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Introduction

When I first started to read about the motivations for supersymmetry, the arguments used

by Hitoshi Murayama prevalently drew my attention. These can be found in [1]. The brief

highlights are given here.

Essentially, supersymmetry postulates the existence of new particles arising from a symme-

try transformation of each currently known particle. This transformation changes the spin

of the particle by 1/2. Someone might think that the idea of associating an hypothetical

partner to a particle whose existence is already proven is new. But if we find out that

the nature is supersymmetric, history will only have repeated itself. At the end of the

19th century it was found that there was a problem in the classical electrodynamics: the

contribution to the observed electron mass due to the Coulomb self-energy (a contribu-

tion that is depicted in quantum electrodynamics by a diagram where the electron emits

and subsequently re-absorbs a virtual photon) was linearly divergent in the limit re → 0,

making the theory not applicable to very short distances:

(mec
2)obs = (mec

2)bare + ∆ECoulomb (1)

where

∆ECoulomb =
1

4π ε0

e2

re
(2)

(here re indicates the “size” of the electron). The cure to this was supplied by the exis-

tence of an antiparticle for the electron, i.e. the positron: the inclusion of the latter in the

calculation produces new phenomena (vacuum fluctuations) and new contributions appear

that allow the cancellation of the troublesome leading piece of the Coulomb self energy

(Eq. 2) exactly, leaving a finite correction of order of the bare mass of the electron in the

limit re → 0. In other words, the cancellation of the divergence is a consequence of a

new symmetry, the (softly-broken) chiral symmetry [2], which transforms an electron into
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a positron.

The main motivation for supersymmetry is very similar to this idea: the self-energy cor-

rections to the squared mass of the Standard Model Higgs field are quadratically divergent

making the theory not applicable to arbitrarily small distances. Analogously to the case

of the positron, supersymmetry doubles the degrees of freedom with an explicitly broken

new symmetry. One important difference to the case of the positron, however, is that

the mass of the new partners is unknown: from theoretical considerations we expect it

to be not too far above the electroweak scale, in the reach of the Large Hadron Collider.

Of course, supersymmetric theories are not the only theories that provide a solution for

the quadratic divergences in the Higgs mass: there are several extensions of the Standard

Model. Supersymmetry is considered to be a good candidate for one good reason: it is

consistent with the present phenomenology.

The recent interest in supersymmetry has its origin in LEP measurements on sin θW that

showed that, using the particle content of the minimal supersymmetric extension of the

Standard Model (the MSSM), a unification of the gauge couplings is possible at a scale of

∼ 1016 GeV.

Besides, one of the virtues of low-energy supersymmetry is that, in R-parity conserving

models, it leads to a natural candidate for cold dark matter. R-parity is a very simple

discrete symmetry imposed to avoid dangerous effects that would cause the proton decay.

It is expressed by

R = (−1)3(B−L)+2S (3)

where B, L and S are the baryon, the lepton number and the spin of a particle. This

combination of quantum numbers ensures that ordinary, i.e. not supersymmetric, particles

have R = +1 and that superparticles have R = −1.

Two important consequences for collider phenomenology (where the initial state has R =

+1) are that superparticles can only be produced and annihilated in pairs and that a

superparticle always decays in a state containing an odd number of sparticles. Further-

more, at the end of the decay chain, the lightest supersymmetric particle (LSP) has to be

absolutely stable. Now, a massive and stable particle must have played a role in the cos-

mological evolution of the Universe: in particular, if it is also neutral it can represent the

cold component of the dark matter, given it was produced in the right amount in the early

Universe. There is plenty of candidates and theories on the subject. The first motivated
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hypothesis was a particle belonging to the MSSM spectrum: the lightest neutralino χ0, a

mass eigenstate that arises from the mixing of the superpartners of the Z weak boson, the

photon γ and the Higgs bosons (in the MSSM there are two Higgs doublets).

It is now a general concern trying to understand what to expect in experiments and where

to look for in a detector. The experimental signatures are obviously model-dependent. In

the case of a neutralino LSP, the typical supersymmetric signature will be an unusually

large amount of missing (transverse) energy due to the escape of this weakly interacting

particle. However, this is not the case for the scenario studied in this thesis.

Considering particles which are not part of the MSSM spectrum, new possibilities can be

analyzed. The axino and the gravitino, the superpartners of the axion and the graviton, are

two other motivated cold-dark-matter candidates. Since their couplings to other particles

are suppressed by the Peccei-Quinn scale (fa ∼ 1011 GeV) and the reduced Planck scale

(MP ∼ 1018 GeV) respectively, we expect that all heavier supepartners first decay in a

long-lived next-to-lightest supersymmetric particle (NLSP). In these models, the NLSP is

usually stable on the scale of a detector; this is of course the case for the ATLAS detector

as well. Also, if the NLSP is charged, it can be detected and the phenomenology will be

characterized by striking signatures, without unusual amounts of missing energy. Both the

axino and the gravitino allow for a charged slepton NLSP: the attention is focused on the

(currently most quoted) lighter stau τ̃1 (superpartner of the τ lepton). The stau is a pen-

etrating, non-strongly interacting particle. This means that it will escape the calorimeters

of ATLAS and will leave a trace in its muon spectrometer. It therefore behaves like a

massive muon. Despite their rather low value of β, it is probable that a significant fraction

of staus will be accepted by the trigger of ATLAS. At least in the first phase of running,

staus will be handled by ATLAS as muons.

The aim of this thesis was to study to what extent it is possible to claim the discovery

of this supersymmetric signal with ATLAS, assuming that the staus are triggered by the

detector and reconstructed with the STACO algorithm implemented for muons. The first

chapter presents the general aspects of the Standard Model and of Supersymmetry. The

second chapter explains in more details the framework in which a stau is allowed as NLSP

in the hypothesis of an axino/gravitino LSP. The ATLAS detector is described in chapter
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3. The last chapter presents the details of the simulations and the results obtained.



Chapter 1

Supersymmetry

In physics, a symmetry is the property of invariance of the equations that describe a system

under a transformation or a group of transformations. Symmetries are directly connected

to the existence of conserved quantities: just to mention a few examples, the conservation

of energy and momentum and of angular momentum follows from the invariance of the La-

grangian L of the system under operations of translation and rotation. There exist several

more, less intuitive and non-geometrical, symmetries. The so-called “internal” symmetries

give rise to important conserved quantities such as the electric charge, which stems from

the symmetry of the theory that describes the interaction between charged particles and

the electromagnetic field (Quantum ElectroDynamics - QED) under the local, i.e. not equal

at all space-time points, gauge (phase) unitary transformation U(1) of the fields describing

the charged particles.

In the Standard Model (SM), the current best mathematical description of elementary

particles and interactions, it is just by requiring invariance under local gauge transforma-

tions that three of the four fundamental interactions are introduced: the SM symmetry

group comprises the SU(3)C of Quantum Chromodynamics (QCD) and SU(2)L × U(1)Y

to describe strong, weak and electromagnetic interactions (see next section). The SM has

successfully passed all the possible experimental tests at current accessible energies with

astonishing precision. At the same time, it is not flawless. There are some questions for

which this theory does not have an answer. A great deal of effort has been made in the

last few decades to develop extensions of the SM which may account for current puzzles

and new physics at higher energies.
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Supersymmetry (in short SUSY) is the proposed invariance under transformations linking

fermions and bosons: the imposition of this new symmetry leads to the existence of at least

one additional particle for each SM particle, differing in half a unit of spin but otherwise

sharing the same quantum numbers. Although we can already be sure that it is not an

exact symmetry, SUSY really is worthy of consideration, since it naturally solves some of

the most troublesome problems of the SM. A brief introduction of the SM, its most evident

flaws and the general structure of the simplest supersymmetric scenario are presented in

this chapter.

1 The Standard Model of Particle Physics

The Standard Model of Particle Physics is a theory that describes matter and forces in

terms of particles with specific properties, identified with quantum numbers. The spin, i.e.

the intrinsic angular momentum of a particle, is one of these properties; the type of the

related quantum number splits up the particle content of the SM in two distinct categories:

those with half-integer spin, called fermions, and those with integer spin, called bosons.

All matter in the SM is made up of particles belonging to the first category whilst the

forces are described as mediated by particles of the second category. Fermions can still be

divided into quarks and leptons according to whether they interact via strong force or not.

The quarks are confined in bound states called hadrons by the strong force, which becomes

stronger as the distance between the quarks increases. Leptons, which feel only the weak

and the electromagnetic force, exist as free particles.

Three generations of fermions are known: each generation consists of one weak isospin

doublet of leptons with one charged and one neutral particle (the neutrino) and three

doublets of quarks, each with the same up-type and a down-type quark but with different

colour charge. Additionally, for every fermion, there exists an anti-fermion differing only

by opposite sign of the electric charge. The quarks and the leptons of the SM and their

properties are listed in Tab 1.1.

All phenomena in nature can be described as the result of only four kind of interactions,

namely the strong, the weak, the electromagnetic and the gravitational force. The SM

only incorporates the first three: the quanta of these forces are spin-1 particles known as

gauge bosons.
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I generation II generation III generation Electric charge Interaction

u-up c-charm t-top +2/3 em, strong, weak

d-down s-strange b-bottom -1/3 em, strong, weak

e-electron µ-muon τ -tauon -1 em, weak

νe νµ ντ 0 weak

Table 1.1: Quarks (first two lines) and leptons (last two lines) of the SM.

In the mathematical description of the SM, fermions are represented by massless Dirac

fields ψ(x) and massless gauge bosons are introduced by requiring invariance under a

gauge transformation of the fields:

ψ(x)→ ψ′(x) = U(x)ψ(x), (1.1)

where U(x) = exp(−i
n∑
j=1

αj(x)Gj). (1.2)

In 1.2, the sum is over the n generators G of the transformation U(x) and αj(x) are

real functions of x. The set of all unitary (U †U = 1) gauge transformations that describe

a symmetry form a group, and n defines the dimension of the group. In general, the

transformations in Eq. 1.1 generate additional terms in the equations of motion, e.g. the

Dirac equation in case of fermions, due to the presence of terms containing partial derivative

∂µ = ∂/∂xµ of the fields ψ. The “compensation” of these terms and thus the overall

invariance is achieved by the substitution of ∂µ with the covariant derivative Dµ which

introduces n additional vector fields Ajµ(x) (these will be the gauge bosons that mediate

interactions):

Dµ = ∂µ + i

n∑
j=1

g GjAjµ(x) (1.3)

where g is the coupling strength with which the fields Ajµ(x) couple to fermions. The fields

Ajµ(x) transform under Eq. 1.2 like:

Ajµ(x)→ Ajµ(x)′ = Ajµ(x)− 1

g
∂µαj(x)−

n∑
k,l

fjklαk(x)Alµ(x). (1.4)

and the system results symmetric under U(x). Each of the three SM forces is associated

with a local symmetry : U(1)EM for QED, SU(3)C for QCD and the direct product of
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the two symmetry groups SU(2)L × U(1)Y for electroweak interactions (Glashow, Salam,

Weinberg model). Although U(1)Y is mathematically the same group as U(1)EM , their

physical meaning is different.

The longitudinal spin component of a Dirac field is a constant of the motion. According

to whether the spin of the particle is parallel or antiparallel to the direction of motion,

particles are distinguished in right-handed and left-handed, respectively. A fermion in the

SM can be expressed as the sum of its left- and right-handed parts. The weak interactions

are known to violate parity: the left-handed components form doublets under SU(2) whilst

the right-handed components form singlets, i.e. they do not transform under SU(2). The

weak and the electromagnetic interactions are unified in the electroweak interaction by

imposing invariance under the gauge group

SU(2)L × U(1)Y . (1.5)

The corresponding conserved quantum numbers are the electric charge Q, the third com-

ponent of the weak isospin I3 and the hypercharge Y , all of which are connected by the

Gell-Mann/Nishijima relation Y = Q/e− I3. The simple group U(1) in this expression is

not the same as the QED U(1) gauge group. Rather, the subscript Y denotes the hyper-

charge and it is intended to indicate the U(1) transformation of the unified electroweak

group. In this way four vector fields are introduced, namely B, W 1, W 2, W 3. The physical,

observable bosons W±, Z0 and γ are then obtained by the following mixing:

W±
µ =

1√
2

(W 1
µ ∓ iW 2

µ) (1.6)

Zµ = −Bµ sin θw +W 3
µ cos θw (1.7)

Aµ = Bµ cos θw +W 3
µ sin θw. (1.8)

where θw is the weak mixing angle.

The strong interaction is the force that holds the nuclei together. It is described by the

theory of quantum chromodynamics (QCD) as mediated by eight bosons called gluons.

Each quark is a triplet under the QCD gauge group SU(3)C , the corresponding conserved

quantum number is called colour charge. Unlike U(1)EM , SU(3)C and SU(2)L × U(1)Y

are non-Abelian symmetry groups. This means that, unlike the photon, the gauge bosons

which mediate the strong and weak interactions carry a charge (color and weak charge,

respectively) and thus can self-interact. Tab. 1.2 contains a summary for the SM gauge
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Name Interaction Spin Electric charge Mass Count

W electroweak 1 ± 1 ∼80.4 GeV 2

Z electroweak 1 0 ∼91.2 GeV 1

γ electroweak 1 0 0 1

g strong 1 0 0 8

Table 1.2: SM elementary bosons

bosons. The strong, the weak and the electromagnetic interactions are described in the

SM by imposing invariance under the gauge group

SU(3)C × SU(2)L × U(1)Y . (1.9)

SM matter particles come then in five distinct representations: left-handed up-type and

down-type quarks form SU(3) triplets, SU(2) doublets and have Y = 1/6, left-handed

charged leptons and neutrinos form SU(3) singlets and SU(2) doublets with Y = −1/2,

right-handed charged leptons (righ-handed neutrinos are assumed not to exist in the SM)

are SU(3) and SU(2) singlets and have Y = −1, right-handed up-type quarks form SU(3)

triplets and SU(2) singlets with Y = 2/3 and the same for right-handed down-type but

with Y = −1/3.

This organization in multiplets is a straightforward way to classify particles but it also re-

veals an unfortunate aspect of the SM: because of the different transformation properties of

left-handed and right-handed fermions, we cannot add their mass terms to the Lagrangian

as they would spoil the gauge invariance of the theory (a quantum field theory has to be

gauge invariant in order to be renormalizable). The same happens when the gauge boson

mass terms are included. Thus the SM describes massless particles. In order to be consis-

tent with observations, the masses must be introduced in the SM with a mechanism that

retains the gauge invariance of the theory. This mechanism, called Higgs mechanism, is

based on the process of spontaneous symmetry breaking.

1.1 Spontaneous symmetry breaking and the Higgs mechanism

The process of spontaneous symmetry breaking arises in systems in which the state of lowest

energy is degenerate and does not manifest the symmetry of the system. In particle physics,
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the ground state is identified by the vacuum and the spontaneous symmetry breaking

occurs if the vacuum is not unique and one particular state has to be chosen to represent

the ground state. The breaking of a continuos symmetry inevitably generates one or more

scalar bosons. Depending on whether the broken symmetry is global (Goldstone model)

or local (Higgs model), the arising boson is either massless or massive. The mechanism

required to break the local gauge symmetry SU(2)L×U(1)Y (EWSB), achieve the goal of

generating the masses of the W± and Z0 bosons and introduce lepton masses is the Higgs

mechanism.

Hence, the last particle in the SM is the

Figure 1.1: The Higgs potential.

Higgs boson. It is unlike all the other fields

encountered and not only because it is the

only particle in the SM which has not yet

been experimentally observed, but also be-

cause it is the only field with a non-vanishing,

constant vacuum expectation value (vev).

Specifically, the Higgs field is denoted by

Φ, a complex scalar, weak isospin doublet

(i.e. a doublet in the weak isospin space)

with a non-zero vev that is not invariant under the gauge transformations. Its potential is

given by

V (Φ) = µ2|Φ(x)|2 + λ|Φ(x)|4. (1.10)

With µ2 < 0 and λ > 0 the state of lowest energy, the vacuum state, is not unique, Fig 1.1:

V (Φ) posses a local maximum at Φ(x) = 0 and a whole circle of absolute minima. If a

particular value for the field Φ is chosen which minimises the potenzial in Eq. 1.10, the full

symmetry is broken. In the SM, the following constant vev is taken by convention:

Φ0 =

(
φ0
a

φ0
b

)
=

(
0
v√
2

)
(1.11)

with v = (−µ2/λ)1/2. The Higgs field in the ground state must be invariant under U(1)

electromagnetic gauge transformations, in order to ensure zero mass for the photon and

the conservation of the electric charge. This is achieved by assigning to the Higgs field

the weak hypercharge Y = 1
2

so that the component φ0
b which survives in the vacuum and
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breaks the symmetry is electrically neutral. The Higgs field can then be parameterized in

terms of its deviations from the vacuum field Φ0:

Φ(x) = 2−
1
2

(
η1(x) + iη2(x)

v + σx+ iη3(x)

)
(1.12)

in terms of four real fields σ(x) and ηi(x), i =1,2,3. Once the Lagrangian is expressed in

terms of Eq. 1.12, σ(x) and ηi(x) do not appear to represent real particles. However, as any

complex field can be transformed into a real one by means of a gauge transformation [3],

the Higgs field can always be transformed in

Φ(x) = 2−
1
2

(
0

v + σ(x)

)
(1.13)

i.e. the unphysical fields can be transformed away and in this process, their degrees of

freedom are transferred to the W± and Z0 bosons which become massive. The mW and

mZ mass parameter are defined by:

mW± =
gv

2
mZ0 = mW/ cos(θW ) (1.14)

where g is the weak coupling constant. In order to obtain fermion masses, we have to

add in the Lagrangian terms in which the complex Higgs doublet couples to doublets of

left-handed and singlets of right-handed fermions. As mentioned, the Higgs boson has not

yet been observed at any collider experiment. Its mass parameter depends on its self-

interaction coupling, which at present cannot be determined. This is unfortunate since

knowing its mass would be of great help in searching for it. Current experimental bounds

from LEP set a lower limit of 114 GeV. This limit will either be raised by experiments at

the LHC or the Higgs boson will eventually be observed.

1.2 Open questions

Despite its success, there is more than just some hints that the SM is actually describing

the low-energy limit of some underlying fundamental theory. In this limit, for example,

gravity, being 40 orders of magnitude weaker than the electromagnetic force, can simply

be neglected. However, at a higher energy scale its effects become important and gravity

must be included in the description.
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Figure 1.2: Corrections to the Higgs boson mass from (a) fermions and (b) scalar partices.

Another difficulty in the SM is connected to the sensitivity of the Higgs potential to quan-

tum corrections, a problem known as hierarchy problem. Like all masses in the SM, the

Higgs boson mass MH comprises the pole mass plus radiative corrections of virtual effects

from all particles coupling directly or indirectly to the Higgs boson field. These corrections

enter the calculation via fermionic and bosonic loops like those in Fig. 1.2.

MH should not exceed the TeV scale; a lower bound of 114.4 GeV is established, at 95%

confidence level, from the data collected by the four LEP collaborations [4, 5]. However,

the loop corrections to the Higgs squared mass are quadratic in Λ, i.e. the cut-off scale of

the theory. This means that, if the SM is valid up to energies close to the Planck scale

MP ≈ 1019 GeV, the loop corrections to the Higgs mass become extremely large.

There are also hints that the particle content of the SM is not complete: in fact there is

no particle that can account for the observed effects of dark matter. There are also more

aesthetic arguments for which one might expect the SM to be incomplete, for example

at present there is no explanation for the number of fermion generations or the observed

pattern of masses.

Ideas such as these have led to many models of possible extensions to the SM: supersym-

metry is a well-motivated extensions of the current theory. The precision to which the

SM has been tested presents a challenge for any supersymmetric extension as introducing

new particles can easily alter the relations between parameters, for example by introducing

new loop corrections. The requirement that the current good experimental agreement is

unchanged can lead to extremely tight constraints.
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2 Supersymmetry

Supersymmetry is one of the possible extensions of the SM designed to overcome some of

its limitations. For each elementary SM particle, supersymmetry postulates the existence

of a new particle, the so-called superpartner which shares the same quantum numbers but

differs in half a unit of spin. With their doubled particle content, supersymmetric models

succeed in solving at least some of the SM problems. It is clear from the non-observation of

any of the superpartners that supersymmetry must be a broken symmetry. However, there

are still powerful theoretical arguments for favouring this extension of the SM. Most of these

arguments require a mass spectrum for the superpartners lying in the range of order O(100

GeV - 1 TeV) and this is very appealing from an experimental point of view as well, since

this energy range will be fully investigated at the LHC. One of the strongest arguments is

that the mere assumption of a symmetry relating fermions and bosons stabilizes the Higgs

potential against radiative corrections. One-loop fermionic (f) and bosonic (S) corrections

to the squared Higgs boson mass, ∆m2
H

, are proportional to:

fermion loops: ∆m2
H
∝ |λf |2[−2Λ2

UV + 6m2
f ln(

ΛUV

mf

) + . . . ]

boson loops: ∆m2
H
∝ λS[Λ2

UV − 2m2
S ln(

ΛUV

mS

) + . . . ]

where mf ,mS and λf , λS are the mass of the fermion and scalar particle and their Higgs

couplings respectively, and ΛUV is the cut-off scale of the theory beyond which new physics

is expected. The relative minus sign between the higher order contributions already sug-

gests a relation between fermions and bosons. The introduction of two complex scalar

partners for each SM fermion, one for each chiral component, with |λf |2 = λS yields a

systematic cancellation of all these higher orders. The correction arising from one SM

particle and its superpartner is:

∆m2
H
≈ λ2(m2

f −m2
S) (1.15)

and the Higgs mass is protected. However, none of the predicted SUSY particles has been

observed meaning that the supersymmetry is broken and their masses differ from those of

the SM partners. If the difference is too large, ∆m2
H

is large and the argument of small

corrections to the Higgs mass weakens. This is one of the reason why low scale SUSY is

highly desirable. Another intriguing argument is that there are supersymmetric models in
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Figure 1.3: The inverse of the gauge couplings plotted as a function of the logarithm of energy

in the SM (a) and in the Minimal Supersymmetric SM (b) including threshold correction for

SUSY particles. In case of MSSM, the unification of couplings can be achieved.

which the integration of the gravitational interaction occurs in a natural way, i.e. analo-

gous to the introduction of the other forces in the SM. In these models, the Lagrangian is

required to be invariant under local transformations of supersymmetry and this is achieved

by introducing a spin-3/2 graviton field, the gravitino whose spin-2 SM partner would be

the graviton, the gauge boson of gravity.

There are at least two more large arguments in favour of SUSY. The first is related to the

hope that all three SM forces might eventually be described in terms of a single grand uni-

fied theory (GUT), i.e. a quantum field theory with one unified gauge coupling to describe

all known interactions with one force. As shown in Fig. 1.3, a gauge coupling unification

is possible in supersymmetric models at the energy scale of ∼ 1016 GeV.

Lastly, SUSY models with conserved R-parity (see section 2.4), require the Lightest Super-

symmetric Particle (LSP) to be stable. This means that if neutral, the LSP may provide a

good candidate for cold dark matter. This is discussed in more details in the next chapter

for two specific hypothesis for the LSP.
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2.1 The particle content in Supersymmetric models

Supersymmetry is a space-time symmetry which transforms a bosonic state |S〉 into a

fermionic state |F 〉 and vice versa:

Q|S〉 = |F 〉 and Q|F 〉 = |S〉 (1.16)

The SUSY generator Q is an anticommuting complex spinor:

[Qr,Qs]+ = [Q̄r, Q̄s]+ = 0[
Qr, Q̄s

]
+

= 2(σµ)rsPµ (1.17)

where σµ = (σ0, σi) and σi are the Pauli Spin matrices. The hermitian conjugate of

Q, Q̄, is also a SUSY generator. The number N of Q, Q̄ pairs defines the number of

supersymmetries. In the simplest case N = 1, there is only one distinct copy of the SUSY

generators Q and Q̄ and each particle state is accompanied by exactly one other state with

spin differing by a half.

In the Minimal Supersymmetric Standard Model (MSSM), i.e. the SM extension with the

minimal particle content, each particle is a member of a supermultiplet, in a fashion similar

to that of the SM multiplets. The SUSY Lagrangian must have all the symmetry properties

of the SM Lagrangian. Hence, the SUSY generators Q and Q̄ must commute with all

the generators of the Poincare group (i.e. Lorentz boosts, translations and rotations).

Furthermore, since SUSY is independent of the SM internal symmetries, Q and Q̄ also

commute with the generators of the internal symmetries: this means that all the particles

belonging to the same supermultiplet have the same quantum numbers.

As shown in Tabs 1.3 and 1.4, in the MSSM there are chiral and gauge supermultiplets.

The names of the superpartners are derived from those of the SM particles. A superpartner

of an ordinary (i.e. not supersymmetric) fermion is called sfermion: specifically there are

sleptons l̃ and squarks q̃. The same convention is adopted for the actual name of the

particles, e.g. the spartner of the electron is the selectron, that of the tau is the stau

and the top-quark has the top-squark (sometimes also called stop). It should be easy now

to figure out the names af all the other spartners. The subscripts L and R that index

the spin-0 sfermions in Tab. 1.3 are obviously there only to indicate to which of the two

ordinary chiral states they belong to.

Supersymmetric spin-1/2 partners of the gauge bosons of the unbroken SM (W1,2,3, B,
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Name spin-1/2 spin-0 SU(3)C , SU(2)L, U(1)Y

Leptons / Sleptons (νe, e
−
L) (ν̃e, ẽ

−
L) (1 , 2, -1)

(× 3 generations) e†R ẽ∗R (1, 1, 2)

Quarks / Squarks (uL, dL) (ũL, d̃L) (3, 2, 1
3
)

(× 3 generations) u†R ũ∗R (3̄, 1, −4
3
)

d†R d̃∗R (3̄, 1, 2
3
)

Higgs/Higgsinos (H̃+
u , H̃

0
u) (H+

u , H
0
u) (1, 2, 1

2
)

(H̃0
d , H̃

−
d ) (H0

d , H
−
d ) (1, 2, −1

2
)

Table 1.3: Chiral supermultiplets in the MSSM, each of which contains both a spin-0 and a

spin-1/2 component. The Higgs fields are given a subscript label depending on whether they give

mass to u-type or d -type quarks.

Name spin-1 spin-1/2 SU(3)C , SU(2)L, U(1)Y

U(1) boson / bino B B̃ (1 , 1, 0)

SU(2) bosons / winos W1,W2,W3 W̃1, W̃2, W̃3 (1 , 3, 0)

SU(3) gluons / gluinos G1, . . . , G8 G̃1, . . . , G̃8 (8 , 1, 0)

Table 1.4: Gauge supermultiplets in the MSSM each of which contains both a spin-0 and a

spin-1/2 component.

G1,2,...,8) are known as winos (W̃1,2,3), binos (B̃) and gluinos (g̃), but there is no one-to-one

correspondence between the mass eigenstates of the SM gauge bosons (W±, γ, Z0) and

those of their superpartners. Rather, mass eigenstates of the SU(2)L and U(1)Y gauginos

are formed after the breaking of the electroweak- and the super-symmetry by mixing of the

symmetry eigenstates. Thus, winos and binos and fermionic spartners of the Higgs bosons,

the higgsinos, mix to form the so-called charginos (χ̃±1,2) and neutralinos (χ̃0
1,2,3,4), where

increasing indices refer to increasing mass.

It is clear that the Higgs boson of the SM must exist in a chiral supermultiplet given that

it has spin 0. In addition, a second Higgs scalar doublet is added to cancel anomalies and

give mass to the down-like quarks: it can be shown that only a Y = +1/2 Higgs chiral

supermultiplet can have the Yukawa couplings for charge-(+2/3) quarks.
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2.2 SUSY breaking

All the superpartners are predicted to have the same mass as their SM counterparts, as

SUSY only transforms the spin. If SUSY were an exact symmetry then we would have

already observed the sfermions and the gauginos. The current lower bound on charged

sparticles from LEP is about 80-100 GeV [6]. The first attempt of breaking SUSY was

via the mechanism of spontaneous symmetry breaking, analogously to the electro-weak

symmetry breaking in the SM. This was soon realized to be not very convincing because,

if the vacuum state is not supersymmetric, we immediately obtain a non-zero vacuum

energy that would be in contrast with the value predicted in cosmology. Furthermore, the

spontaneous symmetry breaking mechanism does not appear to solve the problem of the

mass difference entirely: two attempts can be found in [7] and [8], but in these models

the scalar partners are too light, even lighter than their ordinary partners.

As a consequence of several unsatisfactory attempts at breaking SUSY dynamically, most

models do not try to explain the breaking of SUSY but merely add soft breaking terms to

the fully supersymmetric Lagrangian

L = LSUSY + Lsoft (1.18)

where LSUSY preserves the supersymmetric invariance. The terms in Lsoft, which break

SUSY explicitly, must obviously be gauge-invariant and renormalisable: they are called soft

because they should not re-introduce quadratic divergences into the higher order corrections

to the Higgs boson mass [9].

The approach adopted when dealing with SUSY breaking (SSB) is that of assuming that

the breaking itself takes place dynamically at a high energy scale in a so-called hidden

sector which is independent of the visible sector of the chiral and gauge supermultiplets.

The breaking is then communicated to the visible sector by some messenger interaction.

Phenomenologically viable models can thus be classified in terms of how the SSB takes

place and how it is transmitted to our observable sector.Despite the large number of models

differing in the SSB mechanism, soft breaking terms can be parametrized in the general

way:

Lsoft = −1

2
Mλλ

aλa − (m2)ijφ
∗jφi −

1

2
mijφiφj −

1

6
Aijkφiφjφk + h.c. (1.19)

The first term represents the gaugino (λa) mass terms; the two following terms contain the

mass terms for scalar particles (φ): sfermions and Higgs bosons respectively. The last term
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defines trilinear scalar couplings terms. These terms only involve scalar superpartners and

gauginos, but not their SM counterparts, fermions and gauge boson. This is how SUSY is

broken explicitly.

Even expressing Lsoft in the model which has the minimal particle content, the MSSM, the

soft terms in Eq. 1.19 introduce more than 100 additional parameters in the Lagrangian. It

is desirable now to make some assumptions and consider simplified pictures with a reduced

number of free parameters. Fortunately, experimental bounds can constrain most of the

soft terms severely [10]: dangerous Flavour changing Neutral Currents- (FCNC) and CP-

violating effects [11, 12, 13] that contradict experimental observations are avoided assuming

the so-called soft breaking universality. This is achieved by requiring the soft breaking

parameters to be real, the sfermion mass matrices to be diagonal in generation space

[14, 15] and the trilinear coupling matrices to be proportional to the Yukawa couplings at

GUT scale. The number of parameters is then reduced to 22:

• 3 gaugino masses: M1(bino),M2(winos),M3(gluinos)

• 5 sfermion masses of the first two generation (mẽL
,mẽR

,mũL
,mũR

,md̃R
)

• 5 sfermion masses of the third generation (mτ̃1 ,mτ̃2 ,mt̃1 ,mt̃2 ,mb̃R
)

• the mass MA of the pseudoscalar Higgs boson

• the mass mixing parameter µ of the Higgs doublets

• the ratio of the two Higgs vevs: tan(β) = vd/vu

• 6 trilinear coupling matrices (Ae, Au, Ad, Aτ , At, Ab).

After SSB and EWSB, fields with equal SU(3)C and U(1)EM quantum numbers can mix.

The mass matrices of the sfermions, expressed in term of SU(2)L×U(1)Y eigenstates, con-

tain off-diagonal elements proportional to the masses of their respective SM partners. In

case of the first two generations of fermions, these are negligible and the resulting masses

for the first and second generations of sfermions are quasi-degenerate. On the other hand,

the superpartners of the left- and right-handed fermions belonging to the third genera-

tion mix, due to the relatively large Yukawa (yτ , yt, yb) and soft (Aτ , At, Ab) couplings, e.g.

τ̃R, τ̃L → τ̃1τ̃2.
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The mixing occurs in the gaugino/higgsino sector as well: the mixing of the neutral higgsi-

nos (H̃0
u, H̃

0
d) and gauginos (B̃, W̃ 3) gives rise to neutral mass eigestates, called neutralinos

(χ̃0
1, χ̃

0
2, χ̃

0
3, χ̃

0
4). Likewise, from the mixing of charged higgsinos (H̃+

u , H̃
−
d ) and gauginos

(W̃ 1, W̃ 2), charged mass eigenstates arise, called charginos (χ̃±1 , χ̃
±
2 ). Gluinos cannot mix

with either gauginos or higgsinos since they have different SU(3)C and U(1)EM : their mass

terms are given directly from the soft breaking terms.

2.3 mSUGRA/cMSSM

It is possible to make more assumptions and study models of supersymmetry breaking with

a parameter space reduced to a manageable dimension. The most studied sub-category of

the MSSM is minimal supergravity (minimal SUGRA, mSUGRA, also called constrained

MSSM, cMSSM) where many parameters are chosen to be degenerate at a higher energy

scale. In SUGRA models, the messenger interaction is gravity [16], which thus results

naturally included in the supersymmetric gauge field theory. mSUGRA, i.e. the simplest

formulation of this class of models, is characterized by five parameters which unify at GUT

scale:

• the gaugino masses M1, M2 and M3 are unified in the common gaugino mass m1/2

• all sfermions and Higgs boson masses are unified in the common scalar mass m0

• all trilinear couplings are unified in the common trilinear coupling A0

• the ratio of the vevs of the higgs fields tan β = vd/vu

• the sign Sgn(µ) of the Higgs mixing parameter.

(the inclusion of the Higgs boson masses into the common scalar mass m0 allows to express

the mass of the pseudo scalar Higgs M2
A and the Higgs mixing parameter µ2 in terms of

tan β and m0, so that only the sign of µ is free).

The sparticle masses at the weak scale are obtained from the Renormalisation Group Equa-

tions (RGE). A typical evolution of sparticle masses due to the running of the RGE from

GUT down to the electroweak scale is shown is Fig. 1.4, extracted from [17].

We conclude this brief section about mSUGRA/cMSSM by summarizing in Tab 1.5

its undiscovered particle content. In the hypothesis that the gauge couplings unify at
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Figure 1.4: Evolution of sparticle masses in SUGRA scenarios. Q is the energy in GeV.

GUT scale, it is also possible to determine further relations of the gaugino and sfermion

masses independent of the renormalisation group scale: the typical mass spectrum in

mSUGRA/cMSSM scenario is shown in Fig. 1.5 (from [10]).

The phenomenology can be extremely different at different points of the parameter space.

In the next chapter, the phenomenology for specific regions is investigated in further details.

2.4 R-parity

In the perturbative SM, both baryon B and lepton L numbers are conserved. B is +1/3

for quarks, −1/3 for anti-quarks and zero for all the other particles. Likewise, L is +1

for leptons, −1 for their antiparticles and zero for all the other particles. One of the most

relevant consequences of baryon number conservation is that the proton, being the lightest

baryon, is stable [18].

On the other hand, the MSSM superpotential, from which the supersymmetric Lagrangian

is constructed, can in general contain terms that violate baryon and lepton number. These

terms cannot be simply forbidden: in fact it is known that B and L are actually violated
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Name Spin Gauge Eigenstates Mass Eigenstates

Higgs bosons 0 H+
u , H

0
u, H

0
d , H

−
d A0, H±, H0, h0

ẽL, ẽR, ν̃e same

Sleptons 0 µ̃L, µ̃R, ν̃µ same

τ̃L, τ̃R, ν̃τ τ̃1, τ̃2, ν̃τ

ũL, ũR, d̃L, d̃R same

Squarks 0 c̃L, c̃R, s̃L, s̃R same

t̃L, t̃R, b̃L, b̃R t̃1, t̃2, b̃1, b̃2

Neutralinos 1/2 B̃0, W̃ 0, H̃0
u, H̃

0
d χ̃0

1, χ̃
0
2, χ̃

0
3, χ̃

0
4

Charginos 1/2 W̃±, H̃+
u , H̃

−
d χ̃±1 , χ̃

±
2

Gluinos 1/2 g1, . . . , g8 same

Gravitino 3/2 G̃ same

Table 1.5: SUSY particles of the mSUGRA/cMSSM scenario.

Figure 1.5: Schematic mass spectrum of all supersymmetric particles and Higgs bosons in

mSUGRA/cMSSM scenarios.
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in non-perturbative electroweak effects, though not to a significant degree at ordinary

energies. A way to avoid the disturbing effects of B and L violating effects, e.g. proton

decays, is to define a quantum number, called R-parity

R = (−1)3(B−L)+2S (1.20)

S in Eq 1.20 represents the spin of the particle. The most important consequences are

that in collider experiments, such as the LHC, sparticles are produced in pairs and then

decay into states featuring an odd number of sparticles. Furthermore, the lightest SUSY

particle must be absolutely stable. A massive particle which is cosmologically stable will

have relics from the big bang which contribute to the total energy density of the Universe.

This discussion is given in more details in the next chapter.



Chapter 2

Axino and gravitino as cold dark

matter

As mentioned in the first chapter, none of the particles belonging to the Standard Model

spectrum can explain the dark matter (DM). On the other hand, supersymmetry provides

the lightest SUSY particle (LSP): a massive, weakly-interacting particle that under certain

assumptions is stable and therefore must play a role in the cosmological evolution of the

Universe. The MSSM previously presented already provides a SUSY candidate for dark

matter: the lightest neutralino. However, experimental searches at LEP have pushed the

neutralino mass limit considerably: in the cMSSM it is already too heavy with a mass

around 42 GeV [19]. New possibilities arise if one considers particles which are not part of

the MSSM spectrum, such as the axino or the gravitino. These possibilities are analyzed

in this chapter. Perhaps the most interesting feature is that experimental verification of

such scenarios is challenging but not impossible: the most promising signature at the LHC

is the detection of an electrically charged, massive NLSP (Next-to-lightest SUSY Particle).

1 Introduction: the axion

The strong interaction that acts upon quarks, antiquarks and gluons is described by quan-

tum chromodynamics (QCD). The QCD lagrangian density includes a term depending

upon a θ parameter that in principle permits the violation of the CP symmetry:
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L = θ
1

16π2
F a
µνF̃ µνa (2.1)

where:

F̃ a
µνρσ =

1

2
εµνρσF ρσa (2.2)

The operator in Eq. 2.1 gives rise to strong CP-violating effects, such as the electric dipole

moment of the neutron dn. By measuring the experimental value of the electric dipole

moment of the neutron to a very high precision, it has been possible to set strong limits on

the θ parameter: from the leading contribution to dn due to θ, one obtains the constraint

θ � 10−9 [20]. This extremely small value of θ required by observations suggests the

CP conservation in strong interactions. On account of the evident CP violation of weak

interactions, this conservation has been referred to as a “problem”, the strong CP problem.

In 1977, Peccei and Quinn proposed a theory to explain such a small value of θ. In their

theory, parity and time-reversal invariance of the lagrangian, and therefore of CP, are

preserved assuming a global U(1) symmetry, the U(1)PQ symmetry. The latter becomes

spontaneously broken at some scale f a leading to the appearance of a light Goldstone boson

they called axion [21, 22, 23]. A plausible value of f a∼1011 GeV, often referred to as a

“natural” scale for f a, comes from astrophysical and cosmological considerations [24]. The

axion currently remains an hypothetical particle, having eluded all attempts of discovery.

In the supersymmetric extension of models that adopt the Peccei-Quinn mechanism to solve

the strong CP problem yet another particle occurs: the axino, the fermionic superpartner

of the axion. Lately it has been realised that the introduction of axinos has no little

consequence in cosmolgy: in fact, these particles are assumed to be good candidates to

be the LSP and DM. In Sec. 2 the reasons and the implications of this assumption are

discussed: in particular we are going to see that it allows a charged slepton to be the

NLSP, resulting in a striking phenomenology in the ATLAS detector that will be the topic

of the next chapter. In the last section of this chapter another possible DM candidate, the

gravitino, with the same choice of NLSP is presented.
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2 The axino as cold dark matter

The MSSM extended to include the Peccei-Quinn mechanism necessarily predicts a spin-

1/2 partner for the axion, called the axino ã. Axinos are electrically and color neutral

and they are candidate to be the LSP. When R-parity is conserved, the LSP is a stable

particle and thus it contributes to the relic mass density in the Universe. In fact, if the

contribution ρLSP due to the density of the relic LSPs is of order of the critical density

ρcrit, these particles can represent the dark matter. Whether this is the case for the axino it

depends on its mass and on the current number of relic axinos. Unfortunately, the mass m ã

of the axino remains experimentally unconstrained and theoretically poorly determined.

Typically, m ã is not set by the SUSY-breaking scale and this means that, depending on

the model, it can span a wide range from eV to GeV.

We are actually interested in the scenario with axino cold dark matter, which is currently

believed to represent the main contribution to the dynamical component of the mass-

energy density of the Universe. The requirement for an axino LSP to be cold dark matter

is expressed by the following constraint:

0.1 < Ωãh
2 < 0.3 (2.3)

where Ωã = ρã/ρcrit and h is the Hubble parameter [25].

The first population of LSPs in the early Universe decoupled from the primordial plasma

when their annihilation rate became smaller than the expansion of the Universe. Since

axino couplings to ordinary matter are suppressed by the the Peccei-Quinn scale f a, the

initial population decoupled from the primordial plasma at a very high temperature TD,

or in other words as relativistic particles. In order to become non-relativistic, i.e. cold, by

the epoch of matter dominance they have to be heavy enough. Quite generally, an axino

LSP with mass in the MeV to GeV range would form cold dark matter.

The one assumption made to evade bounds that place m ã in the range of KeV [26] is that,

at temperatures below f a, the Universe underwent a period of inflation during which the

number density of primordial axinos was diluted away and that the subsequent reheating

temperature TR of the Universe was sufficiently below TD and f a. This assumption is

considered to be not too radical and it has become part of the standard cosmological

lore [27].

After inflation, axinos can be again produced in large numbers through thermal and non-
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thermal production to generate the current, observed density. Thermal production (TP)

of axinos proceeds through collisions of particles and decays of heavier superpartners in

the thermal bath. It is clear that in this case, the axino number density n ã depends on the

species and processes present in the plasma and the reheating temperature TR. In non-

thermal production (NTP), axinos are produced in the decay processes of particles which

themselves are out of equilibrium. Because of the axino weak couplings to other particles,

as the Universe cools down, all heavier SUSY partners first decay to the NLSP. With the

Peccei-Quinn scale set at f a ∼ 1011 GeV, the NLSP lifetime is of order of seconds (or

longer). It thus has time to “freeze-out” from the plasma before decaying into the axino,

as shown in the left-hand panel of Fig. 2.1. Hence, in the NTP case, n ã is mostly related

to the density and lifetime of the NLSPs. The total axino density can then be expressed:

Ωã = ΩTP
ã + ΩNTP

ã (2.4)

where ΩTP
ã and ΩNTP

ã depend on the number density of thermally and non-thermally pro-

duced axino, respectively. Unsurprisingly, the contribution due to thermally-produced

axinos is dominant at large values of TR, i.e greater than squark and gluino mass. This

leads to strong bounds on TR in order to maintain the correct abundance that we ob-

serve today. On the other hand, NTP is more important at rather low values of TR, i.e.

TR < 5 × 104 GeV. In particular, an axino with mass in the MeV to GeV range can be

cold dark matter for a low value of the reheating temperature TR ∼< 5× 104 GeV. As TR

increases, TP starts dominating and the axino can become a hot or warm dark matter relic

with a mass in the eV to KeV range. The right-hand panel of Fig. 2.1 summarizes the

discussion on TR: the solid line represents the maximal reheating temperature obtained

by requiring that an axino with mass m ã provides the right amount of dark matter.

2.1 Axinos and the cMSSM

In the following, we require that axinos form cold dark matter and that the supersymmetric

partners of the SM particles can be described by the Constrained version of the MSSM, i.e.

the superparticle spectrum and couplings are only function of the SM and the five additional

parameters: the gaugino and scalar masses m1/2 and m0 and the trilinear coupling A0,

which are universal at GUT scale, the ratio of the Higgs v.e.v. tan β and the sign of the
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Freeze!out

Decay

Axinos

Thermal equilibrium

Figure 2.1: Left-hand panel: in NTP processes, the NLSP has time to freeze-out from the

plasma and out-of-equilibrium decay in the LSP. Right-hand panel: reheating temperature as a

function of axino mass, the solid line represents the values for which the axino provide the right

amount of dark matter.
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Higgs/higgsino mass parameter µ. Depending on the parameters and TR, either production

mechanism can dominate and many different pattern arise: nevertheless it was shown that

either TR is bounded or the axino is too light to be a cold dark matter relic.

Experimental and cosmological constraints are usually presented in the (m1/2, m0) plane

for various choices of the other relevant parameters. In Fig. 2.2 (from [28]) this plane is

shown in the case of axino LSP in the limit in which it is heavy but slightly less massive

than the NLSP. The other parameters are set to the following values: f a = 1011 GeV, tan β

= 10, A0 = 0, µ >0, TR = 50 GeV. For such a value of the reheating temperature, the

dominant production of axinos is that via out-of-equilibrium NLSP decay. As the values

of m ã and TR change, nearly any point in this plane can become cosmologically allowed.

We see that, in the current scenario, either the lightest neutralino or the lightest stau can

be the NLSP. Depending on the nature of the NLSP very different signals can be found at

collider experiments: in the case of staus we will have a striking signal of an apparently

stable charged heavy particle in the detector.

The red band along the m0 axis in Fig. 2.2 has already been excluded by LEP lower

bounds on the mass of the chargino mχ±1
>104 GeV and the light Higgs mh & 114.4

GeV. The region marked in orange is excluded by cosmological arguments on the relic

abundance of axinos Ωãh
2: in fact most of the plane is ruled out by Ωãh

2 exceeding current

bounds. The red line divides the neutralino and the stau NLSP regions. The white region is

cosmologically allowed but not favored since Ωãh
2
∼< 0.095 is too small, while the constraint

on the relic abundance is perfectly fulfilled in the green band. In the following, we are going

to investigate the scenario with a stau NLSP. The green portion of the plane in Fig. 2.2

shows the region where the stau decay can produce the right amount of axino dark matter.

Note that, with this choice of m ã and TR, most of the allowed region lies in the stau NLSP

wedge.

3 The gravitino as the LSP and CDM

Many supersymmetric models envisage the existence of the spin-3/2 superpartner of the

graviton, the gravitino, considered to be, along with the axino, another SUSY candidate

for dark matter.

Like the axino, the gravitino couples extremely weakly to ordinary matter: its couplings
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Figure 2.2: (m1/2, m0) plane for the case of axino LSP and dominant NLSP out-of-equilibrium

decay production.
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are suppressed by the reduced Planck mass M P=2.4×1018GeV. On the other hand, un-

like the axino, the mass of the gravitino strongly depends on the SUSY-breaking scheme

adopted and it can range from eV to TeV scale [29]. Gravitino is yet another massive,

weakly-interacting particle that plays a role in the cosmological evolution of the Universe.

Therefore, its existence must not spoil the predictions on abundances of light elements

produced during the nucleosynthesis, for which there is good agreement with direct ob-

servations. This basically means that, if its lifetime is long enough, it must not alter the

expansion of the Universe during that epoch and, if unstable, its decay products must

not dissociate the nuclei previously produced. Early on, these requirements led to the

so-called “gravitino problem”: the gravitino, if stable, had to be very light (< 1 KeV), or

otherwise, very heavy (> 10 TeV) in order to decay before the period of nucleosynthesis.

Undoubtedly, as we are interested in a gravitino LSP, we are considering the case of stable

gravitinos.

Quite remarkably, the same solution found to evade the bounds on the mass of the axino,

is satisfactory for the case of the gravitino: the cosmological problem may be solved by

an inflationary epoch which suppresses their primordial abundance and, with a sufficiently

low reheating temperature TR, the number of gravitinos produced after inflation may be

acceptable. After inflation, the gravitino can be produced through TP ad NTP processes,

and the general requirement for a gravitino cold dark matter is:

0.094 < ΩG̃h
2 < 0.129. (2.5)

with

ΩG̃h
2 = ΩTP

G̃
h2 + ΩNTP

G̃
h2 (2.6)

In particular, it was found that the gravitino can be a cold dark matter relic when TR < 109

GeV, a value for which the contribution from non-thermal production is negligible. The

problem concerning destruction of elements remains if the lifetime of the NLSP is too long

and it decays in the gravitino LSP after nucleosynthesis. For gravitino cold dark matter,

the lifetime of the NLSP depends on the mass mG̃ of the gravitino itself: for mG̃ = 10

MeV the NLSP lifetime if of order 1 second, while for mG̃ = 10 GeV, it is of order 106

seconds [29].

As in the case of the axino, a significant fraction of the cosmologically favored region, for
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which the gravitino abundance is in agreement with the range inferred by current studies,

allows a stau NLSP [30].
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Chapter 3

Experimental Apparatus

1 The Large Hadron Collider LHC

The Large Hadron Collider (LHC) is the proton-proton collider installed at CERN, in

the tunnel of the former Large Electron Positron collider (LEP). The LHC is the largest

particle accelerator and collider of the world.

The protons will be bunched together and accelerated up to the energy of 7 TeV by

superconducting magnets generating a field of ∼ 8.3 Tesla and operating at 1.9 K. Two

proton beams will travel in opposite directions along two rings (the radius of each ring

is about 4.2 km) crossing each other in eight points. In four of these, the proton-proton

interactions will be monitored by four large experiments: ATLAS, CMS, ALICE, LHCb.

In the high luminosity phase (1034 cm−2 s−1), the two beams will be made of∼ 2800 bunches

colliding every 25 ns. Approximately 25 interactions will occur in each bunch crossing, the

majority of these will be low energy processes. This high luminosity inevitably leads to

an extremely challenging event selection and off-line data storage and care must be taken

that these low energy events do not “pile-up” and mask interesting physics. However, the

LHC will start in a low luminosity mode running at ∼ 1033 cm−2 s−1.

The luminosity L of a collider connects the interaction cross section (σ) with the number

of events per unit time (Ne):

Ne = Lσ (3.1)

The luminosity is related to the properties of the machine and the colliding beams and can
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be expressed as:

L = F
f n1 n2

4π σx σy
(3.2)

where f is the collision frequency, n1 and n2 are the number of particles per bunch, σx and

σy are the parameters which characterise the beam profile in the directions orthogonal to

the beam and F , equal to 0.9, depends on the crossing angle between the beams.

Apart from the luminosity, the characteristic quantity of a collider is the center-of-mass

energy
√
s. It is invariant under Lorentz transformations and represents the maximum

available energy for the production of particles from the colliding beams. Assuming a

head-on collision of two identical particles , the centre-of-mass energy is given by:

√
s =

√
(E1 + E2)2 − (~p1 + ~p2)2. (3.3)

Differently from the case of point-like particles like (as far as we know today) electrons

or positrons, in hadron machines like the LHC the centre-of-mass energy does not relate

directly to the momentum transfer Q of the colliding particles. The proton is, in fact,

a complex object made up of three so-called valence quarks and a sea of quarks and

gluons which are continuously created and annihilated. Each of these constituents, or

partons, carries a different fraction x of the total momentum p of the proton. To be able

to theoretically calculate properties of hadronic collisions and to properly describe them

in Monte Carlo simulations, these momentum fractions need to be known. Although,

according to Quantum Mechanics, it is impossible to know the exact state of a parton,

it is possible to define the probability of finding a certain parton in a certain state. The

probability functions that parametrise the parton states inside a proton (or, in general, a

hadron), are called Partons Density Functions (PDF). The PDF, which are experimentally

determined with high accuracy, are a measure of the probability of observing a parton with

a certain momentum fraction in the interval (x, x+ dx) of the total proton momentum p.

The LHC is designed to reach a center-of-mass energy of 14 TeV with a luminosity of 1034

cm−2s−1: this is important to study processes with a small cross section such as those on

which the analysis in this thesis is based.
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Figure 3.1: The ATLAS detector will study proton-proton collisions at a center of mass energy

of 14 TeV and will provide an excellent chance of discovering the source of electroweak symmetry

breaking and possibly new forms of matter such as supersymmetric states.
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2 The ATLAS Detector: Introduction

ATLAS is a general-purpose detector designed to accomodate a broad research program,

from precision tests of the SM to searches for physics beyond it [31].

The following reference frame for ATLAS is widely accepted. The beam direction defines

the z-axis and the x − y plane is transverse to the beam direction. The positive x-axis

is defined as pointing from the interaction point to the centre of the LHC ring and the

positive y-axis is defined as pointing upwards. The side-A of the detector is defined as that

with positive z and side-C is that with negative z.

The most convenient coordinate system to use is the cylindrical system (z, R, φ) with R

defining the transverse radius from the beam line

R =
√
x2 + y2 (3.4)

and φ the azimuthal angle measured from the x axis

φ = arctan
y

x
. (3.5)

The origin of z is the interaction point. The relation between R and z can be expressed

using the polar angle θ

θ = arccos
z√

R2 + z2
. (3.6)

The original z-momentum of the partons, i.e. the constituents of the hadrons, is unknown.

It is useful, then, to define the rapidity y of a Lorentz vector as:

y =
1

2
ln

(
E + pz
E − pz

)
(3.7)

since differences in this variable are invariant under longitudinal Lorentz boosts.

The use of boost invariant variables facilitates the description of particle production in

hadronic collisions, since these phenomena are approximately boost invariant for not too

extreme values of rapidity. This fact is particularly simple to understand for high energy

scattering phenomena, where the incoming hadrons behave as beams of quarks and gluons,

with a given distribution in longitudinal momenta and limited transverse momentum. It

is clear that, depending upon the energy of the incoming constituents, the same hard

scattering phenomenon can take place with an effective center of mass (i.e. with a center
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of mass for the incoming constituents) that is moving along the collision direction. If the

mass of a particle is not known, one can refer to the pseudorapidity η defined as

η = − ln

(
tan

θ

2

)
(3.8)

which closely approximates y in the relativistic limit. In terms of momenta it can be

definied as

η = ln

(
p+ pl
pT

)
(3.9)

where pl is the longitudinal component of the momentum. Being only a function of the

angle, pseudorapidity is much easier to measure than rapidity, and it is simple to prove

that in the limit p� m ,we obtain E = p.

In terms of η, the detector can be divided in three sections:

Barrel: |η| < 1.05

Extended Barrel: 1.05 < |η| < 1.4

Endcap: |η| > 1.4

A Lorentz invariant spatial distance is commonly defined by ∆R =
√

∆η2 + ∆φ2. Particles

are often described by the parameters (pT , η, φ). pT is the transverse momentum with

respect to the beam axis: it is a commonly used variable since the longitudinal component

of the colliding partons is unknown. The same argument of course holds for the energy:

the tranverse energy ET is defined as

ET =
∑√

p2
x + p2

y (3.10)

One last variable is useful to describe particles emerging from the interaction: the missing

transverse energy Emiss
T which is not really missing energy but due to particles that escape

detection, i.e. weakly interacting particles (neutrinos and SUSY neutralinos):

Emiss
T =

√(∑
px

)2

+
(∑

py

)2

(3.11)

With an inelastic proton-proton cross-section of ∼80 mb, Fig. 3.2, the LHC will produce

a total rate of 109 inelastic events per second at design luminosity. This presents a serious
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Figure 3.2: Overview of the cross sections for several processes as a function of the centre-of-

mass energy. The total pp cross section σtot is orders of magnitude higher than cross sections for

interesting but rare processes, like tt̄ or W production.
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experimental challenge as it implies that the total cross section at the LHC center-of-mass

energy is orders of magnitude higher than cross sections for interesting but rare processes,

like tt̄, W and Higgs production. The requirement of identification of experimental signa-

tures belonging to rare processes thus poses serious demands on the particle-identification

capabilities of the detector. To maximise its potential, ATLAS has been designed in order

to satisfy the following requirements:

- a good charged-particle momentum resolution and reconstruction efficiency in the

inner tracker. For offline tagging of τ -leptons and b-jets, vertex detectors close to the

interaction region are required to observe secondary vertices;

- a very good electromagnetic (EM) calorimetry for electron and photon identification

and measurements;

- a full-coverage hadronic calorimetry for accurate jet and missing transverse energy

measurements;

- an high precision muon system that guarantees accurate muon momentum measure-

ments over a wide range of momenta;

- a very efficient trigger system on high and low transverse-momentum objects (mini-

mum bias events) with sufficient background rejection.

The magnetic system, subdetectors and the trigger system are briefly introduced in the

following sections.

3 Magnetic System

The magnetic system [32] consists of a central solenoid (CS) [33] that surrounds the inner

detector and three large air-core toroids [34], two in the end-caps (ECT) and one in the

barrel (BT) that generate the magnetic field for the muon spectrometer.

The CS creates a solenoidal field with a nominal strength of 2 T along the beam axis. The

real field provided by the CS is not uniform in the direction of either z or R, Fig. 3.3. The

coil is designed to be as thin as possible in order to reduce the amount of material obscuring

the calorimeters without compromising at the same time performance and reliability. Thus,
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Figure 3.3: Bz and BR generated by the CS in the Inner Detector as a function of z and R

in cm. BZ falls to about 1.0 T at the end of the solenoid and the radial magnetic field BR is

appreciable near the coil end.

despite a diameter of 2.5 m and a length of 5.3 m, the thickness is only 45 mm. The system

is designed to allow accurate measurements of charged particles in the inner detector up

to a momentum of 100 GeV.

The two end-cap toroids are inserted in the barrel toroid at each end and line up with the

central solenoid (see Fig. 3.1). Each of the three toroids consists of eight coils assembled

radially and symmetrically around the beam axis.

The field is produced in the barrel region (|η| ≤ 1.0) by the BT and in the forward region

(1.4 ≤ |η| ≤ 2.7) by the ECT. In the intermediate region (1.0 ≤ |η| ≤ 1.4) bending is

provided by both systems and and the whole configuration is such that the field is mostly

orthogonal to muon trajectories. The average field in the muon spectrometer is 0.6 T.

The performance in terms of bending power is characterised by the field integral of
∫
Bdl,

where B is the field component normal to the muon direction and the integral is taken on a

straight line trajectory between the inner and outer radius of the toroid. The barrel toroid

provides 1.5 to 5.5 Tm of bending power in the pseudorapidity range 0 < η < 1.3 and

the end-cap toroids approximately 1 to 7.5 Tm in the region 1.6 < η < 2.7. The bending

power is lower in the transition regions where the two magnets overlap (1.3 < η < 1.6).

The overall dimension of the magnetic system are 26 m in length and 20 m in diameter.
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Figure 3.4: The ATLAS inner detector combines semiconductor pixel detectors, silicon mi-

crostrip detectors and a straw tube tracker. In the barrel region the pixel and the silicon mi-

crostrip detectors are arranged in concentric cylinders around the beam axis while in the end-caps

they are mounted on disks perpendicular to the beam axis. The barrel straws of the tracker are

parallel to the beam direction while in the end-caps they are located in planes perpendicular to

the beam direction.

4 Inner Detector

The inner detector (ID) [35] is the innermost part of ATLAS and is designed to reconstruct

the production and decay points (vertices) of charged particles and their trajectories.It

combines high resolution detectors (pixel) at the inner radii, with tracking elements at the

outer radii covering the range of |η| < 2.5 and it is placed within a solenoidal magnetic

field of 2T. The outer radius of the ID cavity is 115 cm and its length is 7 m.

Obtaining high precision results in both momentum and vertex resolution requires fine-

granularity detectors. The overall layout, Fig. 3.4, consists of three different parts: a

semiconductor pixel detector that provides high granularity near the vertex region, a semi-

conductor tracker (SCT) that utilises silicon microstrip technology, and a cheaper straw

tube tracker (TRT) that provides continuous track-following with much less material per

point.

Performance requirements of the ID include:
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Figure 3.5: The ATLAS pixel detector.

• Resolution: σPT
/PT = 0.05%PT ⊕ 1% GeV.

• Tracking efficiency better than 95% over the full coverage for isolated tracks with

PT > 5 GeV and a fake-track rate ≤ 1% of signal rates.

• At least 90% efficiency for reconstructing both primary (PT ≥ 5 GeV) and secondary

(PT ≥ 0.5 GeV) electrons. For primary electrons both bremsstrahlung and trigger

efficiency are taken into account.

• Tagging of b-jets by displaced vertex with an efficiency ≥ 40%. This is done with

a rejection of non b-hadronic jets ≥ 50. (At low luminosity, efficiency ≥ 50% for

tagging b-jets).

• Identification of individual particles in dense jets and of electrons and photons that

form similar clusters in the EM calorimeter. Combined efficiency of ID and EM

calorimeter for photon identification should be ≥ 85%.

Pixel Detector

The pixel detector is the closest to the interaction point. It consists of three layers in the

barrel and five disks in each end-cap. The system provides three precise track measure-

ments over the full solid angle (typically three pixel layers are crossed), with the possibility

to determine the impact parameter and to identify short-life particles.

The required high resolution is provided by 140 millions individual square pixels of 50 µm
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in r − φ and 400 µm in z. The pixel detector yields excellent spatial resolution in the

bending plane of the solenoidal magnetic field, essential for transverse momentum mea-

surement. The position along the beam axis is measured with slightly less precision.

SCT

The semi-conductor tracker (SCT) is designed to provide eight precision measurements per

track to determine momentum, impact parameter and vertex position. It consists of four

double layers of silicon strips. It has a resolution of 17 µm in rφ and 580 µm in z, and can

resolve 2 parallel tracks separated by 200 µm or more: this permits to resolve ambiguities

in the pattern recognition (assigning hits to track in the dense tracking environment).

TRT

The TRT constitutes the outermost part of the ID system. It is a drift tube system

consisting of 36 layers of 4-mm-diameter straw tubes interspaced with a radiator. The

straws are filled with a xenon gas mixture for the detection of transition radiation photons

produced when relativistic particles cross a boundary between materials with different

dielectric constants. There are two different categories of signal that one wishes to detect

in each straw, for this reason each channel has two thresholds: the lower threshold detects

the tracking hits (of which an average of 36 is expected for each particle with pT > 0.5

GeV) while the higher one is designed for the transition radiation photons.

The drift-time measurement gives a spatial resolution of 130 µm per straw.

5 Calorimeter System

The calorimeter has been designed to provide measurements of the energy of electrons,

photons, isolated hadrons and jets as well as missing transverse energy. The ATLAS

calorimeter system is situated outside the central solenoid that surrounds the inner detec-

tor. It is divided into an Electromagnetic (EM) Calorimeter and a Hadronic Calorimeter

each consisting of a barrel and two end-caps. The Electromagnetic Barrel Calorimeter
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Figure 3.6: EM and Hadronic calorimeters of the ATLAS detector.

(EMB) covers the pseudorapidity |η| < 1.475, the Electromagnetic End-Cap Calorime-

ter (EMEC) covers 1.375 < |η| < 3.2, the Hadronic End-Cap Calorimeter (HEC) covers

1.5 < |η| < 3.2, the Forward Calorimeter (FCAL) covers 3.1 < |η| < 4.9, and the Tile

Calorimeter (TileCal) covers |η| < 1.7.

Because of its good hermeticity, the calorimeter as a whole provides a reliable measurement

of the missing transverse energy (Emiss
T ). Together with the Inner detector, the calorimeter

provides a robust particle identification exploiting the fine lateral and good longitudinal

segmentation.

Electromagnetic Calorimeter

The Electromagnetic Calorimeter is a highly granular lead-liquid argon sampling calorime-

ter with accordion-shaped lead absorbers and kapton electrodes. This geometry enables

the detector to have a hermetically uniform azimuthal coverage.

The eletromagnetic shower develops in lead absorber plates. The absorbers are folded into

an accordion shape and oriented along R (z in the end-caps) to provide complete φ sym-
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metry without azimuthal cracks.

The total EM calorimeter presents a ∼ 20 radiation lengths in the barrel and in the end-

caps region. This thickness reduces the error in the energy resolution due to longitudinal

fluctuations of high energy showers due to longitudinal leakage.

The particle identification is achieved by a fine longitudinal and lateral segmentation. The

EM calorimeter is longitudinally segmented in three layers plus a pre-shower sampler that

corrects the energy loss in the material in front of the EM.

The design of the electromagnetic calorimeter is driven by the requirements for energy and

spatial resolution for the Higgs processes involving decays to electrons or photons for the

detection of new gauge bosons (Z ′ or W ′) decaying to electrons. The dinamical range of

electronics for the calorimeter extends from a few MeV for electrons from B-meson decays

to a few TeV for the decay of a heavy vector boson. The ability to identify low energy

electrons can improve b-tagging by about 10%. The EM calorimeter is expected to provide

excellent energy resolution,

σ

E(GeV )
=

10%√
E(GeV )

⊕ 0.7%

Hadronic Calorimeters

The hadronic calorimeters cover the pseudorapidity range |η| < 4.9 using three different

techniques because of the wide spectrum of physics requirements and differing radiation

environments. The hadronic calorimetry in the region |η| < 1.7 (Tile Calorimeter) uses

iron absorbers with scintillator plates. This technique offers good performance combined

with simple, low-cost construction. At larger rapidity (Forward Calorimeters and End Cap

Calorimeters), where higher radiation resistance is required, the hadronic calorimetry is

based on the use of liquid argon.

The hadronic calorimeters are required to identify and measure the energy and direction

of jets as well as the total Emiss
T . The required jet-energy resolution depends on the

pseudorapidity region and is given by:

σ

E(GeV )
=

50%√
E(GeV )

⊕ 3%

for |η| < 3.2 and
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Figure 3.7: The muon spectrometer surrounds the calorimeters and measures muon paths to

determine their momenta.

σ

E(GeV )
=

100%√
E(GeV )

⊕ 10%

for 3.1 < |η| < 4.9

Through their ability to measure quantities such as leakage and isolation, the hadronic

calorimeters are well suited to complement the EM calorimeters in electron and photon

identification. Because of their total thickness in terms of interaction length (11 λ), the

hadronic calorimeters are capable of containing hadronic showers and minimizing punch-

throughs into the muon system.
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6 Muon System

The Muon Spectrometer [36] forms the outer part of the detector and it is, in terms of

volume, the largest component of the detector. It is designed to detect charged particles

exiting the barrel and end-cap calorimeters and to measure their momentum in the pseu-

dorapidity range |η| < 2.7. Since many of the physics processes of interest involve the

production of muons, therefore, the identification of muons provide also an important sig-

nature for the event selection (trigger) of the experiment. In fact the Muon Spectrometer

is also designed to trigger on these particles in the region |η| <2.4.

In order to have an accurate measurement of the momentum, independently from the inner

detector, the design of the muon spectrometer uses four different detector technologies

including two types of trigger chambers and two types of high precision tracking chambers.

The muon chambers form three concentric cylindrical layers (each called station) at radii

around 5, 7.5 and 10 m in the barrel region and cover a pseudorapidity range of |η| < 1.0.

In the forward region (1.0 < |η| < 2.7), the chambers are arranged in four vertical disks

concentric and perpendicular to the beam axis at distances of 7.4, 10.8, 14 and 21.5 m

from the interaction point.

The precision measurements of the muon momentum in the barrel region are based on the

sagitta of three stations in the magnetic field, where the sagitta is defined as the distance

from the point measured in the middle station to the straight line connecting the points

in the inner and outer stations.In the end-caps, the situation is different; the magnetic

field is present only between the inner and the middle stations, therefore the momentum

is determined with a point-angle measurement: a point in the inner station and an angle

in the combined middle-outer stations.

The driving performance goal is a stand-alone transverse momentum resolution of approx-

imately 10% for 1 TeV tracks, which translates into a sagitta of about 500 µm, to be

measured with a resolution of ≤ 50 µm. Muon momenta down to a few GeV (∼ 3 GeV,

due to energy loss in the calorimeters) may be measured by the spectrometer alone. Even

at the high end of the accessible range (∼ 3 TeV), the stand-alone measurements still

provide adequate momentum resolution and excellent charge identification.
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6.1 Muon Chamber Types

As discussed in the previous section, the chambers are positioned at three stations along

the muon trajectory.

The high precision tracking system comprises the Monitored Drift Tubes (MDT) and the

Cathode Strip Chambers (CSC). The precision chambers are required to measure spatial

coordinates in two dimensions and to provide good mass resolution as well as a good

transverse momentum resolution in both the low and high PT regions. The performance

benchmark, given the magnetic field and the size of the spectrometer, requires a position

resolution of 50 µm. The spectrometer is designed such that particles from the interaction

vertex traverse always three stations of chambers.

The muon trigger system comprises the Resistive Plate Chambers (RPC) in the barrel

region and Thin Gap Chambers (TGC) in the forward region. These chambers determine

the global reference time (bunch crossing identification) and the muon track coordinate in

both directions. The trigger system is designed to reduce the LHC interaction rate from

about 1 GHz to the foreseen storage rate of about 100 Hz. The trigger chambers must

be able to trigger with a well defined PT cut-off and to measure the coordinates in the

direction orthogonal (φ coordinate) by the precision chambers with a resolution of 5-10

mm.

Precision chambers

Monitored Drift Tube (MDT) A monitored drift tube (MDT) chamber consists of

two multi-layers, each of three or four layers of 30 mm diameter cylindrical drift tubes. The

tubes are outfitted with a central W-Re wire of 50 µm on each side of a supporting frame.

The MDT chambers perform the precision coordinate measurement in the bending direction

of the air-core toroidal magnet and therefore provide the muon momentum measurement.

The four layers chambers are located in the innermost muon detector stations where the

background hit rates are the highest. An additional drift-tube layer makes the pattern

recognition in this region more reliable.

The MDTs are operated with a gas mixture of 93% Argon and 7% CO2 at a pressure of 3

atm. The tube lengths vary from 70 to 630 cm as a function of chamber position around

the detector. The chambers are positioned orthogonal to the r− z plane (wires parallel to

magnetic field lines) in both the barrel and end-cap regions, thus providing a very precise
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measurement of of the axial coordinate (z) in the barrel and the radial coordinate (r) in

the transition and end-cap regions. The MDTs provide a maximum drift time of about 700

ns and a single tube (wire) resolution of 80 µm. The overall resolution of the MDT system

in the bending direction is 40 µm. The precision measurement of muons tracks are done

everywhere using MDTs except in the innermost ring of the inner station of the end-cap,

where particle fluxes are highest. In this region the CSCs are used.

Cathode Strip Chambers (CSC) The CSC are multiwire proportional chambers with

both cathodes segmented, one with the strips perpendicular to the wires providing the

precision coordinate and the other parallel to the wires providing the transverse coordinate.

The position of the track is obtained by interpolation between the charges induced on

neighbouring cathode strips. The CSC wire signals are not read out.

Each CSC chamber consists of 4 layers. The CSC are operated with a non flammable gas

mixture of 80% Argon and 20% CO2 and provide a maximum drift time of 30 ns. An r.m.s

time resolution of 3.6 ns results in a reliable tagging of the beam-crossing..

The precision coordinate is obtained by measuring the charge induced on the cathode strips

by the avalanche formed on the anode wire. The cathode strips are oriented orthogonal to

the anode wire and are segmented, to obtain a position measurement with a resolution of

60µm per CSC plane. In the non-bending direction the cathode segmentation is coarser

leading to a resolution of 5 mm.

The parallel strips provide the φ coordinate. Installed at a distance of seven meters from

the interaction point and 2.0 < |η| < 2.7, these muon detectors are built to survive the

high radiation environment produced by the colliding high-energy protons.

Trigger chambers

Resistive Plate Chambers (RPC) The trigger system in the barrel consists of three

concentric cylindrical layers around the beam axis, referred to as the three trigger stations.

The RPC is a gaseous parallel electrode-plate (i.e. no wire) detector. Each of the two

rectangular detector layers are read out by two orthogonal series of pick-up strips: the η

strips are parallel to the MDT wires and provide the bending view of the trigger detector,

the φ strips orthogonal to the MDT wires provide the second coordinate measurement
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which is also required for the offline pattern recognition. The use of the two perpendicular

orientations allows the measurements of the η and φ coordinates. The RPC combine an

adequate spatial resolution of 1 cm with an excellent time resolution of 1 ns.

The number of strips (average strip pitch is 3 cm) per chamber is variable: 32, 24, 16 in

η and from 64 to 160 in φ. When a particle goes through an RPC chamber, the primary

ionization electrons are multiplied into avalanches by a high electric field of typically 4.9

kV/mm. The signal is read out via a capacitive coupling of strips on both sides of the

chamber.

Thin Gap Chambers (TGC) Thin Gap Chambers (TGC) provide two functions in

the end-cap muon spectrometer: the muon trigger capability and the determination of the

second, azimuthal coordinate to complement the measurement of the MDT in the bending

direction.

They are very thin multi-wire proportional chambers The peculiarity of TGC compared to

regular MWPC is that cathode-anode spacing is smaller than the anode-anode (wire-wire)

spacing. This characteristic allows a shorter drift time and an excellent response in time

of less than 20 ns, which meets the requirement for the identification of bunch crossings at

40 MHz.

The TGC are filled with a highly quenching gas mixture of 55%CO2and 45%n-pentane

C5H12. This allows TGC to work in a saturation operation mode with a time resolution of

5 ns and with a good performance in a high particle flux.

7 The Trigger and Data Acquisition System

As already discussed, LHC should work at a design luminosity of 1034 cm−2 s−1 in order to

allow the studies of rare events. This condition will lead to over 25 interactions per bunch

crossing. Thus, each second close to 109 interactions occur. Most of these interactions

are minimum bias events that have a limited interest corresponding to an amount of data

of ≈ 4 × 104 Gbyte s−1. Therefore it is necessary to select interesting data in order to

register only the interesting portion of the total amount of data coming from the collision.

To satisfy this request, a trigger system and a data aquisition system (DAQ) have been

designed with the challenging role of selecting bunch crossings containing interesting events
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by reducing the data rate from 40 MHz (collision rate) to 100-200 Hz.

The trigger and Data Acquisition system (TDAQ) is organized in three trigger-levels (LVL-

1, LVL-2 and LVL-3 or event filter). Decisions made by a given trigger level are used as

input at the subsequent level.

LVL1 The first level trigger (LVL1) is designed to operate at a maximum pass rate of 75

kHz. The LVL1 decision is based on information with a coarse granularity of two

sub-detector systems: the muon trigger chambers and the calorimeters. It searches

for signatures of high-PT muons in the muon system trigger chambers (RPC and

TGC), and for signatures of jets, electrons/photons clusters, τ -leptons decays, and

large missing transverse energy (Emiss
T ) in the calorimeter. It also identifies Regions-

of-interest (RoI) of the detector associated with those signatures and informs the

front-end electronics.

LVL2 The second level trigger (LVL2) reduces further the event rate to a maximum of 3.5

kHz by using detailed information from the RoI.

For a LVL1 muon trigger, the LVL2 will use the information from the precision

MDT chambers to improve the muon momentum estimate, which allows a tighter

cut on this quantity. For a LVL1 calorimeter trigger, the LVL2 has access to the full

detector granularity, and has in addition the possibility to require a match with a

track reconstructed in the inner detector. The LVL2 has an event dependent latency,

which varies from 1 ms for simple events to about 10 ms for complicated events.

For events accepted by the LVL2, the data fragments stored in the RoI are collected

by the so-called Event Builder and written into the Full Event Buffers. The event

builder system assembles and ships to the LVL-3 trigger the full event data of all

events accepted by the LVL-2. The average event processing time at this level is

about 40 ms per event.

LVL3 The third trigger stage is called LVL3 and uses up to date detector information

including magnetic field maps, calibration results and full granularity and precision

of the calorimeter, muon system and ID to further reduce the event rate. The LVL3

can use complex offline algorithms like track reconstruction, vertex finding, etc.,

because it has access to the complete event. The stored data is reconstructed to
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yield quantities like tracks, energy clusters, jets, missing transverse energy, secondary

decay vertices, etc. These quantities are subject to various physics selection criteria

in offline analyses too, for example to maximise the discovery potential for the Higgs

particle. For the maximum trigger rate of 100-200 Hz the average event processing

time will be of order four seconds.

All the data flow between various front-end electronics and different trigger levels is han-

dled by the Data Acquisition (DAQ) system. It stores the information from all detectors in

pipelined memories while decision is being made (latency) by the trigger system. The DAQ

also provides configuration, control and monitoring of the detector during data-taking.



Chapter 4

Simulated Results

1 Introduction

In the previous chapter we have seen that the axino/gravitino LSP is almost non-interacting

and that the stau NLSP is stable on the scale of the ATLAS detector. This implies that the

typical SUSY signature of missing transverse energy deriving from LSP escaping detection

will not be used in this analysis and that the phenomenology is determined by the stau

NLSP.

To perform simulation, a representative set of six points was selected in the green favoured

region shown in Fig. 2.2. Tab. 4.1 lists the coordinates of these points used as input

parameters for the simulation. Tab. 4.2 reports the corresponding values of the gluino

mass, the average mass of the squarks and the stau mass: being m1/2 the mass of the

fermions at GUT scale, the whole MSSM mass spectrum becomes heavier with increasing

m1/2. The last column gives the values of the total cross section in fb. It is clear that, as

the mass of the superpartners becomes larger, the cross section decreases. Point 4 and 6

represent the most extreme case with a total cross section of about 0.8 fb. Note that the

gluino is always the heaviest amongst the superpartners, followed by the the lef-handed

u, d, s and c squarks and then by the charginos, the neutralinos and the sleptons. This

means that at hadron colliders most of the NLSPs comes from squark and gluino production

followed by cascade decays. The staus have a mass ranging from 389 GeV at point 1 to

about 600 GeV at points 4 and 6.

After a short overview of the simulation procedure, the experimental signatures of the
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Point m0(GeV) m1/2(GeV)

1 150 1000

2 200 1250

3 200 1500

4 200 1600

5 100 1500

6 100 1600

Table 4.1: Coordinates of the six points chosen. The other relevant parameters are set on:

tanβ = 10, A0 = 0, µ > 0.

Point mg̃(GeV) mq̃(GeV) mτ̃ (GeV) σ(fb)

1 2.17× 103 1.87× 103 3.89× 102 18.64

2 2.67× 103 2.30× 103 4.90× 102 4.11

3 3.17× 103 2.72× 103 5.73× 102 1.20

4 3.36× 103 2.88× 103 6.06× 102 0.78

5 3.17× 103 2.72× 103 5.46× 102 1.29

6 3.36× 103 2.88× 103 5.81× 102 0.84

Table 4.2: Gluino mass, the avarage mass of the squarks and the mass of the stau for the six

points in exam. The last column gives the total SUSY cross section.

signal are presented for point 1. We go on with deriving kinematic cuts on the basis of the

most striking features of the signal and then draw the conclusions for point 1. The same

discussion for the other points follows.

2 Overview of the Simulation

For each point selected in the (m1/2,m0) parameter space, a sample of 5000 SUSY events

was generated using Pythia 6.403 [37] initialized for proton-proton collisions at 14 TeV

c.m. energy and using the CTEQ 6L1 parton distribution functions [38].

The calculation of the SUSY mass spectrum was performed with SUSPECT 2.34 [39].
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The decay widths and the branching ratios of the sparticles have been calculated using

SDECAY 1.2 [40, 41]. The event simulation was performed using ATLFAST release within

ATHENA 12.0.6.

The simulated events were then processed with SusyView analysis package which applied

additional identification criteria:

• electrons, muons and photon transverse energy > 10 GeV;

• taus transverse energy > 15 GeV;

• electrons and muons |η| < 2.5;

At the stage of my analysis, Atlfast is not implemented to recognize supersymmetric parti-

cles. This difficulty was overcome by changing at the generator level the PDG code of the

stau into the PDG code of the muon, i.e. as soon as a stau was created during the genera-

tion of the events , its identification number was automatically converted into that of the

muon. This ensured that at the simulation level the staus were handled and reconstructed

by Atlfast as massive muons.

3 Experimental signatures of staus

The stau is a highly penetrating particle for the same reason the muon is penetrating. Quite

generally, the energy loss of a charged particle through ionization of the matter it traverses

is only a function of its velocity β and its charge.On the other hand, the penetration length

L in a given material is proportional to the mass m of the particle traversing the matter.

It follows at once that, being charged, long-lived, penetrating and weakly-interacting, the

stau, if sufficiently energetic, will escape the calorimeters of the ATLAS detector and will

appear as a track in the muon system with a little associated energy deposition. It will

therefore look like a muon. However it is worth noting that, because of its large mass, its

velocity β will be typically inconsistent with that of a muon.

When R-parity is conserved, any supersymmetric event can produce only two superpart-

ners. Each of them will either be the LSP or decay into the LSP via cascade decays in

arbitrary directions. In most cases the last step of this chains is the decay of the NLSP
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and in our case this will take place outside the ATLAS detector. We therefore expect to

observe for each event a couple of anomalous tracks in the muon system.

All the supersymmetric decay channels in which the staus are produced are indicated in

Tab 4.3 along with the relative value of the branching ratio (BR) and decay width at point

1. The value of the BRs and decay widths relative to particles simulated at the other

points differs hardly at all. Most often, the two charges of the two staus belonging to

any supersymmetric event, being the decay products of two different sparticles, are inde-

pendent of each other. Given the values of the BR shown in Tab 4.3 it can be estimated

that approximately half of the times the event ends up with two same-sign staus. As we

shall see, this feature can be turned into a powerful suppression tool against a copious

background.

3.1 Signal at point 1

In this section, the results obtained from the simulated data at (m1/2,m0)=(1000, 150) are

presented.

We are now placed in the narrow green band along the red line that divides the neutralino

from the stau NLSP, on the left-hand side of the stau wedge. The total SUSY cross section

here is ∼18.72 fb. The heaviest superpartner is the gluino with a mass of ∼2 TeV, followed

by the superpartners of the left-handed SM quarks. The stau has a mass of ∼ 400 GeV.

Fig. 4.1 shows the velocity of the simulated particles tagged as muons; we stress that these

comprise both muons produced in the supersymmetric cascade decay, visible at β ∼1, and

staus distributed on a wide β-range. It is interesting to note that slow-moving staus are

not fast enough to fly out of the detector in the time of a single bunch crossing, i.e. in 25

ns. As described in chapter 3, the ATLAS muon trigger consists of 3 stations of Resistive

Plate Chambers (RPC) located at ∼7.0, ∼7.5,∼10.5 m respectively along the direction

orthogonal to the beam line; particles with η belonging to the high pseudorapidity region

have a considerable longer distance to travel. If the staus are too slow (for example those

emitted at |η| ∼1 and with β <0.67 [42]), they will deposit hits in the layers of the RPCs in

different bunch crossings . These particles may not be triggered in normal ATLAS running.

Nevertheless, one can see from Fig. 4.1 that the staus are rather relativistic particles and

this effect will account only for a small fraction of the full spectra.

In addition to the different β and thus different time-of-flight of these particles in the
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decay BR Width (GeV)

ẽR → τ̃1e
−τ+ 4.6× 10−1 3.2× 10−10

ẽR → τ̃+
1 e
−τ− 5.4× 10−1

µ̃R → τ̃1µ
−τ+ 4.6× 10−1 3.2× 10−10

µ̃R → τ̃+
1 µ
−τ− 5.4× 10−1

τ̃2 → τ̃1 h 2.2× 10−1 5.5× 10−1

τ̃2 → τ̃1 Z 2× 10−1

ν̃τL → τ̃+
1 W− 4.1× 10−1 5.3× 10−1

χ̃+
1 → τ̃+

1 ντ 1× 10−2 1.7

χ̃+
2 → τ̃+

1 ντ 1× 10−2 7

χ̃0
1 → τ̃−1 τ+ 2.2× 10−1 1.3× 10−1

χ̃0
1 → τ̃+

1 τ− 2.2× 10−1

χ̃0
2 → τ̃−1 τ+ 5.3× 10−3 1.7

χ̃0
2 → τ̃+

1 τ− 5.3× 10−3

χ̃0
3 → τ̃−1 τ+ 6.7× 10−3 6.5

χ̃0
3 → τ̃+

1 τ− 6.7× 10−3

χ̃0
4 → τ̃−1 τ+ 5.8× 10−3 7

χ̃0
4 → τ̃+

1 τ− 5.8× 10−3

H → τ̃−1 τ̃+
1 2.5× 10−4 2.4

H → τ̃−1 τ̃+
2 3.4× 10−3

A→ τ̃−1 τ̃ ∗2 3.5× 10−3 2.4

A→ τ̃ ∗1 τ̃2 3.5× 10−3

H+ → τ̃+
1 ν̃τL 7.4× 10−3 2.4

Table 4.3: Decay channels in which staus are produced, branching ratios and decay widths for

point 1.
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Figure 4.1: The β distribution for simulated muons at (m1/2,m0)=(1000, 150): staus have a

velocity considerably smaller than 1.
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detector, it is possible to understand whether a track in the muon system belongs to a

stau or a muon by studying their momentum distributions. It was already mentioned

that at hadron colliders the production of superpartners is dominated by squarks and

gluinos followed by cascade decays which will eventually lead to the stau NLSP. Thus, the

momentum distribution of the staus is in general a function of the whole MSSM spectrum.

It follows that, since the masses of the squarks and the gluinos are very large, the staus

typically have a high transverse momentum Pt, i.e. a large component of the momentum

perpendicular to the colliding beams. The Pt distributions of the staus and the muons of

the signal at point 1 are shown in Fig. 4.2. In order to isolate the staus a threshold might

be set around, say, 200 GeV. However, in order to deal with a SM background we can just

treat the staus as muons. In Fig 4.3 we show on the left-hand panel the distribution of the

number of particles tagged as muons emitted in the events simulated at point 1. Clearly,

the peak for two muons comes from the presence of the two staus. The right hand-side of

Fig. 4.3 shows the Pt distributions of the highest-Pt and second-highest-Pt muons, which

as before may as well be staus.

The jets emitted are found using the C4 algorithm, i.e. delimiting a cluster of energy in the

calorimeters within a narrow η-φ cone with ∆Rcone=
√

∆φ2 + ∆η2=0.4 . The distributions

of the number of the jets and of the sum of their transverse momenta are shown in Fig. 4.4.

4 Background events

Since the staus are muon-like particles, the primary backgrounds are those emitting mul-

tiple high-Pt muons. High-Pt muons at accelerators are produced by the decay of heavy

SM particles, like the W and Z boson and the top quark. The set of background processes

used is shown in Tab. 4.4: it comprises multiple gauge-boson production and scattering,

Z0Z0 and W+W− fusion into a SM Higgs and tt̄ decay into a pair of leptons and different

numbers of partons.

The WW, WZ and ZZ samples are full detector simulation-based data. If both the bosons

decay leptonically in the µ channel, the final state can contain two or more high-Pt muons.

The weak bosons can also decay in the τ channel, with the τ subsequently decaying in a µ

but in this case the muons have a softer Pt spectrum.

For processes from 4 to 10 in Tab. 4.4 we used smaller samples of data generated with
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Figure 4.2: Transverse momentum distributions of staus and muons in the signal simulated at

point 1
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Figure 4.3: Number of ”muons” per event and Pt distribution of the highest-Pt and second-

highest-Pt ”muon” simulated at point 1.
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Figure 4.4: Number of jets (on the left-hand side) and the sum of their transverse momentum

(on the right-hand side) for events simulated at point 1

Pythia 6.4 and reconstructed through fast simulation using ATLFAST. One file of 15000

events was produced for processes from 4 to 9 and one file with the same number of events

for W+W+→W+W+. In particular, the latter has a divergent total cross-section in the

limit Pt→0 due to γ-exchange contributions and a lower limit was set at 80 GeV, nominal

mass of the W boson. Processes 4 and 5, in which incident Z and W pairs fuse to form a

Standard Model Higgs boson, contribute to the other processes of the kind VV→V’V’ and

are considered to be the main production channels of the low-mass Standard Model Higgs

at hadron machines.

The last source of background is represented by the top quark pair dileptonic decay plus

some jet activity (11-14 in Tab. 4.4). As for processes 1,2 and 3, these samples are full-

simulation data. The total number of background events used is ∼247×103.

The distributions in Fig. 4.5 show the number of final state muons for the background

samples: from our point of view the interesting events are those emitting more than one

muon. For these events we also show in Fig. 4.6 and Fig. 4.7 the Pt of the highest and the

second highest transverse momentum muon, to be compared with Fig 4.3 for the signal at

point 1. Lastly, Fig. 4.8 shows the distribution of the sum of the Pt of the jets belonging

to each event.
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Process L (fb−1)

1 WW 2

2 WZ 6.27

3 ZZ 22.64

4 Z0Z0 → h0

5 W+W− → h0

6 Z0Z0 → Z0Z0 1.54×103

7 Z0Z0 → W+W−

8 Z0W+ → Z0W+

9 W+W− → Z0Z0

10 W+W+ → W+W+ 5.62×102

11 tt̄→ ln ln Np0 20

12 tt̄→ ln ln Np1 18.54

13 tt̄→ ln ln Np2 19.65

14 tt̄→ ln ln Np3 18.05

Table 4.4: Background processes included in the simulation and integrated luminosity of the

sample used.
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Figure 4.5: Number of final state muons in the BG events.
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Figure 4.6: Pt distribution of the Highest- and second-highest-Pt muon for WW, WZ and ZZ

samples (1-3 in Tab. 4.4).
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Figure 4.7: Pt distribution of the Highest- and second-highest-Pt muon for tt̄ and W,Z scattering

samples (11-14 and 4-10 in Tab. 4.4).
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Figure 4.8: Jet Sum Pt for the backgrounds.
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NS 400.95 271.79

NB 19.81 4.54

NS/
√
NB 90.10 127.6

Table 4.5: Expected signal and background yield for an integrated luminosity of 100 fb−1 at

point 1.

5 Event selection

5.1 Selection at point 1

Approximately half of the times the two staus emitted by each supersymmetric event

carry same electric charge. This very special signature, i.e. two extremely high-Pt muons

both either negatively or positively charged, can be turned into a powerful suppression

tool for the backgrounds. The first requirement is then to select events in which the two

highest Pt muons carry same electric charge. The extraction of the signal is now based

upon the derivation of reasonable kinematic cuts on the basis of the distributions shown

in the previous sections. The second requisite corresponds to requesting that the highest

transverse momentum muon has a Pt greater than 300 GeV and the second highest one

has at least a Pt of 150 GeV.

The signal and background expected yield, after imposing this three conditions, are listed

in the first column of Tab. 4.5: the small fraction of the backgrounds left comes mainly

from the processes of the kind 2 in Tab. 4.4, as shown in Fig. 4.9. These numbers are

normalized to 100 fb−1, i.e. they represent the yield that we expect in one year of data

taking at full luminosity.

The situation is slightly different if in addition we also require the sum of the Pt of the

jets to be greater than 500 GeV. The second column of Tab. 4.5 presents an estimate in

this case: in the limits of this simulation, the sources of background available are now

completely suppressed and NB in Tab. 4.5 is the Poisson mean value, normalized to 100

fb−1, expected with a probability of 95% when the number of counts is zero.

Although these results prove that the set of conditions used is efficient, it is also somewhat

constrictive: if either the first or the second highest momentum muon does not fulfill the

terms of the selection, the event is in fact not counted.
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Figure 4.9: The first bin represents the total number of the events normalized to 100 fb−1.

The other bins represent the signal and background yield obtained: “a” requiring two same-sign

highest-Pt muons, “b” the highest-Pt muon with Pt > 300 GeV, “c” the second highest-Pt muon

with Pt > 150 GeV and “d” a total sum of the Pt of the jets > 500GeV.
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NS 455.61 302.87

NB 19.81 4.54

NS/
√
NB 102.38 142.19

Table 4.6: Expected signal and background yield for an integrated luminosity of 100 fb−1 at

point 1 with a different selection criterion.

A small improvement is achieved if instead we adopt a slightly different approach. So far

we have exclusively considered events where the two highest transverse momentum muons

have same electric charge. Suppose now that the highest Pt muon of a given event has a

Pt greater than 300 GeV and negative electric charge while the second highest Pt muon

has a Pt greater than 150 GeV but is positively charged. Before discarding this event we

now first look at the third highest Pt muon to see if it can take over the role of the second

one. If it does not, we look at the next one and keep searching till the condition on the Pt

is fulfilled. We see from Tab 4.6 which presents the new results, that although we keep the

same suppression power for the backgrounds, the signal yield is in fact increased of about

the 13%. Accordingly, the signal-to-noise ratio is also improved. The smaller number of

muons emitted in the SM events and their softer Pt distributions can account for this effect:

for these events there is in fact a meagre probability that the third or the fourth highest

Pt muon still fulfills the very high Pt requirements.

STACO reconstruction efficiency The probability of a particle to be detected and

correctly reconstructed depends on a number of different factors like the velocity, the

transverse momentum, the rapidity and the algorithm used to reconstruct the particle.

The simulation performed by ATLFAST includes these efficiencies. However, staus will

be reconstructed with an algorithm implemented for muons. Throughout the analysis we

have used the STACO algorithm for the reconstruction of muons. The STACO algorithm

combines the muon tracks from the Inner Detector and the Muon System, the two high

precision tracking systems that a muon in the ATLAS detector traverses. The STACO

strategy takes into account the energy losses in the calorimeters, the effects of multiple

scattering and energy losses fluctuations. Fig 4.10 shows the efficiency of the reconstruction
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Figure 4.10: Muon reconstruction efficiency for STACO

as a function of β [reference here]: for highly relativistic particles (β >0.84) ε is ∼0.9. For

β < 0.84 the reconstruction efficiency starts dropping sharply. Thus for slow-moving staus,

an additional inefficiency must be taken into account. Accordingly, a simple algorithm has

been implemented in order to take this effect into account: muons with β greater than 0.84

were accepted whereas those with β smaller than 0.5 were ignored. We have dealt with

muons with β belonging to the region in the middle by assigning to them a probability to

be detected proportional to the efficiency of their reconstruction. The consequence of the

limited efficiency is then to reduce the effective number of muons observed in each events.

The number of events now passing the selection is presented in Tab 4.7 and Tab 4.8 for

the first and second selection criteria, respectively. The numbers in the second columns of

these tables have again the additional constraint on the sum of the Pt of the jets.

5.2 Selection at the others points of the parameter plane

We showed in Tab. 4.2 that with increasing m1/2 the masses of the superpartners become

larger. Fig 4.11 shows a difference of ∼ 100 GeV in the mean value of the Pt distribution

of the highest Pt muon for point 4, where the stau has a mass of ∼ 600 GeV and the cross
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NS 320.09 222.38

NB 19.81 4.54

NS/
√
NB 71.93 104.40

Table 4.7: Expected signal and background yield for an integrated luminosity of 100 fb−1 at

point 1, including STACO reconstruction efficiency, with the first set of selection cuts, explained

in the text.

NS 361.64 246.71

NB 19.81 4.54

NS/
√
NB 81.26 115.82

Table 4.8: Expected signal and background yield for an integrated luminosity of 100 fb−1 at

point 1 with a different selection criterion including STACO reconstruction efficiency.

section is minimum, compared with that of point 1 where the cross section is maximum.

The distributions of the velocity of the same particles in Fig 4.12 show that they are

actually staus.

The same selection cuts previously derived from kinematic information about the data at

point 1, are now applied to the data simulated at the other points chosen in the parameter

plane. The signal yield normalized to 100 fb−1 is listed in Tab. 4.9. This time we only show

the results obtained with the second, more efficient selection criterion: the first column thus

gives the yield obtained by requiring at least one muon with Pt greater than 300 GeV and

at least another muon with Pt greater than 150 GeV with same electric charge. The second

column for each point has again the additional requirement on the sum of the Pt of the

jets. The STACO reconstruction efficiency is already taken into account; we only mention

that, being now the staus more massive, the effect of the inefficiency is more severe.
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Figure 4.11: Pt distributions for the highest-Pt muons at point 1 and 4
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Figure 4.12: β distributions for the highest-Pt muons at pont 1 and 4.
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Point 2 Point 3 Point 4 Point 5 Point 6

NS 91.37 48.69 26.22 11.38 17.36 6.79 29.98 12.98 19.95 7.16

NS/
√
NB 20.53 22.85 5.89 5.34 3.90 3.18 6.73 6.09 4.48 3.36

Table 4.9: Expected signal yield for an integrated luminosity of 100 fb−1.
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Conclusions

While the Standard Model of particle physics has been immensely successful, there are

strong reasons for expecting that there should be new physics at the TeV scale. Super-

symmetry is arguably considered one of the favoured extensions of the current theory.

The Large Hadron Collider is the new proton-proton accelerator and collider at CERN.

The spectrum of low-scale supersymmetry lies within the range that will be probed by the

LHC. This means that as soon as the data-taking starts, direct experimental tests become

possible, i.e. superparticles could be observed in a very near future. ATLAS is one of

the experiments installed at CERN: it will perform tests of the SM as well as searches for

physics beyond it.

In the first chapter it was mentioned that the scalar partners of the left- and right-handed

tau leptons mix to form two mass eigenstates, i.e. τ̃1 and τ̃2. In models in which either an

axino LSP or a gravitino LSP is the constituent of cold dark matter, the lighter stau, τ̃1, is

candidate to be the NLSP. In these scenarios, the NLSP has a lifetime longer than it takes

to traverse ATLAS: it will therefore leave a track in the muon system and decay into the

LSP once out of the detector.

R-parity conservation ensures the production of two supersymmetric particles for each su-

persymmetric event occurring at the LHC. If both sparticles cascade decay in a stau, we

will observe two tracks in the muon spectrometer of ATLAS. Furthermore, due to the value

of the relative BR in Tab. 4.3, it can be estimated that approximately half of the times

the two staus end up with the same charge.

Since staus interact in the detector in a way similar to muons, all the sources of multiple

muon final states are potential background for this signal. The background samples chosen
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for this analysis are listed in Tab. 4.4. However, the situation is particularly favourable

since the very special signature of two extremely high Pt “muons” with same electric charge

is rather easy to detect and difficult to imitate by SM events.

A representative set of six points (see Tab. 4.1) was selected in the green favoured re-

gion of the cMSSM parameter space in Fig 2.2: for each point, a simulation was performed

to obtain a set of 5000 events (Athena 12.0.6). The results show that the most effective

way to reduce backgrounds is by imposing the following stringent kinematic criteria:

• at least one muon with a Pt greater than 300 GeV

• at least another muon with Pt greater than 150 GeV and same electric charge

• sum of the Pt of the jets greater than 500 GeV

after which all the sources of background available are suppressed.

Thus, the discovery of this new signal would be possible with the ATLAS detector in 100

fb−1 of data, i.e. in a year of data-taking at design luminosity for the signal simulated

at point 1, 2, 3 and 5. With the same amount of data, it could only be claimed a strong

evindece for the signal simulated at point 4 and 6.
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