z-axis parallell to the beam and the x-axis pointing towards the center
of the ring. At a hadron collider, the four-momentum of the individual
partons along the direction of the beam is not under control, and the
four-vector for a particle is specified using the energy deposited along the
direction transverse to the beam ET , the transverse momentum compo-
nent pT , the azimuthal angle φ and the pseudorapidity

η = − ln tan
θ

2
(3.3)

which is related to the polar angle θ and indicates closeness to the beam.
There are different methods for extracting a signal of physics deviating

from the standard model. One can look at how events are distributed as
a function of a variable, as when looking for mass peaks or other shape

http://atlas.ch/
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discrepancies, or one can look for excesses in simple number counts [35].
The latter is the method used in this thesis. In all cases, hard cuts
on the events are needed in order to distinguish a signal from the large
hadronic background. Examples are combinations of cuts on high pT
jets, (charged) leptons, missing transverse energy (6ET ), the scalar sum of
transverse energy (HT ) and transverse sphericity of the event.

To make use of the missing energy channel, a detailed knowledge of
the detector is needed, something which at the time of writing of Paper III
was not evident would be achieved in the early runs. Even though miss-
ing energy is an important signature of WIMP dark matter, we therefore
investigated in Paper III whether supersymmetric dark matter models
could be discovered in the early stages of LHC running without making
use of the missing energy cut. Instead we focused on signatures with lo-
cally measurable objects like energetic jets and isolated leptons. After the
completion of the first LHC run in 2010, the experimentalists at CERN
have a very good handle on the detectors’ missing energy measurements,
and have performed all their supersymmetry searches in channels depend-
ing on this quantity (see for example [36, 37, 38, 39]). Nevertheless, the
channels under study in Paper III are complementary to those. We study
the prospects for early detection at the LHC by simulating the signal and
background processes important for the leptonic channels considered. The
generated collision events are passed through a detector simulation after
which we perform our cuts. We predict at what integrated luminosity a
given model can be seen by requiring a five sigma significance and at least
five signal events.

In Paper IV we study a purely electroweak extension of the standard
model, the inert doublet model. The production cross-sections for the
inert scalars at a hadron collider are thus comparably low and we need to
consider high integrated luminosities at design energy. The possibility of
the model to produce a signal in the multilepton plus missing transverse
energy channel, in which the standard model should give rise to little
background, is the motivation for our study. Previous to our work, the
inert doublet model was shown to give signals in the di- and trilepton
channels [41, 42]. As this is the case for other new physics models as well,
and different complementing channels would help pin down the identity
of the model giving rise to a given excess over background, we focused
on the tetralepton channel. We find that it is not likely that the inert
doublet model would show up in this channel, due to its limited ability
to give rise to isolated leptons at a collider.
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Figure 3.2. Sketch of a high energy proton-proton collision. Image from
www.sherpa-mc.de, courtesy of F. Krauss.

3.2 Computational Tools

3.2.1 Event Generation

At the LHC, bunches containing billions of protons are collided at un-
precedented high center-of-mass energy. For each bunch collision, about
one of the partons (the quarks and gluons that constitute the boosted
protons) from each beam will partake in a hard collision (event), that has
the ability to create massive states that have yet to be discovered. A large
part of the time, however, known standard model states will be produced,
giving rise to a huge background to new physics, dominated by hadronic
processes. Unstable particles that are produced will decay, possibly in

http://www.sherpa-mc.de/
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several steps (cascade decay), and give rise to final states of stable parti-
cles in the event that, if carrying electric charge, will leave their traces in
the different detector layers. Quarks and gluons will hadronize and give
rise to jets of many particles, that deposit their energy in the calorimeters.
Charged leptons will leave tracks, and the electrons are stopped by the
electromagnetic calorimeter layer while the muons make it out to the outer
layer and the muon detector. Neutral, stable particles that go through
all layers undetected, will contribute to the net imbalance of the summed
momentum transverse to the direction of the beam. The physical objects
have to be reconstructed using strict definitions. For example leptons,
meaning electrons and muons since tau can decay hadronically, must be
required to be isolated, to distinguish them from leptons that originate in
jets. Each hard event will be contaminated by the other partons’ softer
collisions in the same bunch, as well as possibly multiple collisions within
the same proton pair. To reconstruct the physical process that gave rise
to the recorded data is not an easy task, and experimentalists and theo-
rists rely on computer (Monte Carlo) simulations of event generation and
detector response (see for example [43]).

An event generator for a hadron collider should include the following
steps (see figure 3.2):
• perturbative matrix element calculation and phase-space integration

of the hard scattering subprocesses,
• taking into account the parton distribution function (PDF),
• initial and final state radiation, using a Parton Shower (Markov pro-

cess) algorithm,
• cascade decays,
• hadronization,
• beam remnants,
• underlying event.

On top of this, the effect of detector response must be taken into
account in order to compare predictions with the data.

A word on jet matching

The method of Parton Showering to describe initial and final state QCD
radiation is needed to describe soft and collinear emission, where the
matrix element description diverges, but is formally correct only in this
limit. Even though it has been shown to be valid also relatively far away
from it, the description does break down for hard and widely separated
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jets. The use of the matrix element description to include multiple jets
becomes important at LHC, and it is desirable to apply both methods
simultaneously. Jet matching is the procedure to avoid double counting
of events in the region where the methods overlap, and there exist a couple
of different schemes for handling this [44].

3.2.2 MadGraph/MadEvent, Pythia and PGS

For the LHC studies in this thesis (Paper III and Paper IV), we used the
Madgraph/Madevent package (MG/ME), version 4, for matrix element
and event generation [45]. This package includes interfaces to Pythia
[46] and PGS (Pretty Good Simulation) [47]. Given a model framework
and a hard process, Madgraph calculates the leading order diagrams for
the different subprocesses and writes the code needed by Madevent for
event generation and cross-section calculation. The generated events can
be passed to Pythia that takes care of parton showering, jet matching,
hadronization and decay of the particles. After that, the events can be
passed through the PGS detector simulation, where objects are recon-
structed approximately as they would be in a detector, with detector cov-
erage and certain efficiencies taken into account. See flowchart in figure
3.3.

The parameters needed by Madgraph/Madevent, Pythia and PGS are
set in the respective cards, see figure 3.3. The hard process (for example
proton-proton → tt̄ or a pair of gluinos or squarks) and general model
framework (for example the SM or the MSSM) is specified in the process
card, which is fed to Madgraph in order to generate the diagrams. The
specific model parameter choices for masses and couplings are specified
in the parameter card, generated by the model specific calculator (the
MSSM calculator takes input in the standardized Les Houches Accord
format [48]), and fed to Madevent. The collider type, beam energy, choice
of PDF, choice of jet matching algorithm, if needed, number of events,
possible cuts, etc. are specified in the run card. In the Pythia card one
specifies whether initial and final state radiation, hadronization, multiple
interactions are to be applied, and if required, matching parameters other
than what MG/ME will pass on. The parameters concerning coverage,
efficiencies, jet algorithm, etc. need to be specified in the PGS card in
order to best mimic the detector of interest (in our case the CERN ATLAS
detector). The output from PGS, on which we apply our own analysis
specific cuts, is given on the LHC Olympics format [49].
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Figure 3.3. Flowchart of the Madgraph/Madevent software for event
generation. Courtesy of F. Maltoni (cp3wks05.fynu.ucl.ac.be).

3.3 Supersymmetry

The dark matter candidate under study in Paper III is the WIMP aris-
ing in the R-parity conserving minimal supersymmetric standard model
(MSSM), in the form of the lightest neutralino.

Supersymmetry is a symmetry between fermions and bosons, which
is theoretically very appealing. By an extension of the Poincaré group
(space-time rotations and translations) to include anticommuting spinor
charges, it unifies space-time symmetries with internal symmetries (see
for example [50]). It offers a solution to the hierarchy problem in that it
introduces an equal number of bosonic loop corrections to the Higgs mass,
cancelling the fermionic ones (for a review of weak scale supersymmetry,
see [51]).

In the minimal supersymmetric extension of the standard model, the
same gauge symmetry group as in the standard model is kept. Each stan-
dard model fermion (boson) then has a supersymmetric bosonic (fermionic)
partner. A supersymmetric theory can be constructed using the superfield
formalism, in which each set of associated fermionic and bosonic compo-
nents form a superfield. The electroweak symmetry breaking sector needs

http://cp3wks05.fynu.ucl.ac.be/twiki/bin/view/
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Figure 3.4. Examples of supersymmetric gluino (superpartner of the
gluon) cascade decays at the LHC, leading to different collider signatures
with jets, leptons and missing transverse energy. χ0 denotes the lightest
neutralino. Image from M. L. Mangano [40].

to be extended by an extra Higgs doublet in order to give masses to both
the up- and down-type fermions, and as a consequence the number of
degrees of freedom in the MSSM is more than doubled compared to the
standard model. The MSSM superpotential reads [52]

W = εij

(
−ê∗RYE l̂iLĤ

j
1 − d̂∗RYDq̂iLĤ

j
1 + û∗RYU q̂iLĤ

j
2 − µĤ

i
1Ĥ

j
2

)
(3.4)

where i, j are SU(2) indices, the Yukawa couplings Y are matrices in
generation space, ê and l̂ are the superfields consisting of the leptons
and sleptons and û, d̂ and q̂ are the superfields containing the quarks
and squarks. The lefthanded components are SU(2) doublets and the
righthanded are SU(2) singlets.

Under supersymmetry, the superparticles come with the same mass as
their standard model partners. This means that also supersymmetry, if
it exists, has to be broken, otherwise we would already have detected the
superparticles. To allow for different mechanisms of spontaneous breaking
of supersymmetry, one explicitly adds soft (in the sense that they do
not introduce new quadratic divergences in the Higgs mass corrections)
supersymmetry breaking terms to the MSSM Lagrangian in the potential:
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Vsoft = εij

(
ẽ∗RAEYE l̃iLH

j
1 + d̃∗RADYDq̃iLH

j
1 (3.5)

−ũ∗RAUYU q̃iLH
j
2 −BµH

i
1H

j
2 + h.c.

)
+H i∗

1 m
2
1H

i
1 +H i∗

2 m
2
2H

i
2

+ q̃i∗LM2
Qq̃iL + l̃i∗LM2

L̃l
i
L + ũi∗RM2

U ũiR + d̃i∗RM2
Dd̃iR + ẽi∗RM2

E ẽiR

+
1
2
M1B̃B̃ +

1
2
M2(W̃ 3W̃ 3 + 2W̃+W̃−) +

1
2
M3g̃g̃

where the soft trilinear couplings A and the soft sfermion masses M are
matrices in generation space and a tilde denotes the superpartners of the
SM fields. The L and R subscripts on the sfermion fields refer to the
chirality of the fermions they are superpartners of.

The number of allowed terms in Vsoft is limited by the requirements
of renormalizability and R-parity. The latter is a symmetry imposed
in order to keep the conservation of baryon and lepton numbers, which
are (accidental) symmetries of the standard model with important phe-
nomenological consequences such as the stability of the proton, also in the
MSSM. The quantum number R = (−1)3(B−L)+2S is multiplicative and
as a consequence of its conservation, the lightest supersymmetric particle
(LSP) is stable. It is when the LSP is the lightest neutralino that we have
the WIMP dark matter candidate models studied here. The neutralinos
are the superpartners of the gauge and Higgs bosons.

The squark and slepton mass spectra are model properties of partic-
ular importance for our study. In general the up-type and down-type
squark and slepton mass matrices can be expressed as

M2
ũ =

(
M2

Q + m†umu +Du
LL1 m†u(A†U − µ∗ cotβ)

(AU − µ cotβ)mu M2
U + mum

†
u +Du

RR1

)
(3.6)

M2
d̃

=

(
K†M2

QK + mdm
†
d +Dd

LL1 m†d(A
†
D − µ∗ tanβ)

(AD − µ tanβ)md M2
D + m†dmd +Dd

RR1

)
(3.7)

M2
ν̃ = M2

L +Dν
LL1 (3.8)

M2
ẽ =

(
M2

L + mem
†
e +De

LL1 m†e(A
†
E − µ∗ tanβ)

(AE − µ tanβ)me M2
E + m†eme +De

RR1

)
(3.9)

whereDf
LL = m2

Z cos 2β(T3f−ef sin2 θW) andDf
RR = m2

Z cos 2βef sin2 θW,
T3f being the third component of the weak isospin, ef the electric charge
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and θW the weak mixing angle. K denotes the CKM matrix and tanβ is
the ratio of the vacuum expectation values of the two Higgs doublets. The
diagonal mu, md and me matrices run over the up-type quark, down-type
quark and charged lepton masses, respectively.

The breaking of supersymmetry introduces more than a hundred free
parameters into the MSSM, making phenomenological studies hardly fea-
sible. To have a starting point for making comparison with experiment,
some approximations and assumptions have to be made in order to re-
duce the parameter space. Motivated by restrictive experimental bounds,
sources of lepton flavor violation and CP1-violation are simply set to zero.
These include off-diagonal terms in the slepton and squark soft mass ma-
trices and in the trilinear coupling matrices. On top of that a common
approximation is to neglect terms that multiply the first and second gener-
ation Yukawa couplings, since the masses of the third generation particles
are the largest.

3.3.1 MSSM-7 – Minimal Supersymmetry for Phenomenology

In the MSSM-7, the assumptions are even more restrictive, reducing the
number of free parameters to seven. It is a phenomenological approach in
order to study the MSSM without theoretical prejudice, which differs from
for example mSUGRA, where gravity mediated supersymmetry breaking
is assumed to constrain the model.

The trilinear couplings to leptons are completely neglected, leaving
only the trilinear couplings to the top and bottom quarks, At and Ab. The
sfermion mass parameters are all taken to be equal to a common m0 pa-
rameter. In other words we take AU = diag(0, 0, At), AD = diag(0, 0, Ab),
AE = 0 and MQ = MU = MD = ML = ME = m01. We assume the re-
lations between the gaugino mass parameters M1, M2 and M3, motivated
by gauge coupling unification at the scale of a Grand Unified Theory,

M3 =
αs
α

sin2 θWM2 =
3
5
αs
α

cos2 θWM1 (3.10)

where α and αs are the fine-structure and strong coupling constants,
respectively. Approximately we have 2M1 ∼ M2 ∼ 0.3M3 and we choose
to work with M2 as our free parameter.

The remaining three come from the Higgs sector and are the Higgsino
mass parameter µ, the ratio between the two Higgs vacuum expectation

1Charge- and parity symmetry.



36 Chapter 3. Dark Matter at the Large Hadron Collider

values tanβ and the mass mA of the neutral CP-odd one of the physical
Higgs bosons.

Note that all model parameters of the MSSM-7 are to be given at the
electroweak scale. This is different to mSUGRA where most parameters
are instead specified at the GUT scale and run down to low energies using
renormalization group equations.

3.3.2 MSSM-8 – for Improved Leptonic Signatures

To break the near mass degeneracy between sleptons and squarks that is a
consequence of the MSSM-7 assumption of a common soft sfermion mass
parameter, we break m0 up into a slepton mass parameter ml̃ and one for
the squarks mq̃, that is MQ = MU = MD = mq̃1 and ML = ME = ml̃1..
We then scan for models with light sleptons to extend the cascade decay
chain to see to what extent this improves our lepton signal.

This actually renders the MSSM-8 model more similar to mSUGRA,
in which the running of the masses down from the GUT scale often lead
to a breaking of the mass degeneracy.

3.3.3 Predictions for Early LHC Discovery without Missing
Energy

In Paper III, the models under study are phenomenological attempts to
understand the particle nature of dark matter. The MSSM is well moti-
vated theoretically but has too many free parameters to make a completely
general study possible. Considering the reduced parameter spaces of the
MSSM-7 and MSSM-8 models, we are trying to separate out what model
properties are important for early discovery at the LHC.

The production processes we consider are pair production of gluinos
and (anti-)squarks, that when kinematically possible can cascade decay
via neutralinos and charginos2, giving rise to final states guaranteed by
R-parity to include the lightest supersymmetric particle, together with
standard model particles. As illustrated in figure 3.4, pair production
of strongly interacting supersymmetric particles such as gluinos will typ-
ically give rise to final states of at least four jets and missing energy.
The steps in the decay chain will further depend on the model, and light

2While the physical states that are linear combinations of the superpartners of the
neutral gauge and Higgs bosons are called neutralinos, the states that are linear combi-
nations of the superpartners of the charged gauge and Higgs bosons are correspondingly
called charginos.
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Figure 3.5. Results corresponding to figure 7 in Paper III, updated to 7
TeV. Integrated luminosity required for detection of (a), (c) MSSM-7 and
(b), (d) MSSM-8 models in the four jets (with pT > 100, 50, 50, 50 GeV)
plus two leptons (each with pT > 20 GeV) search. The results are shown
for the (a), (b) same sign and (c), (d) opposite sign dilepton channels.
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Figure 3.6. 7 TeV update corresponding to figure 10 in Paper III. Inte-
grated luminosity required for detection of (a) MSSM-7 and (b) MSSM-8
models in the four jets (with pT > 100, 50, 50, 50 GeV) plus three leptons
(each with pT > 20 GeV) search channel.

sleptons in the mass spectrum will open up the possibility of neutralinos
and charginos decaying into pairs of sleptons, which can then decay into
lighter neutralinos and charginos, giving rise to more leptons along the
way. While such a spectrum naturally arises in more theoretically moti-
vated models such as mSUGRA, we quantify in Paper III to what extent
this freedom in our phenomenological MSSM improves the prospects for
early discovery of supersymmetric dark matter models in leptonic chan-
nels.

At the time when we performed the simulations for Paper III, the an-
ticipated center-of-mass energy for early runs was 10 TeV. In this thesis,
I present results updated to the current energy of 7 TeV. Figures 3.5 and
3.6 show the results of the parameter space scans corresponding to figures
7 and 10 in Paper III, and the benchmark model comparison correspond-
ing to figure 3 in Paper III is shown in figure 3.7. The results are based
on matched background samples of 6 350 000 Z∗(jj) events (∼ 3.7 fb−1

assuming a K-factor of 1.2) and 2 240 000 tt̄(jj) events (∼ 16 fb−1 with
a K-factor of 1.4), and a sample of 20 000 tt̄Z events (∼ 1.6 · 103 fb−1).
For the signal 250 000 events per model were simulated.

The systematic uncertainties in this kind of study are due to the fact
that the parameters of QCD at the high energies probed by the LHC
are unknown until they can be measured in the data. The estimated
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Figure 3.7. Integrated luminosity required for detection of the bench-
mark models defined in table 1, Paper III, in the dilepton (elec-
trons+muons) and dimuon channels, at 7 TeV center-of-mass energy.

predictions depend to some extent on what tools are used for the Monte
Carlo simulation and we have here aimed to make rough estimates using
simple cuts. As knowledge of the detector increases, one should proceed
to use more precise methods, such as optimization of cuts and the use of
more refined variables such as sphericity.

3.4 The Inert Doublet Model

As was mentioned in the introduction, some kind of Higgs sector is re-
quired for our current theory of particles and interactions to work. Al-
though the most minimal, the one Higgs doublet that is taken to be part
of the standard model is not the only alternative. In fact, it could be
motivated to extend the Higgs sector with an extra doublet, and explore
possible new physics that way. We already saw that a minimal supersym-
metric extension of the standard model required two Higgs doublets.
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The Lagrangian for a general two Higgs doublet model can be written

|DµH1|2 + |DµH2|2 − V (H1, H2) (3.11)

where H1 and H2 are the SU(2) doublets, Dµ the covariant derivative
and V the potential (see for example [53, 59]). The form of the potential
is restricted by the requirements of renormalizability and gauge invari-
ance, and the absence of flavor changing neutral currents at tree level
can be ensured by requiring that all fermions of the same electric charge
only couple to one Higgs doublet [54]. Two Higgs doublet models are
classified into two types; Type 1 where only H1 couples to the standard
model fermions, and Type 2 where one Higgs doublet couples to the up-
type fermions and the other to the down-type ones (as is the case in the
MSSM). The inert doublet model (IDM) is Type 1, with H1 playing the
role of the usual standard model Higgs, while H2 is inert, in the sense
that it has no couplings to fermions and does not contribute to the mech-
anism of electroweak symmetry breaking. The model can be constructed
by requiring invariance under a discrete Z2 symmetry under which the
inert doublet is odd and the standard model-like Higgs doublet is even:

H2 → −H2 and H1 → H1, (3.12)

and all the other standard model fields are even too. The potential for
the IDM then reads

V (H1, H2) = µ2
1|H1|2 + µ2

2|H2|2 + λ1|H1|4 + λ2|H2|4

+λ3|H1|2|H2|2 + +λ4|H†1H2|2 + λ5Re
(

(H†1H2)2
)

(3.13)

The (real) parameters thus introduced in the model are two Higgs
mass parameters µ2

1,2 and five quartic couplings between the Higgs fields
λ1−5. The requirement that the potential should be bounded from below
leads to the bounds

λ1,2 > 0 (3.14)

λ3, λ3 + λ4 − |λ5| > −2
√
λ1λ2. (3.15)

In the inert doublet model, the Z2 symmetry is unbroken, which means
that H2 will not develop a vacuum expectation value. As a consequence
of this symmetry, the lightest inert particle will be stable.
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3.4.1 The Inert Higgs as a Scalar WIMP

Despite its simplicity, the inert doublet model has a number of phe-
nomenological applications. Among other things, it has been studied as a
means to raise the SM Higgs mass without violating electroweak precision
tests [55], and, as will be of main interest here, to provide a WIMP dark
matter candidate [56, 57].

After electroweak symmetry breaking, the physical states introduced
with the inert doublet model are, apart from the standard model-like
Higgs boson h, four particles that come from the inert doublet: two
charged states H± and two neutral states H0 and A0 that are even and
odd, respectively, under CP conjugation. The tree-level masses are

m2
h = −2µ2

1 = 4v2λ1 (3.16)
m2
H0 = µ2

2 + (λ3 + λ4 + λ5)v2 (3.17)
m2
A0 = µ2

2 + (λ3 + λ4 − λ5)v2 (3.18)
m2
H± = µ3

2 + λ3v
2 (3.19)

where the Higgs vacuum expectation value is measured to be v ≈ 175
GeV.

In Paper IV we assume H0 to be the lightest inert particle and the
WIMP dark matter candidate. The model has six free parameters, which
we can take to be mh, mH0 , mA0 , mH± , µ2

2, and λ2. These parameters
are constrained from the theoretical side by requirements of perturbativity
(λi . 1 or 4π) and technical naturalness, and from the experimental side
by direct and indirect collider constraints and dark matter considerations.
LEP data on the decay widths of the W and Z bosons yields

mH± +mH0,A0 & mW± , mH0 +mA0 , 2mH± & mZ , (3.20)

and while no complete LEP II data analysis has been carried out for the
IDM, constraints on supersymmetry translate into the exclusion of H0-
and A0-masses according to [60]:

mH0 . 80 GeV ∧ mA0 . 100 GeV ∧ mA0 −mH0 & 8GeV (3.21)

Electroweak precision tests of loop-effects on the SM Higgs boson mass,
that within the SM sets an upper bound on mh of about 144 GeV, are
effected through the Peskin-Takeushi T -parameter. The contribution to
this parameter from IDM is proportional to (mH+ −mA0)(mH+ −mH0).
If the inert particle masses are such that this equals about (120 GeV)2,



42 Chapter 3. Dark Matter at the Large Hadron Collider

Figure 3.8. Feynman diagrams for tree-level production pp →
H±A0, H+H− and possible decay structures into multilepton final states
in the inert doublet model.

the SM Higgs mass can be allowed to be as high as 500 GeV without the
need for divergence canceling new physics (such as supersymmetry).

The dark matter relic abundance will be set by the freeze-out of in-
teractions between H0 and SM particles in the early universe, via the W
and Z bosons, possibly in coannihilations with the other inert scalars,
and via SM Higgs. For mH0 ∼ 10 GeV, the other inert scalars are forced
by collider constraints to be heavy, and the coupling to Higgs has to be
large to render an ΩM in agreement with the WMAP observed value,
possibly compensated by a lower Higgs mass. For mH0 above 40 GeV
coannilations of H0A0 via gauge bosons kick in, and while cancellation
effects can render even higher masses viable [58], for our detector study
we consider inert WIMP masses in the range 40 GeV ≤ mH0 ≤ 80 GeV.

3.4.2 Predictions for the LHC and the Role of Multileptons

In Paper IV we study the prospects for detecting the IDM in the tetralep-
ton plus missing energy channel at the LHC. As argued in section 3.1, this
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Figure 3.9. Tree-level IDM production cross-sections in 10-logarithms of
fb for pp→ H±A0, H+H− and branching ratios for H± → A0, assuming
mH0 = 40 GeV and mh = 500 GeV.

Benchmark mh mH0 mA0 mH± µ2
2 Ωmh

2

IDM-50 206 47 112 216 2.6 · 104 0.13
IDM-60 387 62 129 254 7.1 · 104 0.12
IDM-70 404 69 110 223 2.5 · 104 0.12
IDM-80 271 77 105 222 −5.6 · 103 0.092

Table 3.1. List of the IDM benchmark models studied in Paper IV.
Masses are quoted in units of GeV and λ2 is taken to be < 1.
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Proc./Model nl ≥ 4 Z veto jet veto mjj
inv cut 6ET cut pl1T cut

ZWW 15 0.58 0.57 0.56 0.41 0.41
ZZ 2000 210 210 210 0.048 0.048
tt̄Z 95 7.3 4.4 2.3 1.8 1.8
tt̄tt̄ 5.7 0.16 0 0 0 0

Total bkg 2100 220 215 213 2.3 2.3
IDM-50 1.1 0.80 0.68 0.68 0.55 0.55
IDM-60 1.4 1.0 0.86 0.81 0.66 0.66
IDM-70 1.8 1.4 1.2 1.0 0.78 0.78
IDM-80 1.1 0.91 0.82 0.77 0.55 0.55

Table 3.2. Results in units of 10−2 fb. We have required four isolated
leptons and for each column we successively add the cuts on the invariant
mass of same-flavor, opposite-sign lepton pairs (Z veto), a two jet veto,
and cuts on the invariant mass of the jet pair, 6ET and leading lepton
transverse momentum as described in detail in Paper IV.

channel would be complementary to the previously studied di- and trilep-
ton channels.

For the IDM to yield final states of four leptons or more at the LHC, we
need to consider models with a mass hierarchy mH0 < mA0 < mH± and
production of H±A0 and H+H− pairs, see figure 3.8. We neglect A0A0-
production via h, and at this stage do not consider the loop contribution
from gluon fusion. Apart from the production cross-sections, our signal
will depend on the branching ratio of H± decaying into A0, rather than
directly into H0. The dependence of these properties on the particle
masses are shown in figure 3.9. Some of the signal leptons will always
be produced via an off-shell Z boson, making it difficult to render them
energetic enough to pass the isolation requirements, something which will
depend on the mass difference between the neutral scalars.

We focus on a few representative benchmark models, specified in table
3.1, that fulfill the theoretical and experimental constraints on IDM and
in which the lightest inert particle can explain the observed dark matter
abundance. We investigate how to optimize cuts in order to reduce the
standard model backgrounds while keeping as much as possible of the
signal, and conclude that even considering a few hundred fb−1 at 14 TeV
centre-of-mass energy, the IDM would not show up in this channel, see
table 3.2. We also investigate in Paper IV how the inclusion of matched
background samples as well as fake leptons would affect our estimate of
the SM background.
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