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Chapter 1

From the Standard Model to

supersymmetry

One of the main goals in this thesis is to search for physics beyond the Standard Model by
looking for anomalous same-sign dimuon signatures in ATLAS. In this chapter we motivate
our search for such signatures by introducing one possible extension to the Standard Model
of elementary particles, called supersymmetry (SUSY) [8–10].

The Standard Model (SM) [1–3] describes all elementary particles known today as
well as their interactions under the strong, the electromagnetic and the weak force. Many
of the properties of this model, including the interactions between particles, are coupled
to symmetries of the theory. This is described in Section 1.1, including how part of this
symmetry is broken by the so-called Higgs-mechanism. Although no direct evidence of
physics beyond the SM has been found yet, some open questions remain. Some of these
questions can be answered by introducing an additional symmetry, supersymmetry, to the
SM. The exact form of this symmetry, as well as its consequences in terms of new particles
and their interactions is described in Section 1.2.

The expected signatures from SUSY particles at a proton-proton collider such as the
Large Hadron Collider (LHC)1 are discussed in Section 1.3, focussing specifically on same-
sign muon pair production.

1.1 The Standard Model

1.1.1 Introduction

Before providing a more thorough description of the SM in terms of symmetries, we first
give a general introduction to the particles and forces of the SM and the relevant quantum
numbers involved.

1The LHC is introduced in Chapter 2.
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6 Chapter 1. From the Standard Model to supersymmetry

Particles of the Standard Model

The particles of the SM can be separated into two groups depending on their spin. The
first group, the fermions, have half integer spin and are the building blocks of matter. The
bosons, which have integer spin, mediate the forces of natures.

The fermions can be classified into three families of four particles. Each family is
similar to the other two, except for the masses of the particles. The first family contains
two quarks, the up- and down-quark (u and d), and two leptons, the electron (e−) and
the electron-neutrino (νe). The up- and down-quarks bind together to form protons and
neutrons which, together with the electrons, form the atoms. All matter around us consists
of these three types of particles. The electron-neutrino is a neutral, almost massless particle
that interacts only weakly with other particles.

The second family consists of the charm- and strange-quark (c and s), the muon (µ−)
and the muon-neutrino (νµ) while the third family contains the top- and bottom-quark
(t and b), the tau (τ−) and the tau-neutrino (ντ).

All fermions except for the neutrinos come in two helicity states, known as left- and
right-handed particles. The left-handed leptons and quarks of each family are grouped in
doublets which interact together under part of the electroweak force.

Apart from the electric charge each quark also carries colour charge; a quantum number
with three charges, generally named red, blue and green. This means that each type of
quarks come in three colour flavours.

In addition to the fermions, the SM also contains bosons. The photon (γ), the Z-boson
(Z), two charged W-bosons (W+, W−) and the gluon (g) mediate the three forces of the
SM. The gluon carries a colour and anti-colour charge and comes in eight different colour
combinations. The last boson of the SM is called the Higgs-boson (H) and is necessary to
generate mass for the other particles (see Section 1.1.3).

The particles of the SM are listed in Table 1.1.
In addition to the particles mentioned above, each fermion has an anti-particle with

exactly the same mass, but opposite charge (electric and colour) and helicity. There are
two ways to denote anti-particles. The first is by writing the electric charge of the particle
as a superscript. The anti-particle of the electron e−, the positron, is denoted by e+. This
method is generally only used for particles with unit charge. The other notation is to add
a bar on the symbol of the particle. For example, the anti-top-quark is denoted by t.

In principle the bosons also have anti-particles however this does not introduce any
new particles. The photon, Z-boson and Higgs-boson are their own anti-particles. The two
charged W-bosons are each-others anti-particles, as are the eight gluons.

Forces of the Standard Model

Within the SM, forces are mediated through the exchange of bosons. Three of the four
fundamental forces of nature have successfully been incorporated into the SM. The weakest
force, gravity, would be mediated by the so-called graviton, however no successful quantum
description of gravity exists at present. As gravity is, for distances smaller than the size of
an atom, many orders of magnitude weaker than the other three forces, it is not relevant
in the field of high energy physics.
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Electric Hyper-
Particles Spin charge charge Colour

Quarks (u,d)L (c,s)L (t,b)L (1
2,

1
2) (2

3, -
1
3)

1
3 Yes

uR cR tR 1
2

2
3

4
3 Yes

dR sR bR
1
2 -1

3 -2
3 Yes

Leptons (νe,e−)L (νµ ,µ−)L (ντ ,τ−)L (1
2,

1
2) (0, -1) -1 No

e−R µ−
R τ−R

1
2 -1 -2 No

Bosons g 1 0 0 Yes
W± and Z 1 ±1 and 0 0 No

γ 1 0 0 No

H 0 0 1 No

Table 1.1: The particles of the Standard Model, listed with their spin, electric charge,
hypercharge and colour charges. The subscripts L and R denote left- and right-handedness
respectively. We note that the quarks carry colour charge and thus also come in three
different colours. The gluon has eight different colour states.

The three forces of the SM are: the strong force, the electromagnetic force and the
weak force.� The strong force is mediated by gluons (g), massless particles which couple to

colour charge. The strong force therefore only affects quarks and gluons, while lep-
tons and the other SM bosons are unaffected. It is responsible for binding quarks
into nuclei.� The electromagnetic force is mediated through the photon (γ). The photon is
a massless, neutral particle which couples to the electric charge and therefore does
not affect neutral particles.� The weak force is mediated by the neutral Z- and charged W-bosons (Z, W+,
W−). These bosons are massive and can decay. The consequence of this is that the
weak force has a limited range of the order of hundredths of fermi.

1.1.2 Symmetries of the Standard Model

The three forces of the SM follow directly from imposing a set of specific local gauge
symmetries on a non-interacting theory. To understand this, it is necessary to consider
the SM as a quantum field theory, in which all elementary particles are described as
quantum fields. We start by showing that imposing a simple local U(1) symmetry on a
non-interacting fermion field (ψ), leads to interaction terms involving a new photon-like
boson. We then continue to the full symmetries of the SM.
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Local gauge symmetries and forces

The Lagrangian density for a non-interacting fermion field, ψ, with mass m, is given by
the free Dirac Lagrangian:

L
Dirac

ψ = ψγµ∂µ ψ −mψψ, (1.1)

where ψ ≡ iψ†γ0 denotes the Dirac conjugate of the field ψ, γµ the Dirac gamma matrices
and ∂µ is the partial derivative. The exact form and properties of the γ matrices, except
for them being space-time independent, are not important for the current discussion. The
first term of L Dirac

ψ corresponds to the kinetic term while the second term is the mass
term.

Imposing a global U(1) symmetry on Equation 1.1 requires the Lagrangian to remain
invariant under the transformation

ψ → eiαψ, (1.2)

and therefore
ψ = iψ†γ0 → i(eiαψ)†γ0 = e−iαψ , (1.3)

where α is some transformation parameter. Clearly both the kinetic and mass terms are
invariant.

It is also possible to impose a local U(1) symmetry, meaning that the transformation
parameter α can be space-time dependent. The relevant transformation is then:

ψ → eiα(x)ψ, (1.4)

where x denotes a four dimensional space-time vector.
Under this local transformation the mass term remains invariant, but the kinetic term

does not. The reason for this is that the partial derivative does not commute with the
transformation parameter:

∂µ(e
iα(x)ψ) 6= eiα(x)∂µ ψ. (1.5)

To form a kinetic term which is invariant under localU(1) symmetry the partial deriva-
tive in Equation 1.1 must be replaced by a new derivative operator. This new derivative
operator, Dµ , called a covariant derivative, must commute with the transformation pa-
rameter.

Take:
Dµ ≡ ∂µ − igBµ , (1.6)

where g is some constant and Bµ is a new vector field. If, under local gauge transformation,
this fields transforms as,

Bµ → Bµ +
1
g

∂µα(x), (1.7)

the following term is invariant under local U(1) transformation:

Lψ = ψγµ Dµψ −mψψ. (1.8)
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Although in this notation this new Lagrangian for field ψ seems very similar to Equa-
tion 1.1, it no longer describes a non-interacting field. This can be seen by rewriting it
to:

ψγµDµψ −mψψ = ψγµ∂µ ψ − igψγµ Bµψ −mψψ. (1.9)

The first and last terms on the right hand side describe the non-interacting fermion
field. The additional term involves both the fermion field ψ and the vector field Bµ . It
describes a force mediated by the vector field Bµ acting on ψ.

More complex gauge symmetries

Imposing local gauge symmetries on a non-interacting theory requires the introduction of
new vector fields and consequently interaction terms between these vector fields and the
original fermion fields. The new vector fields mediate the forces of nature. The number
of force carriers depends on the dimension of the symmetry; the number of generators
needed to describe all possible symmetry-transformations. A more general form of the
transformation given by Equation 1.4, applicable to more complex local gauge symmetries
than U(1), is:

ψ → eiα(x)taψ, (1.10)

with ta the a different generators of the symmetry. In the case of U(1) this is simply the
identity matrix.

The general form of the covariant derivative related to the transformation of Equa-
tion 1.10 is:

Dµ ≡ ∂µ + igΛa
µta, (1.11)

with Λa
µ the a different gauge bosons associated with the symmetry.

Local gauge symmetries of the SM

A full description of the SM local gauge symmetry group and the resulting Lagrangian is
beyond the scope of this thesis. For the discussion in this chapter it is sufficient to know
that the full gauge symmetry group of the SM is given by:

SU(3)colour⊗SU(2)left⊗U(1)hypercharge. (1.12)

The SU(3) symmetry only applies to fields with colour-charge and is therefore respon-
sible for the strong force. The dimension of SU(3) is 8, leading to 8 new vector-fields. These
fields are massless, have no electric charge, but contain both a colour and an anti-color
charge. As mentioned in Section 1.1.1 these fields are called gluons (g).

The SU(2) symmetry only applies to left-handed particle doublets. It is a dimension
3 symmetry. The three massless bosons of this symmetry have electric charge 0, +1 and
-1 and are named W 0, W+ and W−.2

The U(1) symmetry yields interaction terms proportional to the hypercharge of par-
ticles. It introduces one new massless neutral vector field, denoted by B0.

2In most text books these bosons are first introduced as W 1, W 2 and W 3, where W 1 and W 2 mix to
form W+ and W− and W 3 ↔W 0.
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SU(2) and U(1) together are responsible for the electroweak force. This symmetry is
discussed further in Section 1.1.3.

Other symmetries of the Standard Model

Apart from these local gauge symmetries, the SM contains a number of other symmetries.
Two of these, both considered fundamental, are relevant here. The first is the space-time
equivalent of translation and rotation symmetry which leads to Lorentz-invariance. This
is a fundamental symmetry in general relativity which guarantees energy and momentum
conservation.

The second symmetry is a discrete symmetry imposed by the use of a quantum field
theory. This symmetry, called CPT, states that if simultaneously the sign of all quantum
numbers, the spacial directions and the time ordering is reversed, the physics must remain
unchanged. This symmetry ensures that each particle has an anti-particle with exactly
the same mass, but with opposite sign charge, both electromagnetic and colour.

1.1.3 Electroweak symmetry breaking

In Section 1.1.2 we showed that imposing the local gauge symmetry group of the SM
on non-interacting fields automatically introduces the strong and electroweak force and
their mediating bosons. Unfortunately this symmetry group prohibits mass-terms for all
fermions and vector-bosons. As most of the SM particles are massive, part of this symmetry
must be broken.

Mass terms and electroweak symmetry

Direct mass terms for the fermions and bosons of the SM violate electroweak symmetry.
To prove this we show explicitly that such mass terms are not SU(2)left⊗U(1)hypercharge
invariant.

A mass term for a fermion with field ψ would have the form:

mψψ = mψLψR +mψRψL, (1.13)

where the subscript L indicates the left-handed and R the right-handed particle.
Because a right-handed fermion is a singlet under SU(2) transformations while a left-

handed fermion is a doublet, this term is not SU(2)-invariant and therefore not allowed
within this theory.

A mass term for a boson field would also break gauge invariance. As an example take
the field Bµ which changes according to Equation 1.7 under gauge transformations. A
mass term for this field changes under a local U(1) symmetry according to:

m2BµBµ → m2B′
µB′µ = m2((Bµ +

i
g

∂µ α(x))(Bµ +
i
g

∂ µ α(x))) 6= m2BµBµ . (1.14)

This is clearly not gauge invariant. Similar arguments can be used to prove that none
of the SM vector-bosons can have explicit mass terms without breaking the SU(2)left⊗
U(1)hypercharge symmetry.
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The Higgs-mechanism

As all fermions as well as some of the vector-boson are massive, the electroweak symmetry
must be broken. The way this symmetry breaking is currently understood is through the
so-called Higgs-mechanism [11]. In this mechanism SU(2)left⊗U(1)hypercharge is spon-
taneously broken into U(1)electromagnetic. In this context, spontaneously broken means
that the general Lagrangian remains SU(2)left⊗U(1)hypercharge invariant, but that in the
vacuum expectation value of the fields, this symmetry is hidden. In other words, at high
energy the SM retains electroweak symmetry, but at low energy the symmetry is broken.

In the Higgs-mechanism this symmetry breaking is achieved by introducing an addi-
tional complex scalar field φ :

φ =

(
φ+

φ0

)
, (1.15)

which is a doublet under SU(2)left and has hypercharge Yφ = 1. It adds the following terms
to the SM Lagrangian:

Lφ = (Dµφ)† Dµφ −µ2φ†φ −λ
(

φ†φ
)2

, (1.16)

where µ2 and λ are coupling constants and Dµ is the covariant derivative of the SM. As
the field φ does not contain colour charge the generators of SU(3) need not be included,
which is why gluons remain massless.

Dµ =

(
∂µ − i

g′

2
Yφ Bµ + i

g
2

W a
µ σ a

)
, (1.17)

where g and g′ are the coupling constants of SU(2)left and U(1)hypercharge respectively
and a is an index indicating the three generators of SU(2). The factors of two and the
sign of g and g’ are conventional. The first term on the right hand side of Equation 1.17
is the partial derivative, while the second and third terms give the coupling to the vector
bosons of the U(1)hypercharge and the SU(2)left symmetry respectively. To simplify further
calculations a specific base for the SU(2)left symmetry is chosen, such that the generators

σ a are the Pauli matrices. The fields W (1,2,3)
µ are the vector fields corresponding to this

base. W 1
µ and W 2

µ can be rotated to form the W+
µ and W−

µ fields introduced in Section 1.1.2
by choosing a different base:

W±
µ =

1√
2

(
W 1

µ ∓ iW 2
µ

)
. (1.18)

Whether this new field φ can spontaneously break the SU(2)left⊗U(1)hypercharge sym-

metry depends on the values of the couplings constants µ2 and λ which define the potential
of this field. If both constants are positive, this potential in a normal (four-dimensional)
parabola with a minimum at φ†φ = 0 and the theory describes massless vector bosons
interacting with a massive complex scalar field. If on the other hand µ2 < 0 and λ > 0 the
point φ†φ = 0 is no longer the global minimum, but a local maximum. The minimum is

now at |φ†φ | = µ2

2λ , which is no longer a single point. The shape of this potential is often
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illustrated as a (four-dimensional) Mexican hat. At any point along the minimum, the po-
tential no longer appears symmetric. The symmetry is said to be hidden or spontaneously
broken in this minimum.

We define v =
√

−µ2

λ and choose the minimum:

〈φ〉= 1√
2

(
0
v

)
. (1.19)

At this minimum the kinetic term of Equation 1.16 contains the terms:

(Dµφ)† Dµφ −→ ...+
1
8

(
0 v

)(
g′Yφ Bµ +gW a

µ σ a
)(

g′Yφ Bµ +gW µbσ b
)( 0

v

)
(1.20)

−→ ...+

[(gv
2

)2
W+

µ W−
µ +

(
g2+g′2

)

2

( v
2

)2
(Z0

µ)
2

]
. (1.21)

In the last step a neutral gauge boson field was introduced:

Z0
µ =

1√
g2+g′2

(
gW 3

µ −g′Bµ

)
. (1.22)

The W- and Z-bosons are now massive, with masses MW = 1
2vg and MZ = 1

2v
√

g2+g′2,
while the remaining neutral gauge boson Aµ remains massless:

Aµ =
1√

g2+g′2

(
g′W 3

µ +gBµ

)
. (1.23)

Aµ is known as the photon and couples to the electric charge of particles. It is the mediator
of the remaining U(1)electromagnetic symmetry.

We have shown that introducing a new scalar field with a potential with non-trivial
minima can spontaneously break the electroweak symmetry to form the electromagnetic
force mediated by massless photons. In this process the three bosons of the weak force
become massive. This is known as the Higgs-mechanism.

The same mechanism can be used to give mass to the SM fermions, by allowing them
to interact with the field φ . As an example take the following interaction term between φ
and an electron:

L
mass

e = cψeφψe = c(ψeL
φψeR +ψeR

φψeL), (1.24)

where c is some constant, ψeR denotes the right-handed electron field while ψeL is the
left-handed electron-neutrino electron doublet (νe,e)L. At the vacuum expectation value
of the field φ this interaction term becomes:

L
mass

e =
cv√

2
(eLeR + eReL), (1.25)

which is clearly a mass term. In a similar way all the charged leptons and quarks become
massive.
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The Higgs-boson

Counting the degrees of freedom before and after symmetry breaking, we see that three
of the four degrees of freedom of the field φ have been ”eaten”by the vector fields in order
to become massive. The remaining degree of freedom takes the form a massive real scalar
field known as the Higgs-boson, H, which describes the quantum fluctuations of the field
φ around the chosen minimum:

φ(x) =
1√
2

(
0

v+H(x)

)
(1.26)

1.1.4 Shortcomings of the Standard Model

At present, all SM particles (except the Higgs-boson) have been discovered experimen-
tally and the correspondence between SM predictions and experimental data is excellent.
Although this theory is obviously very successful there are still some open questions that
hint at the need for physics beyond the SM. The two best known ”problems” of the SM
are the hierarchy problem and dark matter, which we describe below.

The Hierarchy Problem

The hierarchy problem is one of the main motivations for theories beyond the SM. The
”problem”lies in the large relative difference in energy between the energy scales associated
to the electroweak theory and to grand unified theories (GUTs).

The electroweak scale (Mweak) corresponds to the energy at which the electroweak
symmetry is broken (Mweak ∼ 102 GeV) while the grand unified theory scale (MGUT)
represents the energy at which the SM is expected to no longer hold. This scale is generally
taken to be at MGUT ∼ 1016 GeV, the energy scale where the three forces of the SM have
approximately the same strength. It is at this energy where grand unified theories, theories
that combine the three forces of the SM into one unifying force, become relevant.

The reason this difference in energy scale poses a problem, is that it affects the mass
of the Higgs-boson. This mass, like any mass in the SM, is only partially determined by
its bare mass, discussed in Section 1.1.3. Loop corrections to the Higgs-boson propagator
also contribute.

Figure 1.1 shows a one loop correction to the Higgs-boson propagator. The contribution
of this diagram to the Higgs-boson mass is of the order of λΛ, where λ is the coupling
constant and Λ is some cut-off value for the allowed momentum of the particle forming the
loop. Since the diagram itself gives no restrictions on this momentum, the only reasonable
cut-off is at an energy where the theory changes fundamentally, MGUT. With Λ∼ 1016 GeV
and λ ∼ 10−1 GeV, the one-loop corrections to the Higgs-boson mass are of the order of
1015 GeV.

As the Higgs-boson is a result of the breaking of the electroweak symmetry, its mass
must be of the order Mweak. This means that these corrections must be cancelled (at least
in 13 orders of magnitude). As loop corrections can introduce both a positive and negative
contribution to the effective mass, this can be achieved by other one-loop corrections with
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opposite sign. However, this requires the coupling constants to be fine-tuned to exactly
cancel each other. Since there is no fundamental principle that relates these coupling
constants this fine-tuning is considered unnatural.

H
λ λ

H

f

f

Figure 1.1: A one loop correction to the Higgs-boson mass. Solid lines are fermion lines,
dashed lines represent the scalar Higgs-boson field. λ denotes the coupling constance of
the two vertices.

Dark Matter

Dark matter is one of the most famous mysteries of modern physics. Astronomical ob-
servations as well as cosmological models have determined that only 17% of the mass of
the universe is in the form of known baryonic matter [7]. The remaining 83% is known as
dark matter. Cosmological models indicate that this matter probably consists of weakly
interacting massive particles, WIMPs, where weakly interacting means that these parti-
cles have no electric or colour charge. They must furthermore be stable, or have lifetimes
in the order of the age of the universe. The only possible candidate in the SM is the neu-
trino. However, upper limits for the neutrino masses, as well as measurements of neutrino
densities, exclude them as the main source of DM. This suggests the existence of at least
one new, non-SM, elementary particle.

1.2 Supersymmetry

In Section 1.1 we described the SM and its two main shortcomings, the hierarchy problem
and dark matter. We showed that many of the properties of the SM are the consequence
of fundamental symmetries. It seems therefore natural to solve the ”problems” of the SM
by introducing an additional symmetry. One way of doing this is to introduce a symmetry
between fermions and bosons, called a supersymmetry.

In this section we discuss the consequences of imposing supersymmetry (SUSY) on
the SM and show that this indeed solves both the hierarchy and dark matter problem.
We start by defining the SUSY transformation operator and how it acts on SM fields.
By extending the SM to a SUSY invariant theory it turns out to be necessary to at least
double the number of fundamental particles (see Section 1.2.2), although no new forces
are introduced. Although this doubling of the number of elementary particles might seem
drastic, we show, in Section 1.2.3, that it does solve the hierarchy problem.

Unfortunately, as will be discussed in Section 1.2.4, current experimental data have
already excluded an unbroken supersymmetry, which implies that SUSY, if it exists, must
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be a broken symmetry. This has consequences both in terms of particle masses and new
interactions but has the added benefit that one of the SUSY particles becomes a prime
dark matter candidate.

In our current understanding of SUSY, it is not possible to predict the masses of the
SUSY particles after symmetry breaking. Therefore a general SUSY model introduces
a large number of free parameters. To restrict the number of such parameters, simpli-
fied models have been derived. One of these models, called mSUGRA, is introduced in
Section 1.2.5.

1.2.1 Supersymmetric transformations

Supersymmetry is based on a symmetry between bosons and fermions. An infinitesimal
SUSY transformation turns a boson field (B) into a fermion field ( f ) and vice versa.

δB = ε · f , (1.27)

with ε an infinitesimal transformation parameter. Because boson fields commute and
fermion fields anti-commute the SUSY transformation parameter must be anti-commuting:

{ f , f}= 0, [B,B] = 0 → {ε,ε}= 0. (1.28)

For the SUSY Lagrangian to remain gauge and Lorentz invariant, the SUSY operators
must commute with the gauge operators as well as with the momentum operator. This
means that while the SUSY operators changes the spin of a particle, the other character-
istics of that particle such as its mass, the way it behaves under gauge transformations
and its number of degrees of freedom, remain the same.

One of the main consequences of the SUSY operator being anti-commuting, is that
applying it twice, annihilates the particle.

{ε,ε}= 0→ ε · ε = 0 (1.29)

Therefore, instead of being able to produce a similar particle with exceedingly large spin,
the SUSY operator creates pairs of particles that differ only by their spin and only by an
amount equal to 1

2. Particles that are related in such a way are called superpartners.

1.2.2 Supersymmetric particles

Since superpartners are identical, except for their spin, it should be clear that none of
the SM particles can be each other superpartners. Therefore SUSY at least doubles the
number of particles of the theory.

In minimal supersymmetric models, MSSMs, the amount of non-SM degrees of freedom
is minimized. In these models the non-SM particles are limited to the superpartner of SM
particles with the addition of a second Higgs-doublet and its superpartner, necessary to
cancel some gauge anomalies in the theory. As these two SM Higgs-doublets have a total of
eight degrees of freedom, three of which are ”used” in the electroweak symmetry breaking
to give mass to the Z- and W-bosons, MSSMs contain five different Higgs-bosons, generally
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Particles Spin Electric charge Colour

Squarks (ũ, d̃)L (c̃, s̃)L (̃t, b̃)L (0,0) (2
3, -

1
3) Yes

ũR c̃R t̃R 0 2
3 Yes

d̃R s̃R b̃R 0 -1
3 Yes

Sleptons (ν̃e, ẽ−)L (ν̃µ , µ̃−)L (ν̃τ , τ̃−)L (0,0) (0, -1) No
ẽ−R µ̃−

R τ̃−R 0 -1 No

Gauginos g̃ 1
2 0 Yes

W̃± and Z̃ 1
2 ±1 and 0 No

γ̃ 1
2 0 No

Higgs-doublets H0, H+ 0 0 and 1 No

Higgsino-

doublets H̃0, H̃+ 1
2 0 and 1 No

Table 1.2: The non-SM particles of the MSSM, listed with their spin, electric and colour
charges. The subscripts L and R denotes the left- and right-handedness of the SM partner.
H0, H+, H̃0 and H̃+ represent to the Higgs-boson doublets and their superpartners. The
SM particles are listed in Table 1.1.

denoted by: h0, H0, A0, H+ and H−. The lightest MSSM Higgs-boson, h0, behaves very
similar to the SM Higgs-boson. Table 1.2 list all non-SM particles in MSSMs.

As (most of) these new particles are the partners of known SM particles, all their
characteristics are fully fixed by the SM and SUSY symmetries.

Sfermions: The superpartners of SM fermions are called sfermions. Each SM fermion
has two superpartners. This can be understood by considering how the SM fermions react
under gauge transformations. Under the SU(2)left symmetry the left and right handed
fermion react in a fundamentally different way. Since sfermions must act under gauge
transformation in the same way as their superpartner, we separate the superpartner of
the left-handed fermion to that of the right handed fermion. These sfermions are denoted
by f̃L and f̃R, where the subscript L and R denotes the handedness of corresponding SM
partner.

A priori the sfermion could have either spin 0 or 1. Massive spin 1 particles have
three degrees of freedom. Since both the left- and right-handed fermions have only two
degrees of freedom, spin 1 particles can not be the superpartner of SM fermions. Therefore
sfermions must be spin 0 particles, described by complex scalar fields.

Gauginos: The superpartners of massless SM gauge bosons are called gauginos and
have spin 1

2 and two degrees of freedom. As there are no massive gauge bosons before
electroweak symmetry breaking, there is no need to consider the partners of massive
vector fields. The gauginos differ from SM fermions in that they must act, under gauge
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transformations, identical to the vector bosons. This means that the gauginos mediate the
same forces of nature as their SM partners.

Higgsinos: The superpartners of the Higgs-bosons are spin 1
2 fermions, called higgsinos.

1.2.3 SUSY as a solution to the Hierarchy problem

Due to the introduction of superpartners, which ensures an equal number of degrees of
freedom from bosonic and fermionic particles, the hierarchy problem is automatically
solved. This is because from Fermi statistics, fermionic loops get an extra minus sign
compared to bosonic loops. Therefore, in SUSY, for each bosonic loop contributing to the
Higgs-boson mass, there is a corresponding fermionic loop, which, since superpartners are
equal in every way except for spin, precisely cancel the bosonic loop. Figure 1.2 shows
how sfermion loops cancel the divergence from SM-fermion loops and gaugino loops cancel
gauge boson loops.

(I)

λ1 λ1
H H

f

f

= − λ 2
1

(II)

H H

f̃

λ 2
2

(III)

H H

B

= −

(IV)

λ2 λ2
H H

g

B̃

Figure 1.2: Four one-loop corrections to the Higgs-bosons mass. Solid straight lines, dashed
lines and oscillating lines represent fermion, scalar and gauge boson fields. λ1 and λ2 are
coupling constants. The divergence from fermion loops, diagram I, is cancelled by sfermion
loops, diagram II. The divergence from gauge boson loops, diagram III, is cancelled by
gaugino loops, diagram IV.

1.2.4 Supersymmetry breaking

We have shown, in Section 1.2.3, that introducing supersymmetry into the SM automat-
ically solves the Hierarchy problem. In the process it was necessary to more than double
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the amount of fundamental particles. This might seem extreme, but is not much differ-
ent from the effect of the CPT-symmetry introduced in Section 1.1.2 which ensures that
each particle has a corresponding anti-particle. The superpartners of SM particles, their
characteristics and interactions, are fully fixed by the symmetry. This means that, except
for a mixing parameter in the Higgs-sector, introduced by the requirement of a second
Higgs-doublet, no new free parameters are introduced in MSSMs.

Unfortunately supersymmetry, as discussed so far, is excluded by experimental data.
If supersymmetric particles have the same mass as their SM partners, and interact in the
same way, they should have been created at previous accelerators. Since none of the SUSY
particles have been detected, we can conclude that SUSY, if it exist, must be a broken
symmetry.

This in itself is not a problem. We have shown in Section 1.1.3 that the symmetries
of the SM are also partially broken, allowing for terms in the Lagrangian which are not
SU(2)left⊗U(1)hypercharge invariant. The exact form of these additional terms is fixed by
the breaking mechanism, in this case the Higgs-mechanism.

In the case of a broken supersymmetry the breaking mechanism is unknown. There-
fore general MSSMs must consider all SUSY violating terms which can be added to the
Lagrangian without breaking either the SM symmetries or cause unrenormalizable effects.
This introduces some new interactions, but perhaps more importantly, it allows for direct
mass-terms for the supersymmetric particles.

MSSM particle masses

As mentioned in Section 1.1.3, the mass of SM particles is generated through coupling to
the Higgs-field. In a non-broken supersymmetry, SUSY particles acquire their mass in the
same way. However in a broken symmetry they can, in addition, have a direct mass term.
Sfermions (φ) are scalar fields, and can therefore have the following mass term:

L
mass

φ = m2ϕ∗ϕ. (1.30)

Gauginos (ψ) are real Weyl-spinors which cannot be separated in a left- and a right-handed
part. The following mass term is therefore allowed:

L
mass

ψ = mψψ. (1.31)

Because of these direct mass terms, the SUSY particles can have larger masses than their
SM partners.

The coupling constants m, in Equation 1.30 and 1.31 can be determined or restricted
by the breaking mechanism. Since this mechanism is unknown there are currently no
restrictions on these values, which could differ substantially for different particles. The
mass term for sfermions can furthermore be extended to contain the 3 families of sfermions.
m is then a 3x3 matrix which, if not diagonal, introduces mixing between the families.

Due to these additional mass terms, SUSY breaking introduces a large number of free
parameters leading to an equally large variety of mass-spectra for the SUSY particles.
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MSSM particle content

Massive particles with identical quantum number can mix into mass-eigenstates that are
a linear combination of the possible gauge eigenstates. One example of this from the SM
is the mixing of Bµ and W 3

µ into the Z-boson and the photon, described in Equation 1.22
and 1.23. The same principle occurs in a broken MSSM.

The neutral gauginos and higgsinos mix together to form four neutralinos denoted by
χ̃0

1 , χ̃0
2 , χ̃0

3 , and χ̃0
4 , where χ̃0

1 is the lightest and χ̃0
4 the heaviest neutralino. The charged

winos and higgsinos also mix to two pairs of chargino, χ̃±
1 and χ̃±

2 .

In the sfermions sector the partners of the left- and right-handed fermions can mix to
states that are generally denoted as f̃1 and f̃2.

The mass-eigenstates of MSSMs are listed in Table 1.3.

Fields Mass Eigenstates

Squarks (ũ, d̃)L (c̃, s̃)L (̃t, b̃)L ũ1, ũ2 c̃1, c̃2 t̃1, t̃2

ũR c̃R t̃R d̃1, d̃2 s̃1, s̃2 b̃1, b̃2

d̃R s̃R b̃R

Sleptons (ν̃e, ẽ)L (ν̃µ , µ̃)L (ν̃τ , τ̃)L ν̃e ν̃µ ν̃τ

ẽR µ̃R τ̃R ẽ1, ẽ2 µ̃1, µ̃1 τ̃1, τ̃2

Gauginos g̃ g̃

B̃,W̃1,W̃2,W̃3 χ̃±
1,2 (Charginos)

Higgsino-doublets H̃0, H̃+ χ̃0
1,2,3,4 (Neutralinos)

Table 1.3: The MSSM particles mass-eigenstates (right) are mixtures of the fields. The L-
and R-squarks and -sleptons can mix into two states, denoted simply by their increasing
mass with 1,2. The gauginos, except for the gluinos, and Higgsinos mix into the charginos
and neutralinos.

Supersymmetric interactions and R-parity

In an unbroken supersymmetric theory the SUSY particles interact in the same way as
SM particles. In a broken symmetry new interactions are possible. These interactions, like
the known SM interactions, must be gauge invariant and renormalizable. This means that
all SM interactions are allowed, as well as a number of new interactions, all involving one
or more SUSY particles.

If all renormalizable and gauge invariant interactions are possible, the diagrams of
Figure 1.3 are allowed, leading to lepton and baryon number violation. In particular,
these diagrams allow for fast proton decay through the channel shown in Figure 1.4,
which is in contradiction with experimental observations [12].
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Figure 1.3: Diagrams introduced by SUSY breaking. Diagram I and II violate lepton
number, while diagram III violates baryon number.

u
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d

ũ

e+

d

d

Figure 1.4: One possible diagram by which proton can decay to a pion and a positron in
R-parity violating SUSY theories. This diagram includes diagram II and III of Figure 1.3.

To solve this problem a new multiplicative quantum number is introduced, R-parity,
which assigns a factor 1 to all SM particles and a factor -1 to all SUSY particles. R-parity
conservation therefore ensures that SUSY particles are always formed in pairs, and only
decay to an other SUSY particles, making the lightest SUSY particle (LSP) stable.

All the new interactions that R-parity conserving SUSY introduces to the SM are
shown in Figure 1.5. The coupling constants belonging to these interactions are, in the
case of the supersymmetric equivalent of a SM interaction, equal to those of the SM. For
example, the gluino mediates the strong interaction, same as the gluon, and therefore
it interacts with the same constant αS. In new interactions without a SM equivalent,
the coupling is a free parameter, although, as was the case for the value of m in the
SUSY mass-terms, the value of these couplings could be restricted by the SUSY breaking
mechanism.

Dark Matter

In R-parity conserving supersymmetry the lightest superpartner is stable. If the LSP is
the lightest neutralino, χ̃0

1 , as is the case is most of the SUSY phase-space, this particle
becomes a prime DM candidate.
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(I) (II) (III)

(IV) (V) (VI) (VII)

Figure 1.5: All non-SM interaction in R-parity conserving MSSM. Solid straight arrows,
oscillating lines and dashed line represent fermion, gauge boson and Higgs-boson fields
respectively. Dashed arrows and oscillating lines traversed by a straight line represent
sfermions and gauginos/higgsinos.

The Hierarchy problem

In a broken SUSY model, the contribution of superpartners to the Higgs-boson effective
mass no longer automatically cancel. The question therefore arises whether, if SUSY is
indeed broken, it still solves the hierarchy problem. Fortunately, to solve the Hierarchy
problem, the cancellation of the loop terms does not have to be exact, but ”only” in about
13 orders of magnitude. This allows for some difference in mass between the superpartners
but limits this mass difference, the values of m (or the components of m), to about 1 TeV.
Therefore it is likely that, if SUSY exists, the masses of the SUSY particles are within the
production range of the LHC3.

1.2.5 mSUGRA

It is clear that a realistic SUSY theory introduces a large number of free parameters
because of SUSY breaking. Even in a minimal supersymmetric model, where the number of
fields is minimized, the mass terms of Equation 1.30 and 1.31 together with the interaction
terms of Figure 1.5, introduce over a hundred free parameters. A theory with so many
free parameters has very poor predictive power. In particular, since there is no correlation
between the mass terms, there is no restriction on the SUSY mass spectrum.

To restrict the number of free parameters and thereby facilitate predictions of the effect
of supersymmetry on theoretical models and experimental results, multiple simplified

3The possible SUSY signatures at the LHC are discussed in Section 1.3.
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SUSY models have been proposed. The model most commonly used by experimentalists
is named mSUGRA.

mSUGRA was initially introduced as a simplification of supergravity models. In this
type of models, SUSY is broken is a so-called hidden sector containing particles which
interact only through the gravitational force with the particles of the MSSM. To simplify
calculations, certain assumption are made for SUSY masses and couplings at the Planck
scale, MP = 1019 GeV, the scale where the gravity mediated SUSY breaking takes place.
These simplifications, discussed later in this section, lead to a minimum supergravity
model, mSUGRA. The masses and interactions of the MSSM particles at MP can then be
translated to the electroweak scale.

Although mSUGRA is introduced as a supergravity model, the actual breaking mech-
anism has no influence on the resulting theory. Any model with the same particle content
and the same assumptions for masses and interactions at the Planck scale, leads to the
same SUSY model at the electroweak scale. For this reason we shall not discuss the break-
ing mechanism in more detail.

It was mentioned in Section 1.1.4 that the SM and its SUSY extension are not expected
to describe nature at energies beyond the grand unified theory scale, MGUT. Since the
relevant theory at energies between MGUT and MP is unknown, there is no reliable way
to relate couplings at the Planck scale to the electroweak scale. Therefore, in practice,
the mSUGRA model makes assumptions for MSSM masses and interactions at the GUT
scale, instead of at the Planck scale.

mSUGRA assumptions and parameters

In mSUGRA the following assumptions are made on the MSSM masses and interactions
at the GUT energy scale:� Mixing between the three families of sfermions is neglected; the mass matrices are

diagonal.� The direct masses of the sfermions are unified. This mass is denoted by m0.� The direct non-SM contribution to masses of the gauginos and higgsinos are unified.
This mass is denoted by m 1

2
.� The values of the non-SM trilinear couplings are unified to A0 at the GUT energy

scale, which means that all the new interactions are proportional to the Yukawa
couplings.

In addition to these three parameters (m 1
2
, m0 and A0) mSUGRA contains two addi-

tional parameters from the extended SM Higgs-boson sector. The first consists of a mixing
parameter between the two SM Higgs-doublets. This parameter is usually chosen to be
tan(β ), the ratio between the vacuum expectation values of the two Higgs-doublets. The
last parameter is the sign of µ introduced in Equation 1.16.

In total mSUGRA has therefore 5 free parameters: m 1
2
, m0, A0, tan(β ) and sign(µ).
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The mSUGRA mass spectrum

Like the coupling constants of the SM, the SUSY mass and interaction parameters are
not constant, but depend on the energy scale. This means that although the masses of
sfermions and the masses of all gauginos and higgsinos are unified at the GUT scale, this
is not the case at the electroweak scale. As an example Figure 1.6 shows the masses of
different SUSY particles as a function of the energy scale for one point in the mSUGRA
phase-space. This running of the masses and therefore the mass-spectrum of the particles
at the electroweak scale is fully determined by the five mSUGRA parameters.

Figure 1.6: The scalar and gaugino mass parameters in mSUGRA as a function of the
energy scale for point: m0 = 200GeV, m 1

2
= 600GeV, A0 = −600GeV, tan(β ) = 10 and

µ > 0 [13]. The red (blue) lines denotes the slepton (squark) masses with the full line
indicating the first and second family sfermions and the dashed-line their third family
equivalent. The black lines indicate the gaugino masses, with M3 indicating the gluino.
The green lines correspond to the two SM higgsino doublets.

Gaugino and higgsino masses: The gaugino and higgsino masses at the electroweak
scale depend almost exclusively on the value of m 1

2
. This almost linear dependence is

shown in the left plot of Figure 1.7 where the gluino, neutralino and chargino masses are
shown as a function of m 1

2
for m0 = 200GeV, A0 = 0 GeV, tan(β ) = 10 and µ > 0. From

these plots we can conclude that the gluino is the heaviest gaugino and that the masses
of χ̃0

2 and χ̃±
1 as well as masses of χ̃0

3 , χ̃0
4 and χ̃±

2 are almost degenerate. This is true for
most of the mSUGRA phase-space.

Beside the dependence on m 1
2
, the only other dependence of these masses is an increase

in the higgsino masses for high absolute values of A0, due to radiative corrections in the
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running of these couplings. For relatively low mass SUSY, m0 < 600 GeV and m 1
2
<

600 GeV, this translates in higher masses for χ̃0
3 , χ̃0

4 and χ̃±
2 as these mass eigenstates

contain the highest higgsino contribution. This A0 dependence is shown in the right plot
of Figure 1.7.
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Figure 1.7: The mass of the gluino, neutralinos and charginos in mSUGRA as a function
of m 1

2
(left) and A0 (right) for m0 = 200GeV, tan(β ) = 10, µ > 0 and A0 = 0 GeV (left)

or m 1
2
= 310GeV (right). All masses are calculated by ISAJET [14].

Because the mass of the gluino, the two lightest neutralinos and the lightest chargino
are determined almost exclusively by m 1

2
with a linear dependence on this variable, the

ratio g̃:(χ̃0
2 , χ̃±

1 ):χ̃0
1 is constant throughout the mSUGRA phase-space. This affects the

range of possible signatures from SUSY events at the LHC as predicted by mSUGRA, as
will be discussed in more detail in the Section 1.3.

Sfermion masses: The masses of the sfermions depend on m0. When m0 is much larger
than m 1

2
this dependence is almost linear. However, for sfermion masses smaller than

the gaugino masses, interaction terms between the sfermions and the gauginos start to
contribute significantly, limiting the minimum effective sfermion masses. This effect is
stronger for squarks, as these couple to the heavier gluino, than for sleptons which only
couple to the neutralinos and charginos. Therefore squark masses are higher than slepton
masses. For this same reason the sfermionic partners to left-handed SM fermions are
slightly heavier than the partners of right-handed fermions due to their coupling to the
superpartners of the SU(3)left gauge bosons. Since the sfermion masses are affected by their
interactions with the gauginos and higgsinos, their mass also depends (almost linearly)
on m 1

2
.

The only difference between sfermions of different families lies in the strength of the
Yukawa coupling. Since this coupling is highest for third family fermions the energy de-
pendence for the third family sfermions is stronger than that of the first and second family,
leading to smaller masses. As the Yukawa couplings for the first and second family are
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very small, their effect on the sfermion masses are negligible leading to first and second
family fermions masses being degenerate.

Since one of the assumptions of mSUGRA is that all additional SUSY interactions are
proportional to the Yukawa coupling with a constant A0, the third family sfermion masses
depend on this constant with lower masses for higher absolute values of A0. Furthermore
these third family sfermions are also affected by tan(β ), with high tan(β ) leading to smaller
masses. This effect is particularly strong for the lightest stau which for high tan(β ) can
become the LSP.

Figure 1.8 shows the dependence of squark and slepton masses on m0 (top left and
right plot respectively) and the dependence of slepton masses on A0 (bottom left plot) and
tan(β ) (bottom right plot). As the masses of the second family sfermions are the same as
those of the first family, only the first and third family sfermions are shown.
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Figure 1.8: Top: The mass of squarks (left) and sleptons (right) in mSUGRA as a function
of m0 for m 1

2
= 310GeV, A0 = 0 GeV, tan(β ) = 10 and µ > 0. Bottom: The slepton masses

in mSUGRA as a function of A0 (left) and tan(β ) (right) for m0= 200GeV, m 1
2
= 310GeV,

µ > 0 and tan(β ) = 10 (left) or A0 = 0 GeV (right). The second family sfermion masses
are equal to their first family counterpart. All masses are calculated by ISAJET [14].
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The mSUGRA phase-space

Most of the mSUGRA phase-space has already been excluded by experiments. For rela-
tively low mass mSUGRA the strongest exclusion limits come from direct searches at the
LHC [15]. These limits are discussed further in Section 1.3. For higher masses most of the
phase-space is excluded since the expected DM contribution from the LSP (in this case
χ̃0

1) is higher than measurements indicate [7].
Despite these experimental results we consider mSUGRA in this thesis as it provides a

convenient framework in which to present some exclusion limits and compare the results
with other analyses. While the assumptions of mSUGRA might not provide a realistic
physics model, they are still useful in limiting the SUSY phase-space and producing a wide
range of possible SUSY signatures. However, when using mSUGRA as an illustration for
the whole SUSY phase-space, it is important to remember the restrictions on the possible
mass spectra discussed in this section, which might bias the conclusions.

1.3 Expected supersymmetric signatures at the LHC

Depending on the masses of the SUSY particles, they can be created at proton-proton
colliders such as the LHC4. The production cross-section and the decay chain for these
particles depend strongly on the SUSY mass spectrum and therefore on the phase-space
point. As, in general SUSY models, there is no known correlation between the SUSY
masses, this mass spectrum is mostly unrestricted except for some experimentally excluded
regions, leading to a wide range of possible signatures at the LHC. However, using the
property of SUSY that no new forces are introduced, we can determine some typical SUSY
signatures which should cover most of the R-parity conserving SUSY phase-space. Some
of these typical signatures are described below, motivating our interest in lepton pairs
with equal electric charge.

1.3.1 High energetic jets and missing transverse energy

In R-parity conserving SUSY, supersymmetric particles are always produced in pairs
which then decay to the LSP. The exact decay chains involved depend on the mass spec-
trum, but, unless the mass differences are very small, the decay rates are such that all
SUSY particles have fully decayed to the LSP and SM particles before reaching a detector.

As we are considering signatures at a proton-proton collider, the production rate for
strongly interacting particles is enhanced compared to that of colour neutral particles.
Therefore, unless the masses of gluinos and squarks are much higher than that of other
sfermions, neutralinos and charginos, the SUSY cross-section at the LHC is dominated by
gluino-gluino, gluino-(anti-)squark and (anti-)squark-(anti-)squark production.

Assuming the LSP is a colour neutral particle, a necessary requirement for it to be a
DM candidate, the decay chain of each squark must create at least one quark. Similarly,
gluino decays produce at least one quark-anti-quark pair. These quarks and anti-quarks

4The LHC is discussed in Chapter 2.
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are observed as jets in a detector (see Section 2.3.3). If the mass differences involved in
the decay steps which created these quarks are reasonably large, the resulting jets will be
highly boosted. SUSY events at the LHC are therefore expected to typically contain at
least 2, 3 or 4 high energetic jets corresponding to q̃q̃, q̃g̃ and g̃g̃ production respectively.

Independent of the production mechanism, each collision involving SUSY particles
results in the creation of two LSPs. If the LSP is both electrically and colour neutral, as
suggested by the DM argument, these two particles remain undetected by any detector
surrounding the collision. This results in a momentum imbalance in the recorded collision
corresponding to the sum of the momenta of the two LSPs, which is detectable as missing
transverse energy (see Section 2.3.4). As the originally produced SUSY particle pair is
produced back-to-back, a large amount of missing transverse energy is only expected
when the mass differences between these particles and the LSP are sufficiently large.

Because of the arguments presented in this section, most searches for SUSY at the
LHC look for collisions with high energetic jets and high missing transverse energy [15].
No evidence for SUSY has been found yet. As an example, Figure 1.9 shows the current
(end of 2011) exclusion limit obtained by such analyses in ATLAS for one plane in the
mSUGRA phase-space. The fixed ratio between the gluino mass and the lighter neutrinos
and chargino masses in mSUGRA results in large enough mass differences between the
different steps in the gluino decay chain to ensure that high momentum jets and large
missing transverse energy are prominent signatures in most of the mSUGRA phase-space.
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1.3.2 Charged leptons

Analyses focussing on high momentum jets and large missing transverse energy have so
far found no evidence for physics beyond the SM. This means that, if SUSY exists, either
the SUSY masses are higher than the current accessible range, or the mass spectrum is
such that SUSY events do not produce the typical signatures described in Section 1.3.1.
This can have several reasons including scenarios in which the mass differences between
the SUSY particles are not sufficient to produce high energetic jets, or ones in which the
gluino and squarks masses are too heavy to be produced at the LHC, leading to a SUSY
production process which is limited to sleptons, charginos and neutralinos.

To cover more of the available SUSY phase-space, it is therefore interesting to also
consider other possible SUSY signatures. One possibility is to focus on charged leptons
which can be produced in the decay chain of SUSY particles. In most of the SUSY phase-
space the direct decay of gluinos and squarks to the LSP is suppressed. Most decays
will therefore include intermediate stages including sleptons and/or heavier neutralinos
and charginos. In the case of decays involving sleptons, leptons are produced to conserve
lepton number, while the decays of heavier charginos and neutralinos often produce a Z-
or W-boson which can in turn decay to leptons. While neutrinos do not lead to direct
signatures in detectors, charged leptons can quite easily be identified. The main advantage
of SUSY searches involving leptons is that the SM background is considerably less than
for events without leptons. It is therefore possible for such analyses to use less stringent
energy requirements on the jets and leptons. However, as a wide range of SM processes
leads to signatures including a lepton, these searches still rely on the existence of jets and
large missing transverse energy to limit the SM background.

As the branching ratio of gluinos and squarks producing a lepton is lower than the
100% branching ratio for producing jets, searches relying on charged leptons are generally
less sensitive than zero lepton searches in the case of SUSY points where the cross-section
is dominated by q̃q̃, q̃g̃ and g̃g̃ production, such as for most of the mSUGRA phase-space.
They do typically have a higher sensitivity for events including direct slepton, chargino
and neutralino production.

1.3.3 Same-sign lepton pairs

As discussed in Section 1.3.2, SUSY decay chains can create charged leptons either by
producing them directly in decays involving sleptons, or through the production of W-
and Z-bosons. Since, in R-parity conserving SUSY, SUSY particles are always produced
in pairs, each SUSY event contains two separate decay chains which could both produce
a charged lepton.

The charge of the produced leptons depends on the decay chain and more specifically
on the decay step involved in producing the lepton. Typically squark and anti-squarks
with positive (negative) charge tend to produce positively (negatively) charged leptons.
Gluinos on the other hand are their own anti-particle and have therefore no preference
between producing leptons or anti-leptons. As apart from the production mechanism of
the two original SUSY particles, the two decay chains are independent, the probability of
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both decay chains producing a charged lepton of equal charge is equal to that of opposite
charge pairs for both g̃g̃ and q̃g̃ events. The same is true for the production of sleptons,
charginos and heavier neutralinos in association with a gluino. Apart from same-sign
dilepton signatures in events involving gluino production, it is also possible to produce
such lepton pairs in q̃q̃ and q̃q̃ events. The main production process for such squark pairs
and anti-squark pair production at the LHC is shown in Figure 1.10.

q

q
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Figure 1.10: The main production process for direct q̃q̃ production at the LHC.

As an example, Figure 1.11 shows the fraction of events containing high momentum
(pT > 25GeV) same-sign dilepton at the LHC for one plane in the mSUGRA phase-space.
Despite the relatively low branching ratios, which are a direct result of the branching ratio
of SUSY decays to charged leptons, searches for same-sign lepton pairs are interesting
as the background from the SM is small. Such analyses therefore need not include any
additional requirements on the event topology, making them sensitive to regions of phase-
space without high momentum jets or significant missing transverse energy.
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Figure 1.11: The branching ratio of SUSY events producing high momentum (pT >
25 GeV) same-sign lepton pairs in the case of mSUGRA as a function of m0 and m 1

2

for A0 = 0 GeV, tan(β ) = 10 and µ > 0. These values are obtained from simulated events.
The samples used are described in Chapter 6.
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Outlook

Motivated by the discussion in this chapter, specifically the prediction that supersymme-
try could result in events at the LHC with lepton pairs of equal charge, we performed a
inclusive same-sign dimuon cross-section measurement, which is presented in Chapter 6.
We chose to focus our analysis on the production of muons, as they are experimentally
relatively easy to identify and the ATLAS detector is particularly well equipped to detect
them. In the following chapters we discuss the ATLAS detector (Chapter 2), its per-
formance for muon reconstruction (Chapter 3) and describe methods to separate muon
signatures depending on the muon production mechanism (Chapter 4 and 5) which are
then used in the final cross-section measurement.




