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Abstract

If supersymmetry is the solution to the hierarchy problem, supersymmetric partners
of the Standard Model particles will exist near the TeV scale and be copiously pro-
duced at the LHC. With R-parity conserved to avoid proton decay, the sparticles
produced in the collisions will decay in cascades, ending with the LSP. Neutral LSPs
will not be seen in the detector, rendering impossible the full reconstruction of SUSY
events and in particular complicating the measurement of sparticle masses. This the-
sis focuses on a method which uses endpoints of kinematic distributions to obtain
sparticle masses. Its use for the decay chain q̃ → χ̃0

2q → l̃lq → χ̃0
1llq is investigated,

including studies to delimit the region of applicability in the mSUGRA parameter
space, studies of mass distributions and of complications related to the composite-
ness of the endpoint expressions. The method is extended to the situation where a
gluino is added to the head of the chain. The new endpoint expressions are calcu-
lated and the performance of the method is estimated for a given SUSY scenario,
yielding an accuracy for the gluino mass measurement competitive to other methods
available. The impact of having the LSP mass determined by a Linear Collider is
also considered.
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Preface

This thesis is based on two papers written together with D. J. Miller and P. Osland
[1, 2], and one work performed also in collaboration with E. Lytken and G. Polesello.
The latter work is available as an ATLAS Note [3] and is part of the larger LHC/ILC
Working Group report [4], where the benefits of having an overlap between the LHC
and the next Linear Collider are studied.

The thesis is organised in the following way. In Chapter 1, after a short motiva-
tion, the structure of supersymmetry is described, ending in typical phenomenologies
and current experimental limits. Chapter 2 gives a short description of the LHC,
then treats the ATLAS detector in some detail focusing on general performance.
Chapter 3 deals with the simulation tools used in this work. In Chapter 4 a brief
introduction to supersymmetry measurements in ATLAS is given, describing in par-
ticular a few aspects of the ‘endpoint method’ of determining SUSY masses, which is
the main focus of this thesis. A more complete presentation of the topic is given in
the papers. Chapter 5 summarises the work, including results which have not been
covered in Chapters 1–4 and are only available in the papers. Then follows the local
bibliography, after which the papers [1] and [2] are reproduced.

vii
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Chapter 1

Theory

1.1 Standard Model

The Standard Model of particle physics is one of the most successful theories of
science. At the energies tested by experiment this quantum field theory describes
the sub-atomic world to high precision [5]. It includes three generations of fermion
matter particles. In each generation there are two quarks with electric charge 2/3
and -1/3, respectively, and two leptons with electric charge 0 and -1, as well as
their antiparticles. Interactions take place by the exchange of gauge bosons. The
electroweak (EW) interactions are described by photons and the massive Z and W
bosons. The strong interactions of Quantum Chromo Dynamics (QCD) are due to
massless gluons. The only remaining part of the Standard Model which has not been
confirmed experimentally is the Higgs boson. The limit from the experiments at
the Large Electron Positron collider (LEP) [6], combined with unitarity arguments
require the Higgs mass to lie in the range 114.4 GeV < mH � 1 TeV, an energy range
which will be fully explored by the next generation of experiments to be conducted
at the Large Hadron Collider (LHC) starting in 2007.

While the Standard Model is in accordance with all experimental tests, it is not
considered the fundamental theory, but rather an effective theory, valid at least up
to the electroweak scale of 102 GeV, and which will be extended at higher energies.
The ‘circumstantial evidence’ for this belief includes the lack of explanation for the
specific gauge groups chosen, for the number of fermion families observed, for the
symmetry between leptons and quarks, amongst others, not to forget the rather
large number of free parameters in the theory. Furthermore, although outside of its
primary domain and leaning on cosmological and astrophysical claims, the Standard
Model does not provide all the elements needed to describe the evolution and state
of the universe, such as e.g. the matter-antimatter asymmetry we observe or the dark
matter component believed to fill the universe.

1



2 CHAPTER 1. THEORY

Another demonstration that the Standard Model cannot be viewed as the ulti-
mate theory, comes from the fact that gravitational interactions are not included.
From the experimental side of elementary particle physics this is no surprise. At the
energies tested in high-energy experiments, gravitational interactions are so much
weaker than the electroweak and strong interactions that no experimental obser-
vation is expected. From the theoretical side one would however like to have one
common framework in which, at minimum, both gravity and the Standard Model
are described. At energies of the reduced Planck scale, ∼1018 GeV, the gravitational
force becomes comparable to the Standard Model forces. The enormous gap of 16
orders of magnitude between this scale and the electroweak scale is the basis for the
‘hierarchy problem’, which is the aesthetical unease of having two so different scales
in one fundamental theory. There are other problems related to this scale difference.
Since the Higgs is a scalar field, it receives quadratic quantum corrections to its mass.
These corrections will be of the order of the largest mass in the theory or the cut off
where new physics enter. If this is the Planck scale, then the Higgs mass is naturally
driven towards the Planck scale, a problem dubbed the ‘naturalness problem’. To
avoid this and get the Higgs mass at the electroweak scale, where it must be, an
extreme fine-tuning is required: The bare mass of the Higgs must be such that we
get [O(1018)]2 − [O(1018)]2 = [O(102)]2. This is the ‘fine-tuning problem’.

A key to one possible resolution of the fine-tuning problem lies in the observation
that the quantum corrections to the Higgs mass due to boson loops have similar
form as the corrections from fermion loops, but with different sign. A cancellation
of the most dangerous terms is therefore possible, given that there is perfect balance
between the fermions and the bosons in the theory. There exists a principle which
can guarantee such a balance: supersymmetry.

1.2 Minimal Supersymmetric Standard Model

Supersymmetry is a symmetry between fermions and bosons. In a supersymmetric
theory there are operators which transform fermions into bosons and vice versa. The
particles of the theory fall into ‘supermultiplets’, each of which contains a balanced
number of fermion and boson states – these are ‘superpartners’ of each other, and
have the same gauge quantum numbers. If the supersymmetry is unbroken, they
have the same masses too. The Minimal Supersymmetric Standard Model (MSSM)
is the most economic supersymmetric extension of the Standard Model. Below, the
main steps in going from the SM to the MSSM are described. The notation follows
mostly that of [7], which is the main reference to the survey and in particular to all
the formulas given in this chapter.
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1.2.1 Exact supersymmetry

Field content

For each independent Standard Model field component (degree of freedom), a super-
partner component is added. For the MSSM two types of supermultiplets are needed,
‘matter multiplets’, which contain the Standard Model fermions (spin-1

2
) and their

scalar (spin-0) superpartners, and ‘gauge multiplets’, which contain the Standard
Model gauge fields (spin-1) and their fermionic superpartners (spin-1

2
). In addition

the Higgs sector needs to grow from the single Higgs doublet of the Standard Model
to two Higgs doublets. Together with their fermionic superpartners (spin-1

2
) the

Higgs fields (spin-0) enter ‘matter multiplets’.

Names spin-0 spin-1
2 SU(3)C SU(2)L U(1)Y

squarks, Q̃ = (ũL d̃L) Q = (uL dL) 3 2 1/6
quarks ũR uR 3 1 2/3

d̃R dR 3 1 -1/3
sleptons, L̃ = (ν̃ ẽL) L = (ν eL) 1 2 -1/2

leptons ẽR eR 1 1 -1
Higgses, Hu = (H+

u H0
u) H̃u = (H̃+

u H̃0
u) 1 2 1/2

higgsinos Hd = (H0
d H−

d ) H̃d = (H̃0
d H̃−

d ) 1 2 -1/2

Table 1.1: Matter multiplets of the MSSM.

Names spin-1
2

spin-1 SU(3)C SU(2)L U(1)Y
gluino, gluon g̃ g 8 1 0

winos, W (W̃+ W̃ 0 W̃−) (W+ W 0 W−) 1 3 0

bino, B B̃0 B0 1 1 0

Table 1.2: Gauge multiplets of the MSSM.

In Tables 1.1 and 1.2 the matter and gauge multiplets of the MSSM are shown.
The superpartners of the Standard Model particles (where the extended Higgs sector
is also taken as Standard Model particles) are written with a tilde. The names given
to the superpartners are based on the names of the corresponding Standard Model
particles. The spin-0 superpartners add an ‘s’ in front: sfermion, squark, selectron.
The spin- 1

2
superpartners add ‘ino’ at the end (and adjust if necessary): higgsino,

gaugino, gluino.
The requirement that the states within each multiplet have the same gauge quan-

tum numbers naturally separates the left-handed (‘L’) quarks and leptons from the
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right-handed (‘R’) ones. Their superpartners are scalars and have no handedness,
but are nevertheless referred to as the ‘left-handed selectron’ etc. Only the matter
multiplets of the first-generation quarks and leptons are shown.

In both tables the rightmost column shows the gauge representation of the super-
multiplet. In the two middle columns the SU(2)L status is explicit. The weak isospin
[SU(2)L] values of triplet/doublet/singlet fields are T3 = (1, 0,−1)/(1/2,−1/2)/0. In
the convention used for the hypercharge Y [U(1)Y ], the electric charge of a field can
be read off from the formula Q = T3 + Y .

Interactions

The requirement of invariance under both supersymmetry and the gauge symmetries
of the Standard Model, severely restricts the form of allowed interactions. Still, with
the large number of fields available, the number of possible interactions is consider-
able. It is convenient to classify them according to origin.

The interactions between the members of the matter multiplets are guaranteed
to satisfy supersymmetry if they are defined in terms of a ‘superpotential’ W in the
following way:

Lint = −(
1

2
W ijψiψj + W iW ∗

i + c.c.) (1.1)

W i =
δW

δφi

, W ij =
δ2W

δφiδφj

(1.2)

Here ψi and φi are fermion and scalar fields, respectively, of the matter multiplets.
The superpotential contains scalar fields only. For the MSSM it is given by

WMSSM = ũ∗
RyuQ̃Hu − d̃∗

RydQ̃Hd − ẽ∗RyeL̃Hd + µHuHd (1.3)

Indices are suppressed. The two squark/slepton fields in each of the three first terms
run over the three generations and are combined by dimensionless 3×3 matrices (y)
which are nothing but the well known Yukawa matrices of the Standard Model. The
squark/slepton SU(2)L doublets are appropriately combined with the Higgs doublets.
In the last term an unknown dimensionful parameter µ enters with the Higgs fields.

The Lagrangian (1.1) produces many interactions. In a notation where q, l and H
denote quark and lepton (particle and antiparticle) and Higgs (neutral and charged),

with a tilde for their superpartners, we get the following couplings: qqH , qq̃H̃, llH,
ll̃H̃ , q̃q̃q̃q̃, q̃q̃l̃l̃, l̃l̃l̃l̃, q̃q̃HH , l̃l̃HH , all of which are given by the Yukawa couplings,
then H̃H̃ (higgsino mass term), HH (Higgs potential) given by µ, and q̃q̃H , l̃l̃H
set by a combination of µ with the Yukawa matrices. The number of couplings is
significantly reduced if, in the Yukawa matrices, only the third-generation diagonal
elements are kept. For many purposes this is a good approximation since the ele-
ments are proportional to the corresponding quark/lepton mass. Some of the field
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combinations listed above become mass terms for higgsinos, and for (s)quarks and
(s)leptons after the symmetry is spontaneously broken.

A second set of interactions are those formed by members of the same gauge
multiplet. These count the Standard Model self-interaction of gauge fields, AAA and
AAAA, where A denotes the gauge boson, as well as AÃÃ, all with gauge-coupling
strength.

Next, when matter and gauge multiplets are combined, the gauge couplings to the
Standard Model fermions appear in the usual way through the covariant derivatives.
In the same manner we get q̃q̃A and l̃l̃A, but also q̃q̃AA and l̃l̃AA. Finally, a few more
terms are found to satisfy the symmetries and are added to the full Lagrangian. These
turn out to have gauge strength, and include some phenomenologically important
couplings, qq̃Ã and ll̃Ã, as well as quartic scalar couplings. In fact, most of the
phenomenology of the theory is determined by the interactions of gauge-coupling
strength. From the superpotential, only the interactions which involve the third-
generation Yukawa couplings or the µ parameter will normally play a role.

R-parity

In model building one usually likes to adhere to the principle of including all terms
which are allowed under the considered symmetries. However, in choosing the su-
perpotential of the MSSM, Eq. (1.3), this principle was not followed. An additional
set of terms also respects the symmetries:

W∆L = 1
∆B = 1

=
1

2
λL̃L̃ẽ∗R + λ′L̃Q̃d̃∗

R + µ′L̃Hu +
1

2
λ′′ũ∗

Rd̃∗
Rd̃∗

R (1.4)

(Family indices for the sfermion fields and for the coupling constants are suppressed.)
The problem with the terms in Eq. (1.4) is that they have the undesirable feature of
violating either baryon number (B) or total lepton number (L). Since these processes,
which e.g. give rapid proton decay, have not been observed, their couplings would
have to be very strongly suppressed. (In the Standard Model, B/L violating terms
are naturally absent under the rule of accepting only renormalisable terms.)

One solution could be to simply discard these types of terms. That would however
conflict with the principle above of allowing all possible interactions which respect
the symmetries. Instead an additional symmetry is introduced in order to disallow
the terms in Eq. (1.4). First, a new multiplicative quantum number dubbed R-parity
is defined:

PR = (−1)3(B−L)+2s (1.5)

Here B/L is the baryon/lepton number of the field and s is the spin. It is easy to see
that all Standard Model fields, including the additional Higgs fields, have PR = 1,
while all the superpartners get PR = −1. The symmetry to be imposed is then
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that the MSSM conserves R-parity, which means that for any interaction vertex the
product of PR for all participating fields must be 1. Hence, only vertices with an
even number of sparticles are allowed. While all the interactions discussed earlier
satisfy this requirement, the interactions of Eq. (1.4) do not and so can be discarded.

Conservation of R-parity has other very important consequences, which will be-
come apparent later.

1.2.2 Broken supersymmetry

Soft SUSY breaking

If supersymmetry was an exact symmetry, then all particles within a supermultiplet
would have identical mass. However, no supersymmetric partners of the Standard
Model particles have been observed. Supersymmetry must therefore be broken. Fur-
thermore, the breakdown should be ‘spontaneous’, caused by a vacuum state which
does not respect supersymmetry. Many models have been proposed for this, but
there is no consensus on the exact implementation, which should not come as a
surprise, as this step involves the unknown, more fundamental theory.

There is however some guidance from the opposite side of the scale. In order
for the SUSY breaking terms not to ruin the solution of the fine-tuning problem,
they must be ‘soft’, i.e. the couplings must have positive mass dimension. Further-
more, the scale of the massive couplings should lie around 1 TeV, which also means
approximately 1 TeV for the sparticle masses. In the MSSM the symmetry break-
ing is implemented by simply adding to the Lagrangian (nearly) all possible ‘soft
terms’, involving the superpartners only, and which satisfy the gauge symmetries of
the Standard Model and conserve R-parity,

Lsoft = −1

2
(M1B̃B̃ + M2W̃W̃ + M3g̃g̃ + c.c.)

−(ũ∗
RauQ̃Hu − d̃∗

RadQ̃Hd − ẽ∗RaeL̃Hd + c.c.)

−Q̃†m2
QQ̃ − L̃†m2

LL̃ − ũ∗
Rm2

ūũR − d̃∗
Rm2

d̄d̃R − ẽ∗Rm2
ē ẽR

−m2
Hu

H∗
uHu − m2

Hd
H∗

dHd − (bHuHd + c.c.) (1.6)

The mass dimensions of gaugino and scalar fields are 3/2 and 1, respectively. From
the requirement that each term in the Lagrangian must have mass dimension 4, the
dimensions of the coupling constants can be read out. Line 1 provides additional
mass terms for the gauginos; M1, M2 and M3 have mass dimension 1. The terms
in line 2 have form similar to the Yukawa terms of the superpotential WMSSM (1.3).
The matrices au, ad and ae are complex 3 × 3 matrices in flavour space of mass
dimension 1. They play a role similar to yu, yd and ye of WMSSM (but are not
dimensionless). In line 3 additional mass and mixing terms are given to the sfermions.
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The parameters m2
Q etc. are hermitian 3×3 matrices in flavour space with dimension

of mass squared. The terms in line 4 give SUSY breaking contributions to the Higgs
sector. The parameters m2

Hu
, m2

Hd
, both real, and b all have mass dimension 2. Below

we will see that these last terms are crucial for the electroweak symmetry breaking.

Electroweak symmetry breaking

Due to the stricter symmetry conditions of the MSSM compared to the SM, the same
Higgs doublet cannot give masses to both up-type and down-type fields. The SU(2)L

doublet Hu = (H+
u H0

u) gives masses to up-type fields, while Hd = (H0
d H−

d ) gives
masses to the down-type field. As in the Standard Model this happens if the Higgs
potential is such that the minimum value is obtained for non-zero values of some
of the Higgs fields. Only electrically neutral components can have non-zero vacuum
expectation values (VEVs). In the MSSM we have

〈H0
u〉 = vu, 〈H0

d〉 = vd (1.7)

The two VEVs must add up to give the appropriate electroweak symmetry breaking,

v2
u + v2

d = v2 = 2m2
Z/(g2 + g′2) ≈ (174 GeV)2 (1.8)

where g′ and g are the gauge coupling constants of U(1)Y and SU(2)L, and relate to
the electric charge and the weak mixing angle by e = g′ cos θW = g sin θW .

In the Standard Model three of the available four degrees of freedom of the
complex Higgs doublet are spent to give mass to the electroweak gauge bosons W+,
W− and Z. The last degree of freedom corresponds to the Higgs boson. In the
MSSM there are eight degrees of freedom to start with, which ends in five Higgs
bosons. Three are electrically neutral; h and H , which are CP even, A, which is CP
odd, and two are charged; H+ and H−.

To investigate the conditions for spontaneous symmetry breaking, we look at
those terms of the scalar potential which only involve the neutral Higgs components.
All other fields have vanishing VEVs and are not relevant for these considerations.
The stripped potential has the form

V = (|µ|2 + m2
Hu

)|H0
u|2 + (|µ|2 + m2

Hd
)|H0

d |2 − (bH0
uH0

d + c.c.)

+
1

8
(g2 + g′2)(|H0

u|2 − |H0
d |2)2 (1.9)

It is interesting to note that without the soft terms, m2
Hu

, m2
Hd

and b, the potential
would be positive-definite and no spontaneous breaking would be possible.

At the minimum both partial derivatives must vanish: (∂V/∂H0
u) = (∂V/∂H0

d ) = 0.
Applied to (1.9) this translates into the following equations,

|µ|2 + m2
Hu

= b cot β +
m2

Z

2
cos 2β (1.10)
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|µ|2 + m2
Hd

= b tan β − m2
Z

2
cos 2β (1.11)

where the much used VEV ratio parameter is introduced, tanβ = vu/vd. This allows
for two of the involved parameters to be eliminated. The convention is to keep tanβ
(together with m2

Hu
and m2

Hd
), and eliminate b and |µ|. The sign of µ is however not

addressed by the equations, and remains a free parameter.

SUSY breaking mechanisms

While the part of the MSSM which respects supersymmetry adds no new parameter,
the supersymmetry-breaking part introduces 105 new parameters. Many of these
are however strongly constrained by existing data, e.g. the lepton-flavour violating
interactions given by the off-diagonal elements of m2

L must be extremely small. Fur-
thermore, many of the new interactions give unacceptably large contributions to
CP-violation or flavour-changing neutral currents (FCNC), unless the relevant cou-
plings are strongly suppressed. While such a suppression could happen ‘by accident’,
it is more satisfactory to have it as a result of some symmetry which typically has
its source in the details of the breaking mechanism. Below, the size of the MSSM
parameter space is dramatically reduced and brought out of (the most apparent)
conflict with existing data by a few simple assumptions.

First, the lepton-flavour violating couplings as well as dangerous FCNC contri-
butions are removed by requiring complete flavour-blindness in the sfermion mass
matrices:

m2
Q = m2

Q1, m2
L = m2

L1, m2
ū = m2

ū1, m2
d̄ = m2

d̄1, m2
ē = m2

ē1 (1.12)

Second, the trilinear couplings are set proportional to the corresponding Yukawa
couplings which appear in the superpotential:

au = Au0yu, ad = Ad0yd, ae = Ae0ye (1.13)

This forbids dangerous FCNC contributions in that only the third generation squarks
and sleptons can have large trilinear couplings. Third, to avoid CP-violation far
beyond what is measured, all the new complex phases are removed:

M1, M2, M3, Au0, Ad0, Ae0 ∈ R (1.14)

In combination, Eqs. (1.12)–(1.14) constitute a mild version of what is called ‘soft-
breaking universality’.

While these assumptions are clearly convenient from an experimental point of
view, i.e. when confronted with data, it would be nice if they were also theoretically
reasonable. They should be a consequence of the breaking mechanism, and in fact
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it turns out that many of the suggested SUSY breaking mechanisms naturally give
some kind of universality to the soft terms. This means, however, that the conditions
(1.12)–(1.14) should hold, not at the electroweak scale, but at some ‘input scale’
which typically lies much higher, and where such a universality is present. The
parameter values at different scales are connected by the renormalisation group (RG)
equations. Fortunately, the RG evolution from the high to the low scale has very
little effect on the CP-violating and FCNC contributions as set at the input scale,
so the assumptions hold approximately at the electroweak scale, thereby avoiding
conflict with data.

As the input scale depends on the details of the SUSY breaking mechanism, it
is in practice unknown. The parameters and structure of the Standard Model might
however hold some clues. One puzzling result is found from RG evolving the three
gauge couplings αi = g2

i /4π to higher energies. If done for the Standard Model, the
couplings meet in the range 1013–1017, but only two at a time. For the MSSM with
sparticle masses around 1 TeV, all three couplings meet at ∼2 ·1016 GeV. This could
be taken as a sign that the three forces meet to unite in a Grand Unified Theory
(GUT) at these energies, in which case it is also a natural choice for the input scale.
(The (reduced) Planck scale at ∼1018 GeV, where gravitational interactions become
important, is another natural choice for the input scale.)

Common for most of the attempts to construct a satisfactory, spontaneous SUSY
breaking mechanism, is the existence of a ‘visible sector’ where the MSSM lives,
and a ‘hidden sector’ where other fields live and where supersymmetry is broken.
The interaction between these two sectors is weak, and it is through this interaction
that supersymmetry breaking is mediated to the MSSM. Two types of interactions
are frequently considered for this purpose, gravity and gauge interactions. In both
cases, to take into account gravity, the MSSM is promoted from a global to a local
supersymmetric theory, turning it into a ‘supergravity’ theory which then contains
a spin-2 graviton and a spin-3/2 gravitino, both massless. When supersymmetry is
spontaneously broken, the gravitino acquires mass in the ‘super-Higgs mechanism’.

In models where the SUSY breaking is mediated by gauge interactions, the mass
of the gravitino is nearly always much smaller than the other SUSY masses. Being
the lightest supersymmetric particle (LSP), it can play a role in collider experiments
if it couples with sufficient strength. The minimal version of gauge-mediated super-
symmetry breaking (GMSB) counts three parameters and a sign. Often one or two
more model parameters are added in the versions used for phenomenological studies.

In the case of SUSY-breaking mediation by gravity, the mass of the gravitino
is comparable to the other SUSY masses. With couplings roughly gravitational in
strength, it plays no role in collider experiments (but can still have cosmological
implications). The most popular model for phenomenological studies within super-
symmetry, and the basis for the simulation studies in this thesis, is of this type. It is
called ‘minimal supergravity’ or ‘mSUGRA’ and implements a strong version of the
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soft-breaking universality assumptions (1.12)–(1.14),

M1 = M2 = M3 = m1/2 (1.15)

mQ = mL = mū = md̄ = mē = mHu = mHd
= m0 (1.16)

Au0 = Ad0 = Ae0 = A0 (1.17)

in which all the gaugino masses have a common value at the input scale, as do all the
scalar masses and the trilinear mass parameters. The model is completely defined
by these three mass parameters, m1/2, m0 and A0, together with tanβ and sign(µ),
both from the Higgs sector, in total ‘41

2
’ parameters.

1.2.3 Phenomenology

Renormalisation group evolution, masses and mixing

When the Lagrangian at the input scale has been set, either by Nature or by the
curious physicist, in order to obtain the phenomenology relevant for our experiment
all its parameters should be RG evolved down to the electroweak scale. Mass eigen-
states, mixing angles, couplings etc. appropriate to the electroweak scale can then
be found. Below, the various steps of the process are described in more detail for the
mSUGRA model.

First the explicit RG equations of each parameter must be found. For the third-
generation Yukawa coupling, yb, the 1-loop β-function has the form

dyb

dt
=

yb

16π2
(6|yb|2 + |yt|2 + |yτ |2 − 16

3
g2

3 − 3g2
2 −

7

15
g2

1) (1.18)

where t = ln(Q/Q0) with Q the ‘current’ scale and Q0 the input scale. (The gauge
couplings of Eq. (1.8) are rewritten, g1 =

√
5/3g′ and g2 = g, and g3 = gs is the

gauge coupling of SU(3).) Similar equations are found for the other parameters in
the superpotential, yt, yτ and µ.

The 1-loop RG equations of the gaugino masses give, in combination with the
gauge coupling RG equations and their unification condition at the GUT scale,

M1

g2
1

=
M2

g2
2

=
M3

g2
3

(1.19)

These relations hold at any scale. Since the gauge couplings are known, knowledge
of one of the gaugino masses automatically gives the two others.

For m2
Hu

we get

dm2
Hu

dt
=

1

16π2
[3(2|yt|2(m2

Hu
+ m2

Q3
+ m2

ū3
) + 2|at|2) − 6g2

2|M2|2 − 6

5
g2

1|M1|2] (1.20)
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The large Yukawa coupling of the top quark may drive m2
Hu

negative near the elec-
troweak scale, contributing to the spontaneous symmetry breaking, see Eq. (1.9).
Similar RG equations are found for the remaining parameters; m2

Hd
and b; at, ab and

aτ ; m
2
Q, m2

L, m2
ū, m

2
d̄
and m2

ē. From Eq. (1.12) the five mass matrices are proportional
to the identity matrix at the input level. As they are evolved down, they remain
approximately diagonal, but the third-generation masses receive contributions from
the large Yukawa (yt, yb, yτ ) and soft trilinear (at, ab, aτ ) couplings. Consequently, we
get at the weak scale the same values for the first and second-generation parameters
(m2

Q1
,. . . ) and a different one for the third generation (m2

Q3
,. . . ).

Some features of the RG running are quite generic and hold also for less con-
strained models than mSUGRA: the relation (1.19) guarantees a gaugino mass hier-
archy in accordance with the known coupling hierarchy, in particular giving a heavy
gluino; squark/slepton mass parameters increase as the energy scale decreases; due to
their SU(3) charge squarks become significantly heavier than the sleptons at the elec-
troweak scale; third-generation sfermions get large contributions from the Yukawa
couplings and differ from sfermions of the two first generations which get the same
mass at the electroweak scale.

All considerations so far have been on the gauge eigenstates. Fields with the same
electric charge, colour charge and spin will mix to form mass eigenstates, which are
the physical, observable states. The gluino cannot mix with other fields and is both
gauge and mass eigenstates. The bino and the neutral wino will mix with the neutral
higgsinos to form four ‘neutralinos’; χ̃0

1, χ̃0
2, χ̃0

3 and χ̃0
4, where χ̃0

1 is the lightest and
very often the LSP. The charged winos and higgsinos give four ‘charginos’; χ̃±

1 and
χ̃±

2 . In mSUGRA the mass of χ̃0
1 is close to M1 and inherits essentially the bino-

couplings, while both mχ̃0
2

and mχ̃±
1

are close to M2 ≈ 2M1 and are predominantly
winos. The remaining neutralinos and chargino are all of similar mass, considerably
heavier than M2, and are mostly higgsinos.

In the squark/slepton sector the two first generations have practically no mixing
between the left and right-handed states, and so the mass eigenstates are the same
as the gauge eigenstates. The third-generation squarks/sleptons, however, are mixed
states, which also has the consequence that one of them, t̃1/τ̃1, is the lightest of its
type. This has important phenomenological consequences.

Finally, one very important feature of the MSSM is the quite low upper bound
on the mass of the lightest Higgs boson,

mh � 130 GeV (1.21)

a limit clearly open to experimental testing in an otherwise very flexible or eva-
sive model. Still, by minor extensions of the model this limit may be increased to
mh � 150 GeV. The masses of the other Higgs bosons can be much larger, and
typically lie close to each other.
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Collider signatures

At a hadron collider the varying center of mass (CM) energies of the hard collision
allow for a large spectrum of SUSY channels to be accessed. Pair production of
gluinos and squarks, available at tree level and with SU(3) coupling strength, will
however dominate, unless their masses are too large. Each event will be characterised
by two ‘cascades’ formed by the subsequent decay of the sparticles into lighter ones
together with accompanying Standard Model particles, eventually ending with the
LSP. Since the initial gluinos and squarks are usually heaviest, most of the other
sparticles can be accessed in the cascades. For these intermediate and lower-mass
sparticles the indirect production is much larger than the direct production.

In the case of gravity-mediated supersymmetry breaking, where χ̃0
1 is the LSP

and leaves the detector without any trail, large Emiss
T is one of the key signatures.

Also hard jets and leptons are typical signatures, as in the cascade

q̃ → χ̃+
1 q → τ̃+

1 ντq → χ̃0
1τ

+ντq (1.22)

In GMSB scenarios the gravitino will be the LSP. Depending on the strength of
its coupling, which decides whether it will be decayed into inside or outside the
detector, as well as the identity of the next-to-lightest sparticle (NLSP), several
phenomenologies will be available.

In an e+e− collider the CM energy is fixed, and normally at a value significantly
lower than the reach of a hadron collider of the same generation. The heaviest
sparticles, squarks and gluinos, may therefore not be kinematically accessible, and
if they are, their production will not be favoured by the SU(3) couplings as they
are at a hadron machine. Consequently, the upper part of the cascade (1.22) is less
relevant. Direct production of charginos, neutralinos and sleptons will dominate.
The large benefit of e+e− collisions over e.g. pp collisions is the immense reduction
in background, which will allow for precision measurements of a large number of
sparticle properties.

Experimental bounds

The search for supersymmetry has been on the agenda of many experiments for quite
a while, but no compelling evidence has yet been presented. These negative search
results can then in principle be turned into exclusion limits. For the MSSM such
a conversion is however not straightforward due to the size of the parameter space.
If at all possible, absolute limits tend to be very conservative as it is nearly always
possible to find a constellation of parameters which undermines the relevance of the
measurements. The exclusion limits presented by the experiments are therefore valid
for various constrained models only, and a limit found under one set of assumptions
is not trivially translated to another set. Still, for a complex model like the MSSM
it cannot be otherwise.
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Searches can be divided into direct and indirect searches. Direct searches look at
specific signatures, such as e+e− + Emiss

T , expected from e+e− → ẽ+ẽ− → χ̃0
1χ̃

0
1e

+e−,
and from the lack of signal above the background deduce limits on the masses and
couplings of the sparticles involved. The strongest limits are those set by the exper-
iments at LEP2 and at the Tevatron. Indirect searches look for sparticles (or any
other non-standard particles) in loop contributions to various Standard Model pro-
cesses. This requires that the theoretical and experimental status of the quantities in
question, e.g. the muon anomalous magnetic moment or the decay width of b → sγ,
be sufficiently known that any deviation from a pure Standard Model hypothesis
is recognised. Also figuring in this category are global fits to the entire collection
of electroweak precision data. If a significant deviation from the Standard Model
hypothesis should be found, these indirect searches are less suited to determine its
origin, whether it is due to supersymmetry or some other new physics.

In recent years, measurements from outside of particle physics have started to
play a role, in particular the more and more accurate determination of astrophysi-
cal parameters. The combination of the latest data from the Wilkinson Microwave
Anisotropy Probe (WMAP) with other cosmological data gives a precise determi-
nation of the the amount of cold dark matter (CDM) in the universe. This puts
stringent constraints on R-parity conserving SUSY scenarios, where the LSP will
contribute to the CDM. (Still, it should be kept in mind that these new constraints
rely on cosmological and astrophysical theories which in strict terms are outside the
regime of direct testing as we are used to from the building and confirmation of the
Standard Model.) In brief, the relic density depends mainly on the LSP annihilation
cross-section into SM particles. In most mSUGRA scenarios the LSP annihilation
process χ̃0

1χ̃
0
1 → l+l− is too weak to bring the CDM contribution equal to or below

the measured value. Only in the so-called ‘bulk region’, where sparticle masses are
light, are the constraints naturally satisfied. Other allowed regions are defined by
special circumstances which enhance the annihilation cross-section: the ‘coannihila-
tion region’ where the NLSP is close to the LSP in mass, the ‘focus point region’
where χ̃0

1 has a large higgsino component, and the Higgs resonance regions where
2mχ̃0

1
≈ mh/H/A. In a less constrained MSSM there are more possibilities to produce

the correct amount of relic density (or less), e.g. by having a wino-like χ̃0
1.

In Table 1.3 a very short and incomplete compilation of the current limits on
sparticle masses is given. The numbers are taken from the Particle Data Group re-
view [5] and come from searches at LEP2 and at the Tevatron. Minimal supergravity
with χ̃0

1 LSP is assumed. Some central assumptions for each of the limits are given.
For more detail, the source [5] and references therein must be consulted. In the next
few years the Tevatron will keep pushing further some of these limits, or even start
seeing signs of supersymmetry. Then the LHC will take over and eventually cover
more or less the entire parameter space valid for low-energy supersymmetry.
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mh � 114 GeV tan β � 7–8, LEP mmax
h scenario

mh � 90 GeV tan β � 7–8, LEP mmax
h scenario

mχ̃0
1

� 46 GeV

mχ̃0
2

� 62 GeV

mχ̃±
1

� 85 GeV mν̃ > mχ̃±
1

mẽR
� 73 GeV

mẽR
� 99 GeV mẽR

− mχ̃0
1
> 10 GeV

mµ̃R
� 95 GeV mµ̃R

− mχ̃0
1

> 10 GeV

mτ̃1 � 81 GeV mτ̃1 − mχ̃0
1
> 15 GeV

mν̃e � 84 GeV

mg̃ � 195 GeV mq̃ > mg̃

mq̃ � 270 GeV mq̃ > mg̃

mg̃ + 2mq̃ � 900 GeV mg̃ > mq̃, mg̃ ∈ (300, 550) GeV

mt̃1 � 95 GeV mt̃1 − mχ̃0
1
� 10 GeV

Table 1.3: Rough survey of the current limits on the sparticle masses [5].



Chapter 2

Experiment

2.1 LHC

At the Large Hadron Collider (LHC) we will have proton-proton collisions at a center
of mass (CM) energy of 14 TeV. At these energies the collisions will be not between
the two protons as a whole, but rather between the constituent partons, e.g. between
a gluon from one of the protons and an antiquark picked from the sea of the other
proton. While the CM energy of the elementary parton collision will be less than
14 TeV and varying, it will be sufficient to probe conclusively on the most pressing
problem of fundamental physics, the electroweak symmetry breaking, believed to be
caused by the Higgs mechanism. Also, definite answers on most variants of low-
energy supersymmetry, as described in the previous chapter, will be provided in the
course of the LHC running period.

In order to arrive at energies of 7 TeV each, the protons are lead through several
stages in the CERN accelerator setup, see Fig. 2.1. After the protons have been ex-
tracted from a hydrogen plasma in a duoplasmatron, a five-step acceleration process
takes place. First, a linear accelerator (LINAC2) accelerates the protons to a kinetic
energy of 50 MeV. Next, the Proton Synchrotron Booster (PSB) takes them up to a
kinetic energy of 1.4 GeV and passes them into the Proton Synchrotron (PS). Here
the LHC bunch-train structure is created, as well as a further increase of kinetic en-
ergy to 25 GeV. The Super Proton Synchrotron (SPS) then accelerates the protons
to 450 GeV, and injects them in both directions into the LHC ring where they are
pushed to the ultimate 7 TeV.

At design (high) luminosity each bunch contains nb ≈ 1011 protons. The spacing
between bunches is 25 ns, corresponding to a bunch rate of fb = 40 MHz. A bunch
will have a width of σb = 15.9 µm in both transverse directions (and 7.5 cm in the

15
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Figure 2.1: The CERN accelerator setup. (From the CERN web pages.)
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longitudinal direction). Taken together these parameters give the luminosity:

L =
n2

bfb

4πσ2
b

≈ 1034cm−2s−1 (2.1)

In the first three years of operation the LHC will run at low luminosity, which is one
order of magnitude less.

At four selected points along the ring the beams are made to cross. A Toroidal
LHC ApparatuS (ATLAS) and the Compact Muon Solenoid (CMS) are general-
purpose experiments which cover two of these collision points. The other two are
occupied by LHC-b, a dedicated B-physics experiment, and A Large Ion Collider
Experiment (ALICE), a heavy-ion experiment which will primarily investigate Pb-
Pb collisions, an alternative LHC operation mode.

2.2 ATLAS

2.2.1 Introduction

The purpose of a detector complex like ATLAS [8] is to describe with sufficient accu-
racy the outcome of what are considered interesting particle collisions, and in doing
so allowing for their reconstruction and subsequent comparison with theory. Usually
the particles initially produced are not the ones measured by the detector. When a
heavy particle like a Z or a Higgs boson is created, it decays instantly into lighter
particles like quarks or leptons. Next, due to colour confinement, quarks and glu-
ons, being coloured objects, fragment into colour neutral ones; baryons and mesons.
Many of the baryons and mesons immediately decay further by the weak force, pro-
ducing the (quasi)stable particles which then start their journey outwards, into the
detector. Most of this happens at a time scale not detectable by the experimental
setup. Consequently the stable particles will all point back to the collision point. Im-
portant exceptions to this description are intermediate tauons and B-hadrons (and
to a lesser extent D-hadrons) which will typically move a few hundred micrometers
before decaying. The particles which are stable on the time scale of the detector,
and which are the ones the detector will measure as they interact with the detector
material, are muons, electrons, photons and hadronic jets (consisting of p/p̄, n/n̄,
π±, K± and K0

L as well as µ, e and γ). Neutrinos will not leave any trace in the
detector. However, since the total transverse momentum of an event should ap-
proximately sum up to zero, the combined transverse momentum of neutrinos (and
any other invisible particles, like the SUSY LSPs) can be deduced from pmiss

T , the
missing-transverse-momentum vector.

The task of the detector is then to measure some or all of the momenta, energies
and positions of these particles, as well as identifying them. The momenta of charged
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particles are found from the track curvatures in a known magnetic field. Energy is
determined in a calorimeter. Since calorimeters are based on simply stopping the
particle, they are placed outside of tracking devices. The exception is for muons, since
they are not stopped in calorimeters. Tracking devices and calorimeters also naturally
give information on the position and direction of the particles. Particle identification
is accomplished by various often overlapping techniques; particle-specific interactions,
dE/dx, impact parameter, shower structure in calorimeter, amongst others.

The specific implementation of these tasks for a given detector complex depends
on the experimental situation, here the harsh LHC environment, in combination
with the physics one is interested in studying. In some sense these correspond to
background and signal, respectively. At a hadron collider there is always an intrin-
sic background from the ‘underlying event’, the parts of the hadrons which do not
participate in the hard interaction. Furthermore, in addition to the very high bunch
crossing rate of 40 MHz, at design luminosity each bunch crossing is expected to give
on average 23 minimum bias events. The hadronic activity will therefore be consid-
erable, and it is with this as background that interesting signatures will be searched
for. For instance, the huge QCD background will largely disqualify the traditional
H → bb̄ as a discovery channel for a low-mass Higgs (� 130 GeV), even though it is
by far the dominant decay mode with a branching ratio of ∼90%. Since Higgs discov-
ery is one of the main objectives of ATLAS, it is crucial to have discovery channels
throughout the theoretically allowed mass range. It has therefore been necessary to
ensure that the low-rate H → γγ will be detectable in this mass region, resulting in
stringent requirements on the electromagnetic calorimeter in terms of resolution and
identification capabilities.

Some other requirements, partly motivated by existing theories beyond the Stan-
dard Model, are excellent capabilities in lepton momentum/energy measurements
and identification, accurate jet and missing transverse energy (Emiss

T ) measurement
ensured by full hadronic calorimeter coverage, efficient b-tagging and τ -tagging.

2.2.2 Detector layout

The ATLAS detector is shown in Fig. 2.2, partly dismantled to reveal its inner
parts. Proton bunches enter from left and right through the beam pipe, which de-
fines the z-axis. Closest to the collision point lies the inner detector (ID) [orange].
It stretches to (R, |z|) ≈ (1.15, 3.5) m,1 where R is the radius. Outside is the cen-
tral solenoid (CS) [red] which provides a magnetic field essentially along the z-axis
in the ID cavity. Next comes the electromagnetic (EM) calorimeter [green] which
goes out to (R, |z|) ≈ (2.25, 4.3) m. The hadronic calorimeters [red] including the

1Except for the part on the pixel detector, the detector description which follows is based on
the ATLAS Technical Design Report (TDR) [8]. Numbers may have changed slightly.
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Figure 2.2: The ATLAS detector. (From the ATLAS TDR.)

forward calorimeter (FCAL) [green] then cover out to (R, |z|) ≈ (4.25, 6.65) m. Fi-
nally, the muon detectors [blue] define the total size of the ATLAS detector with
(R, |z|) ≈ (11, 23) m. The barrel toroid (BT) and end cap toroids (ECT) [grey],
provide the magnetic field in the muon system. A cooling system keeps the different
subdetectors at optimised working temperatures. In addition there are mechanical
support structures which keep the detector parts in place, cold walls between differ-
ent subdetectors which operate at different temperatures and services which provide
data read out and powering. These all add to the amount of dead material in the
detector, potentially degrading the performance, and are kept at a minimum.

For constructional reasons most detector systems consist of a barrel section at
low |z| values and an end cap section at high |z| values, as can be seen in the figure.
The barrel parts have full coverage in the azimuth angle φ at fixed radii while the end
cap parts have full φ coverage at fixed |z| from the collision point. Except for a small
cone around the beam pipe on each side, the full solid angle is covered, although
with some degradation of the detector performance in the overlap region between
the barrel and the end caps.

In cylindrical coordinates the position of detector parts and the original momenta
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of particles coming from the hard process can be put on equal footing, which is
practical. For both, the direction out from the collision point is given in terms of φ
and the polar coordinate θ, which is traded for the pseudorapidity η = − ln tan (θ/2).
A complete position in the detector system is then given by an additional z or R
value, while a particle momentum usually is completed by giving the pT value.

Inner detector

The main purpose of the inner detector is to measure the position of the interaction
vertex together with any secondary vertices from long-lived particles like τ ’s or B-
hadrons, and to measure the momenta of charged particles from the curvature of
their trajectories in the magnetic field. The ID is shown in Fig. 2.3 [yellow and
interior, the brown part is the EM calorimeter] and consists of three subdetectors,
each having several layers.

Figure 2.3: The inner detector. (Post-TDR geometry.)

Closest to the beam pipe lies the pixel detector. Both the barrel and the end cap
parts have three pixel layers, ensuring three hits over the full acceptance defined by
|η| < 2.5 (corresponding to 9.4o < θ < 170.6o), which amounts to 98.7% of the solid
angle. The layers of the barrel part are situated at radii of 5, 9 and 12 cm. Due
to its proximity to the beam pipe, the innermost barrel layer will be experiencing a
very tough radiation climate and is scheduled to be replaced after 4-5 years.

Outside, in radial range between 30 and 52 cm, lies the semiconductor tracker
(SCT). Four barrel layers together with end cap layers appropriately distributed on
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nine wheels on each side in the |z| range 80–280 cm ensure four hits over the full
acceptance. Together the pixel detector and the SCT are referred to as the precision
tracker. Their silicon-based technologies give discrete measurements and will be run
at low temperatures of approximately −7 oC to reduce the radiation damage.

Outside the precision tracker lies the transition radiation tracker (TRT), a con-
tinuous tracking device. It is based on straw detectors with a diameter of 4 mm.
Each straw consists of a cylinder serving as the cathode filled with a Xenon-based gas
mixture and with a central anode wire. When a charged particle traverses a straw,
the gas is ionised and charges drift towards the anode/cathode. In the barrel at radii
56–107 cm, and in the end cap at |z| ∈ (80, 340) cm a total amount of 420 000 straw
channels ensure approximately 36 hits per track. The TRT also has electron iden-
tification capabilities. A radiator material interspaced between and on the straws
stimulates transition radiation (TR) as charged particles go from one medium to
another. The Xenon-based gas in the straw volumes detects well TR photons in the
energy range given by initiator electrons. TR hits are distinguished from ordinary
track hits by their higher energy deposit in the straws. Since transition radiation
starts to become important at a Lorentz factor γ � 1000, the effect can be used to
separate electrons from charged pions up to momenta of about 100 GeV.

ATLAS calorimetry

The purpose of the ATLAS calorimetry, shown in Fig. 2.4, is to measure the energy
of electrons, photons and jets, as well as provide identification. While the depth of
electromagnetic showers, initiated by electrons and photons, scales with the radiation
length X0, the depth of hadronic showers scales with the nuclear interaction length λI .
Since X0 � λI for most detector materials, a calorimeter structure usually consists of
two main parts, the electromagnetic (EM) calorimeter (inner layer) and the hadronic
calorimeter (outer layer). Electrons and photons are measured and stopped in the EM
calorimeter which is tuned for electromagnetic showers. Hadrons usually continue
to the hadronic calorimeter where they eventually stop. Shower development is a
stochastic process. While the widths and depths of electromagnetic showers are
relatively stable for incident electrons and photons of a certain energy, the shape
and size of hadronic showers show large variations for identical initial conditions.

All the ATLAS calorimeters are of the ‘sampling’ type, which means that they
are made up of alternating layers of active and passive material. Only the energy
collected in the active material is measured. Furthermore, the ATLAS calorimeters
are ‘non-compensating’, which means that the response to an electron or photon of a
certain energy is different (larger) than the response to hadrons of the same energy.

The energy resolution in a calorimeter can be parametrised by

σ(E)

E
=

a√
E

⊕ b ⊕ c

E
(2.2)
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The first term is called the stochastic term and is mostly due to the stochastic nature,
pronounced by the sampling principle, of measuring energy by ‘counting charges’.
Since the energy is proportional to N , the number of charges collected, and Poisson
statistics is appropriate, we get σ(E) ∝ √

E. The second term is the constant term
reflecting the ‘mechanical precision’ of the construction, and the third term is the
noise term which takes into account the effect of electronic noise and pile up. The
relation (2.2) shows that the resolution of the energy measurement increases with
the energy of the particle.

Electromagnetic calorimeter

The electromagnetic calorimeter [olive] is placed just outside the inner detector,
separated only by the solenoid. Both the barrel and the end cap parts are liquid argon
(LAr) based with accordion-shaped electrodes and lead absorber plates. The showers
are developed from the incident particle in the absorber plates The liquid argon is
then ionised by the secondaries leaving the absorber, and the signal detected by the
electrode. The accordion geometry provides faster readout and better hermeticity.

The total thickness of the calorimeter is approximately 25 radiation lengths (X0)
over the full acceptance. While muons will pass and leave only an ionising trail,
electrons and photons will shower and stop entirely by consecutive bremsstrahlung
and pair production processes. Hadrons will deposit part of their energy in the
EM calorimeter, then arrive at the hadronic calorimeters which lie outside. At
|η| < 2.5 the EM calorimeter consists of three sampling layers with different gran-
ularities (∆η × ∆φ), optimised to give high precision angular measurement. At
2.5 < |η| < 3.2 two layers and a coarser granularity are sufficient.

Before reaching the EM calorimeter, material amounting to ∼2X0 has to be
crossed. A presampler placed in front of the calorimeter is used to correct for energy
losses of electrons and photons. In the transition region between the barrel and
the end cap, 1.37 < |η| < 1.52, which corresponds to 3.0% of the full solid angle,
the amount of material in front of the calorimeter is particularly large (5–7X0),
disqualifying this region for precision measurement involving photons. Due to the
high granularity of the EM calorimeter, the two showers from primary π0 → γγ
will rarely be interpreted as one, resulting in a good γ/π0 separation vital to Higgs
discovery through the H → γγ channel.

Hadronic calorimetry

The hadronic calorimetry consists of three subsystems situated outside the EM
calorimeter, see Fig. 2.4. In the barrel region the tile calorimeter [white], a sam-
pling calorimeter with scintillating plastic plates as the active material and iron as
the absorber, covers |η| < 1.7. Like the EM calorimeter it has three sampling lay-
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Figure 2.4: The ATLAS calorimetry. (From the ATLAS TDR.)

ers, although with a somewhat lower granularity. The hadronic end cap calorimeter
(HEC) [red] at 1.5 < |η| < 3.2 is based on the LAr technology, now with copper as
the absorber material. It has four sampling layers. The forward calorimeter (FCAL)
[green] extends the coverage to |η| = 4.9, thereby increasing the precision of the Emiss

T

measurement which is particularly important for SUSY studies. It is LAr based with
three sampling layers, one with copper as the absorber material, the other two with
tungsten, which due to its higher density provides the required material amount in
the limited space allocated to the FCAL.

The total detector thickness in front of the muon system is ∼11–15 interaction
lengths (λI), most of which is in the calorimeters and predominantly provided by the
hadronic calorimeters. This is sufficient for measuring high-energetic jets with good
resolution, as well as keeping punch-through into the muon system at controllable
rates.
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Muon spectrometer

The outermost subdetector in the ATLAS complex is the muon spectrometer. Its
main task is to measure the momenta of the muons. As in the inner detector this
is done by measuring how particle trajectories are bent in a magnetic field. Three
barrel stations at radii of 5, 7.5 and 10 m and four end cap stations on each side at
|z| equal to 7, 10, 14 and 21–23 m ensure each muon to traverse three stations. Two
technologies are in use to measure the tracks. For the barrel region and the outer
end cap wheels, where rates are lower and background conditions milder, monitored
drift-tube (MDT) chambers are sufficiently fast. They are based on aluminium tubes
of 3 cm diameter filled with an Argon-based gas mixture at 3 bar and with a central
anode wire. A total of 370 000 tubes is needed, with the length of the tubes varying
from 70 to 630 cm. In the more demanding regions close to the interaction point,
cathode strip chambers (CSC) are used. These are multiwire proportional chambers
with shorter response-time and higher granularity.

The MDT and CSC measure the track positions in the R-z plane with high
precision. In the idealised case where the magnetic field set up by the toroids is
directed along φ, the bent muon tracks lie in the R-z plane, which means that in
principle no φ-coordinates are required and the MDT/CSC measurements suffice to
obtain the muon momenta.

The muon system is also equipped with a second set of detector chambers, again
implemented with two different technologies and covering |η| < 2.4. These serve as
trigger chambers, as well as provide measurements in φ, albeit at lower resolution,
for use in the off-line pattern recognition.

Magnetic fields

The superconducting magnetic system of ATLAS consists of the central solenoid and
the barrel and end cap toroids, see Fig. 2.2. For use in the inner detector tracking
system the central solenoid provides a magnetic field at a nominal value of 2.0 T.
The direction of the field is mainly along the z-direction, which is perpendicular to
the transverse component of the particles. Due to its positioning in front of the
EM calorimeter, the amount of material is kept at a minimum to disturb the energy
measurements as little as possible.

The barrel and end cap toroids provide a magnetic field of peak value close to
4 T for use in the muon tracking system. Each of the three toroids are made up of
eight coils and contained in aluminium alloy casings. The resulting magnetic field is
mainly in the φ-direction, perpendicular to the muon momenta.

All the superconductors are cooled by helium at 4.5 K.
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Trigger

While the bunch crossing rate is at 40 MHz, for permanent storage and later analysis
only a rate of ∼100 Hz can be handled. The necessary reduction by a factor ∼4·105 is
made by a three-level online trigger and data-acquisition (DAQ) system, programmed
to select the interesting events.

First, by use of reduced-granularity information from the muon trigger system and
all the calorimeters, and looking for high-pT measurements as well as large total ET

or Emiss
T , the hardware-based level-1 trigger reduces the rate to ∼75 kHz. The total

information on each selected event is read out from the electronics of the detectors
and put into a buffer memory where it is eventually accessed by the software-based
level-2 trigger. By refining and combining information, e.g. by applying isolation cuts
for muons and matching between calorimeter and ID information for electrons, the
level-2 trigger reduces the rate to ∼1 kHz. Finally the event filter (EF) uses off-line
algorithms for further refinement, and arrives at the required ∼100 Hz, which means
a storage rate of ∼100 MB/s.

2.2.3 Particle reconstruction

As stated at the beginning of the previous section, the objects which need to be re-
constructed are muons, electrons, photons and jets. In the following more details are
given on each of the types; how they interact with the detector, which subdetectors
are active, specific challenges as well as the overall performance. Resolutions and
efficiencies are given for design luminosity unless otherwise stated.

Muons

In addition to having a long lifetime (cτµ = 659 m), muons have great penetration
power. From the center of the detector and outwards muons give hits in the ID,
deposit only some energy in the calorimeters, then give hits in the muon spectrometer
before leaving the detector to decay later.

In the determination of momentum from the track curvature [and assuming a
uniform magnetic field], the relevant track parameter relates linearly not to pT but
to 1/pT. If other effects are discarded, appropriate error propagation therefore gives

σ(pT)

pT

∝ pT (2.3)

Hence, momentum resolution from tracking systems deteriorates as the energy grows,
quite contrary to the energy resolution from calorimeter readings, see Eq. (2.2).

The muon momentum is measured both in the ID and in the muon system. The
two systems complement each other in that they have different regions of sensitivity.
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At low energies the precision is dominated by the ID, at high energies by the muon
system, with a transition around pT ≈ 30–50 GeV. For pT = 10/100/1000 GeV the
expected resolution is σ(pT)/pT ≈ 1.5/2.5/8%, showing the reduced precision as
the energy is increased. The track reconstruction efficiency also reduces at higher
energies. For pT = 10/100/1000 GeV the expected efficiency is ε ≈ 97/95/85%.
Furthermore, studies using single muons from the leptonic decay of a heavy vector
boson, W ′ → µνµ, show that the muon charge can be determined with a wrong-sign
fraction of 0.2–0.9/3–4% for mW ′ = 1/6 TeV. (For the numbers above, pile-up is not
included.)

While we are usually most interested in muons which come directly from the
hard process, typically as decay products of heavy particles like a Z or a SUSY
particle, there are other sources, which need to be controlled. One is the muonic
decay of π±/K± (cτ = 7.8/3.6 m) produced in the fragmentation into hadrons with
subsequent decay. They have a good chance of decaying, typically to low-pT muons,
somewhere in the inner parts of the detector. The way to recognise these non-prompt
muons is by combining the information from the ID with that of the muon spectrom-
eter. The momentum from the ID measurement will be larger by an amount which
cannot be explained by the limited energy loss in the calorimeters. Furthermore, the
ID track will have a kink at the position of the decay which usually spoils the χ2 for
the combined track.

The other ‘background’ source of muons is semi-leptonic decay of B/D-hadrons
resulting from fragmentation. These muons, which usually have higher pT, can be
distinguished from ‘signal muons’ by the larger energy deposited in the calorimeter
cells close to the muon passage from the accompanying hadrons.

Electrons

The passage of electrons through the ID can be tracked through their hits in the pre-
cision detector and the TRT. While the same applies to muons, electrons have some
additional features: They give special TR hits in the TRT, good for identification.
Next, they are more affected by the noticeable amount of matter, ∼0.5X0, in the
ID and steadily lose energy by bremsstrahlung. This degrades the track quality and
thereby the momentum measurement. Finally, when they reach the EM calorime-
ter, a showering procedure takes place through bremsstrahlung and pair production
which effectively results in a full stop for the electrons.

In the same way the muon reconstruction takes advantage of two separate tracking
systems, allowing for consistency checks, electron reconstruction is based on the
combined ID and calorimeter readings. In accordance with the logic of Eqs. (2.2)
and (2.3) the best energy measurement is obtained by the calorimeter at high energies
and by the ID at low energies. The transition region is around pT ≈ 15 GeV. For
E = 20/50/200 GeV the expected resolution is roughly σ(E)/E ≈ 3/2/1%. Charge



2.2. ATLAS 27

identification is achieved with a wrong-sign fraction below 1.4% for pT < 500 GeV
and increasing to 4.4% for pT = 1 TeV.

In the LHC environment one of the necessities of electron reconstruction is a
high rejection factor against jets. From the calorimeter alone; by looking at how
energy is shared between the different samplings, as well as the shower width and
possible substructures within the shower, strong rejection is already achieved. Then,
additional separation power is provided by combining the calorimeter and the ID
information; looking at the calorimeter energy over the momentum, E/p, which for
electrons is very close to 1, requiring consistency between the track and the position
of calorimeter deposit, and asking for TR hits. All put together, the required jet
rejection (∼105) is achieved with an electron efficiency close to 70%.

Photons

In principle photons leave no tracks in the ID. They are then detected in the EM
calorimeter only, and are reconstructed with an energy resolution similar to that of
electrons. However, due to the amount of material in the ID, around 30% of the
photons convert to e+e− pairs before reaching the calorimeter. By reconstructing
oppositely-charged tracks and requiring that they meet in a common vertex with
no opening angle, and that the reconstructed photon points back to the beam-line,
conversions can be recovered with an overall efficiency of about 60%. The energy
resolution for converted photons is somewhat less than for unconverted photons.

While the converted photons are reconstructed from combined ID and EM calori-
meter information, which also naturally gives the direction of the photon, the recon-
struction of unconverted photon relies solely on the EM calorimeter. Driven by the
requirements of the H → γγ channel, the calorimeter is constructed to determine
with sufficient precision the direction of an incoming photon. Since the z-position
of the primary vertex is not known unambiguously, the directional capabilities of
the calorimeter is essential to the mass resolution of the reconstructed Higgs mass.
The ability of the calorimeter to determine the direction of a photon is also crucial
in some versions of GMSB-type SUSY scenarios, where the next-to-lightest SUSY
particle may be sufficiently long-lived to fly a distance of the order of the ID before
decaying to an invisible gravitino and a photon. The evidence for having a GMSB-
like scenario of this type, as well as the important measurement of the NLSP lifetime
which relates to the SUSY breaking mechanism, will rely on the measurement of the
photon direction.

Rejection against jets is important in the LHC environment, in particular for
the H → γγ channel. By investigating the shower shape, leakage into the hadron
compartment, as well as vetoing tracks, the sufficient rejection (∼103) is achieved at
about 80% photon efficiency.
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Jets; b-jets, τ-jets

The path from the initially produced partons of the hard process to the reconstructed
jets goes first via non-trivial and inescapable physics effects like the coexistence with
the underlying event, initial and final state radiation, fragmentation and subsequent
decay of unstable hadrons. When the (quasi)stable colourless objects have been
formed, usually gathered into more or less narrow jet structures, they continue out-
wards through the ID where the charged ones give hits, enter the EM calorimeter
where some amount of energy is deposited and end their journey in the hadronic
calorimeter (if not already in the EM calorimeter). Since any charged components of
a jet are deflected in the magnetic field, calorimeter clusters at different positions may
be part of the same jet. From the ID tracking they can be appropriately combined,
also with the neutral part.

Hadronic showers are dominated by successive inelastic hadronic interactions in-
volving multiparticle production, but contain also an electromagnetic part from the
frequent creation of π0’s which decay into two photons. The stochastic nature of
π0 production in combination with a non-compensating calorimeter, as well as the
general LHC pile-up situation degrade the energy resolution of jets significantly com-
pared to muons, electrons and photons. The resolution follows Eq. (2.2), but with
larger coefficients than for electrons and photons. For E = 50/100/200/1000 GeV
the expected resolution is σ(E)/E ≈ 15/9/7/3%.

While the identity of the initiating parton in most cases is lost, b-jets and jets
from hadronically decaying τ ’s can be fairly efficiently tagged. For the former the
tagging is due to the noticeable lifetime of B-hadrons (cτ ≈ 450 µm), allowing the
observation of the secondary vertex. At design luminosity tagging efficiencies of
50% can be obtained with rejection factors of ∼10 against c-jets, which also have a
noticeable lifetime, and ∼100 against gluon and light-quark jets.

Hadronic decay of τ ’s (cτ = 87 µm) is characterised by few tracks, either one
from π± or three from π±π±π∓, which take 50% and 15%, respectively, of the total
branching width. This track information, together with the shower shape, allows for
useful τ -tagging efficiencies, which become better with increasing pT.

In conclusion, the ATLAS detector is well equipped to tackle supersymmetry.
The high precision and efficiency of lepton and photon reconstruction, the good jet
reconstruction including high b-tagging efficiency, and the large coverage to control
the missing transverse energy address the most prominent SUSY features. In fact,
beside the obligatory Higgs search, due to its rich phenomenology SUSY has been the
most important source of benchmarks during the planning of the ATLAS detector.
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Simulation

In all the phases of an experiment like ATLAS, from the drawing board through the
long period of building the machine, during the entire data taking and well into the
aftermath, Monte Carlo simulations in different and continuously refined forms are
invaluable tools to understand what actually happens in the detector. They guide
the planning and building and form the basis for the conclusions that ultimately are
to be drawn from the experiment. Most simulations, in particular those that aim
to study certain physics channels (before, during or after the running period), are
naturally divided into three parts.

The first step is the ‘event generation’. The interactions at the beam cross-
ing including production and decay of new particles, any additional radiation and
hadronisation, all of which is called an event, are described by a Monte Carlo event
generator. This is usually a general program, applicable to a multitude of experi-
ments and which, apart from obvious variables like the energy of the colliding beams,
is only slightly tuned to the experimental setup.

The next step is the ‘detector simulation’. It consists of two parts, and is usually
based on the general detector description and simulation tool GEANT [11]. First, the
outgoing particles are transported through the detector with which they interact in
a probabilistic manner. For this, full account of the most important processes for
interaction with matter in the relevant energy range is required, as well as a detailed
map of the detector. The transport of particles, especially the shower development
in the calorimeters, is the most time-consuming part of the entire simulation. Next,
from the hits in the tracking devices and the energy deposit in the calorimeters,
the detector response is simulated. This is called the digitisation, and produces
information in the same form as will be read out from the electronics in a real event.

The final step in the simulation chain is the ‘reconstruction’ of the original event
from the detector read-out. This involves pattern recognition of tracker hits to
determine particle tracks and momenta, the combining of calorimeter cells to form
jets, inclusion of correction factors, particle identification etc., first locally in each
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subdetector, then combined. Optimally, the reconstructed event corresponds well
with the hard interaction of the generated event.

While the first step is quickly done with today’s processor speeds, the two others,
in particular the detector simulation, are very time-consuming. Depending on the
needs of the particular study, various levels of detector detail can be incorporated
in the simulation. Usually two versions are in use, a ‘full simulation’, which uses a
detailed detector description thereby making it slow, and a ‘fast simulation’ in which
the detector simulation and the reconstruction are merely parametrised to capture
the overall behaviour of the detector.

Below follows a brief description of PYTHIA [12], the event generator used for
the simulation, and ATLFAST [13], the ATLAS fast simulation program. No full
simulation was performed for this thesis.

3.1 PYTHIA

3.1.1 Event generation

The natural starting point of the event generation process is the hard interaction: In
its standard form two incoming partons, selected in a probabilistic manner according
to parton distribution functions (PDFs), produce one or more heavy particles which
immediately decay into lighter particles. If the underlying event is neglected for
now, this will produce a 2 → n event topology, where n is the number of outgoing
particles.

However, it turns out that if coloured (charged) objects are present in the hard
interaction, which is inevitable in a pp-collision, gluon (photon) radiation typically
gives large corrections to the event topology suggested by the lowest-order hard in-
teraction, and must be incorporated in some way. Two methods are in use for this.
In the matrix-element method the appropriate Feynman-diagrams are calculated.
While this is the theoretically appreciated method, it becomes very hard to carry
through due to computational difficulties for higher order diagrams, especially loop
diagrams. In general, hard gluon emission is well described by the matrix-element
method, while multiple soft emissions are not. PYTHIA uses the somewhat less am-
bitious parton-shower method in which the more complicated topologies are gener-
ated by allowing each incoming and outgoing parton to initiate a set of subsequent
branchings a → bc. The parton-shower method performs well for multiple soft gluon
emission and not so well for hard emissions.

In the parton-shower picture radiation is divided into initial state radiation (ISR)
and final state radiation (FSR). The starting point of the ISR are two massless
partons, one from each of the protons. When a massless parton branches, energy-
momentum conservation requires at least one of the daughters to be space-like. In
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PYTHIA the other is either on-shell or else it is time-like, in which case subsequent
branchings will bring all the particles of this ‘side branch’ on-shell. The space-
like daughter, now a mother, then branches into one daughter which is even more
space-like and another one which is on-shell or time-like. In this way a ‘main chain’
of partons with increasing space-like virtuality is constructed, together with many
side branches of on-shell partons. The side branches constitute the ISR. The final
daughter of each of the two main chains meet in the hard process. [In PYTHIA the
ISR evolution is actually carried through the other way around. The partons which
enter the hard process are selected from ‘evolved’ PDFs where the effect of ISR
is already included. Then a backward-evolution is performed which takes the two
selected partons back to the initial partons of the proton.]

The FSR starts from the partons which leave the hard interaction. These have
time-like virtualities to start with, otherwise branchings to on-shell particles would
not be possible. The set of branchings then reduces the initial virtuality step by step
until all the partons are on-shell. Since the branchings are predominantly soft, most
of the energy in a branching is given to one of the daughters. Each parton leaving
the hard process therefore gives rise to one main chain whose final daughter carries
most of the initial momentum, and many softer side branches which contribute to
the FSR.

When ISR and FSR have been brought to an end, the event consists of the fol-
lowing: one or more hard partons from the FSR main chains, ISR and FSR, mostly
in terms of softer gluons and possibly some quarks and photons, and the beam rem-
nants, all going out in different directions from the collision point. As these different
parts separate more and more and start climbing the linear potential of QCD, their
interconnections through colour charge become apparent and fragmentation eventu-
ally takes place.

Since fragmentation occurs in the non-perturbative regime of QCD, it is not
understood from first principles. Two main types of phenomenological models are
in use for this purpose. PYTHIA is based on the Lund Model, the most celebrated of
the ‘string fragmentation’ (SF) models. Here the partons are first gathered logically
into colourless objects called strings. In the simplest case a string is made up of a
quark-antiquark pair qq̄, moving away from each other with a uniform colour flux
tube between them. Such a construction gives rise to a linear potential, which is
exactly what the QCD confinement potential is believed to be. Eventually, as the
quark and the antiquark move further apart, the string will break with the creation
of a new quark-antiquark pair, q̄′q′, resulting in two strings, qq̄′ and q′q̄. This process
will continue until the strings have sufficiently low masses and convert into hadrons.
The other main type, ‘cluster fragmentation’ (CF), is used e.g. in the Monte Carlo
generator HERWIG [14]. Here all final gluons from the parton showers are first forced
to split into qq̄ pairs, then each quark combines with a nearby antiquark into a
colourless cluster which finally decays into one or more hadrons.
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The last step in the event generation chain is the decay of any unstable particles.
In particular, the many hadrons produced in the fragmentation are usually unstable
and decay immediately to lighter particles. The following (quasi)stable particle types
are the ones that will be seen by the detector: p/p̄, n/n̄, π±, K±, K0

L, γ, e±, µ±.
(A typical SUSY event may count ∼300 (quasi)stable particles, most of which are γ
and π±.)

3.1.2 SUSY

A wide range of hard processes are available in PYTHIA. In addition to most Standard
Model processes of practical interest, many scenarios beyond the Standard Model
are included. In particular SUSY is well represented. A large part of the full MSSM
parameter space can be accessed. Also lepton-violating processes, see Eq. (1.4),
which are discarded from the ordinary MSSM by R-parity conservation, have been
coded.

The simulations performed for this thesis are within the mSUGRA scenario.
While the full MSSM parameter space is determined by only 41

2
parameters in this

scenario, RG evolution from the GUT scale to the EW scale is required. PYTHIA

does not include this RG running. As a compensation, approximate formulas which
in most cases get the parameters right by ∼10% are available. However, for stud-
ies in which the RG evolution is important, the idea is rather to interface PYTHIA

with one of the programs which perform the evolution from the high scale. A fully
standardised interface is available for ISASUSY [15], and is the one used for the simu-
lations here. From the 41

2
GUT parameters ISASUSY evolves the relevant parameters

down to the EW scale, calculates from these the mass parameters and passes them
to PYTHIA which in turn finishes by calculating decay widths and cross-sections.

In PYTHIA all decays of SUSY particles are spin-averaged. For most studies,
including the ones undertaken in this thesis, this has no consequence. However,
spin effects are of course interesting in complete SUSY investigations, and must be
incorporated for certain studies. At the time of writing only in HERWIG have spin-
correlations in SUSY cascade decays been implemented.

3.1.3 LHC energies

The LHC will operate at presently unstudied energies. While we are able to predict
quite precisely how the electroweak sector will behave at these energies, although
with the obvious uncertainty of the Higgs mass, our predictions for QCD have large
error bars. The extrapolation involved in the PDFs is significant. Also the adequacy
of the current fragmentation models remains uncertain. Like the PDFs they are fitted
to the available data, and it is not obvious that the current tunings work equally
well at LHC energies. In total, one must reckon with considerable uncertainties
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in the QCD background predicted by the event generators. This makes ‘counting
experiments’ a particularly daunting exercise, and invites in general to caution in
predicting discovery and measurement potential.

3.2 ATLFAST

The aims of the ATLAS fast simulation package, as given in the documentation, are to
reproduce as well as possible the full-simulation results on the mass resolution for all
important physics channels, to reproduce accurately the expected jet reconstruction
efficiencies, especially for b-jets, as well as obtain the expected Emiss

T resolution.
In contrast, the package has not been optimised to reproduce the full-simulation
efficiencies of lepton and photon isolation. The main application of the fast simulation
is studies where it is reasonable to trade the accuracy of the simulation for speed.
Resolution or reconstruction efficiency studies should always be confirmed with full
simulation.

In the fast simulation algorithm the detector is represented by a grid of ‘calorimet-
ric cells’ in η and φ with coverage and resolution similar to an approximate average
over all the subdetectors (∆η × ∆φ equal to 0.1 × 0.1 for |η| < 3 and 0.2 × 0.2
for |η| > 3). The complicated affair of transporting the particles obtained from the
event generator through the detector is simplified to depositing the ET of each sta-
ble, visible final-state particle in the event, except muons, onto the detector grid of
calorimetric cells.

Then reconstruction starts, where clusters are formed by a simple cone algorithm.
Cells with ET > 1.5 GeV are allowed to act as cluster initiators, and are scanned
in order of decreasing ET. If the deposited ET within ∆R ≡ √

(∆η)2 + (∆φ)2 = 0.4
of the initiator cell exceeds 10 GeV, a cluster is formed. The cells which make up
a cluster are marked so as not to participate in the formation of another cluster.
(Throughout the detector there will be cells where some energy is deposited, but
which do not belong to a cluster.)

ATLFAST then goes on to identify the clusters. The list of final particles is scanned
for muons, electrons and photons, in that order. When one of these are found, its
four-vector is smeared according to the resolution expected for the given particle type.
[In the language of the full simulation, this step belongs to the detector simulation
rather than the reconstruction.] The smeared momenta are then required to be
within the acceptance, |η| < 2.5 and pT > 6/5/5 GeV for µ/e/γ, or else the particle
is lost. While muons have no cluster associated to them, as they deposit no energy
onto the detector grid, electrons and photons do, and the associated cluster is now
identified.

Then isolation criteria are imposed. First, there must be no other (yet uniden-
tified) cluster within ∆R = 0.4. Second, the ET deposited in a cone ∆R < 0.2,
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excluding the contribution of the particle itself, must not exceed 10 GeV. If these
cuts are satisfied, the particle is regarded as reconstructed. If not, a muon will
be marked as non-isolated while an electron/photon will be lost. The cluster stays
though.

The energies of the remaining, unidentified clusters are then smeared according
to the expected hadronic resolution, including pile-up effects at design luminosity,
and the energy of any non-isolated muons within the cluster cone is added. A cluster
is identified as a jet if ET > 15 GeV. Furthermore, as a first step of b/τ -tagging,
the jets are ‘labelled’ as b, c or τ -jets if a particle of this type is found nearby and
satisfying certain criteria relevant to the tagging in real life.

Finally, pmiss
T is constructed by summing the pT of all identified particles, all

unidentified clusters, any non-isolated muons not attached to a jet, as well as all
cells not belonging to a cluster (after first smearing them with hadronic resolution),
then changing the sign.

The identification of µ, e, γ and b/τ -jets, as described above, is not complete.
Additional efficiencies need to be included, and these are not constant, but depend
on the rate of misidentification deemed acceptable for a given purpose. The higher
the identification/tagging efficiency, the lower the rejection factor against misidenti-
fication/mistagging. For µ, e and γ realistic efficiencies need to be put in by hand,
which for the two latter should be considered in combination with the possibility of
misidentifying a jet for e/γ, which is lacking in the fast simulation. For b/τ -tagging
dedicated routines are provided in the ATLFAST-B package.

There are two main sources of uncertainties in the simulation studies performed
for this thesis. One is the unknown behaviour of physics at LHC energies, in partic-
ular of QCD. In the SUSY scenarios investigated here the sparticle masses are rather
light and the collected signal samples large. Changes in the QCD cross-section and
typical event topology will then not change the conclusions significantly. The other
source of uncertainties is the simplifications involved in replacing the full simulation
with the parametrised one, and this is probably more important. The reconstruction
efficiencies and precisions both of leptons and jets are most likely slightly different for
fast and full simulation. More pressing is however the lack of possibility to study re-
alistic detector effects with the fast simulation. For the particular studies undertaken
here, the detector behaviour is rather important for the final results. Therefore, in
order to understand the detector effects and correct for them, large-scale full simu-
lation must eventually be performed.
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SUSY measurements in ATLAS

In this chapter the prospects for SUSY discovery and subsequent parameter mea-
surements is first briefly discussed. Then the endpoint method, which is the main
theme of this thesis, is introduced and discussed. A few techniques for the endpoint
calculations are shown, then some of the mass distributions themselves are discussed.
Only to a very small degree does the presentation account for the contents of the
papers. It is meant to be introductory as well as somewhat complementary.

4.1 Introduction

In order for SUSY to successfully address the hierarchy problem, the sparticle masses
must lie within ∼1 TeV. This means that they will be fully accessible at the LHC
and hence either discovered or excluded. If low-mass SUSY does indeed exist, the
aims of ATLAS is first to make the discovery, which normally should happen quite
fast (months or even weeks), depending on how quickly the detector is sufficiently
understood, then, for the rest of the running period, to measure as many signatures as
possible as accurately as possible. This will be vital in understanding the structure
of the new sector. Is it compatible with e.g. mSUGRA, with MSSM, or is a less
minimal structure required? Furthermore, one would like to look beyond, to the
mechanisms for SUSY breaking and the physics residing there.

Given the number of free parameters in the more ‘realistic’ class of non-minimal
models, this is a very ambitious goal. However, with a collection of central mea-
surements in hand, such as cross-sections, masses, couplings and branching ratios,
one may hope that the parameter space would be drastically reduced (although still
considerable). Without such measurements, and this is the situation for preparatory
studies, the available parameter space is overwhelming. It is simply impossible to
envisage and study all viable phenomenologies. There are however some experimen-
tal constraints and theoretical hints, as discussed in Sects. 1.2.2–1.2.3. While these
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serve to put strong limits on certain types of interactions, it is clear that the simplest
implementations of these constraints, and which almost exclusively are the ones used
for test analyses, do not capture the wealth of phenomenologies still allowed. A
relevant example here is the mass degeneracy of the two first sfermions generations,
present both in mSUGRA and in GMSB. It has a direct impact on many studies,
but need not at all be realised in a less minimal model.

Nevertheless, the impact of restricting the analyses to e.g. mSUGRA, is probably
less confining on the phenomenologies, which still are fairly generic, than on the next
step, that of going from the measured quantities to the SUSY parameters. Although
a complicated task even for the 41

2
-parameter mSUGRA, obtaining the SUSY pa-

rameters and RG evolving them back to the GUT scale to find good correspondence
with the initial parameters, is probably taking mSUGRA too seriously. Still, it is a
starting point for learning how to cope with more realistic models. As the SUSY pa-
rameters are RG evolved towards higher scales, their errors increase. The prospects
to constrain GUT scale physics rely therefore strongly on accurate measurements.

The standard signature of mSUGRA-like scenarios, to which we limit ourselves
at this stage, is considerable Emiss

T from the two escaping LSPs, many hard jets from
the decay of gluinos and squarks, and leptons, either e or µ or the experimentally less
attractive τ . By simply counting the number of events which pass certain selection
cuts based on the typical signature, the SUSY signal can be observed on top of the
SM background quite clearly for a large region of the m1/2-m0 plane already within
months, and ultimately for squark and gluino masses of several TeV [16].

An estimate of the SUSY mass scale

mSUSY ≈ min(mg̃, mũ) (4.1)

and cross-section can be obtained from the ‘effective mass’ constructed from Emiss
T

and the pT of the 4 hardest jets [17]

Meff = Emiss
T +

4∑
i=1

pjet
T,i (4.2)

To get more precise information and in doing so also establish that what has been
discovered really is SUSY, one needs to turn to exclusive analyses, i.e. try to isolate
certain useful decay chains. With this change of perspective the remaining part
of the SUSY sample suddenly becomes background, and as it turns out, a more
dangerous background than the Standard Model one, for most SUSY scenarios and
most analyses.

Some decay chains are more useful than others. Particularly interesting are decays
which involve e or µ, since they provide a natural trigger and have very accurate
momentum reconstruction. Due to the escaping LSP of each chain, no mass peaks
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can be reconstructed as one would e.g. for the Z mass. Instead, indirect measurement
through the endpoints of mass distributions has risen to become the canonical way
of obtaining sparticle masses in such scenarios. Some details of the method are
explained in the following sections.

In SUSY analyses so far, emphasis has been on determining sparticle masses.
Then, within the framework of mSUGRA one has from this information alone been
able to regain the GUT scale parameters. For more ‘realistic’ scenarios, masses alone
will not suffice. Cross-sections, branching ratios, couplings etc.; all information must
be combined, both to obtain the SUSY parameters, and to test for inconsistencies.
Although the LHC experiments will be able to measure a lot of these quantities, in
order to have a chance of fulfilling such a programme, a Linear Collider will most
likely be required to provide complementary information of high accuracy.

4.2 Endpoints

4.2.1 Introduction

The endpoint method of obtaining masses is based on the following: if we are able to
select events containing a certain decay chain and in each of these events isolate the
correct branch, then from the visible decay products (‘visibles’) mass distributions
can be constructed whose kinematic endpoints depend on the masses of the inter-
mediate SUSY particles in a quantifiable way. Measurements of these endpoints can
then be turned into measurements of the SUSY masses.

A decay chain particularly apt for this kind of analysis, is

q̃ → χ̃0
2q → l̃lq → χ̃0

1llq (4.3)

which is realised for considerable parts of the mSUGRA parameter space. The longer
a decay chain is, the more mass distributions can be constructed. For a decay chain
of this ‘sequential type’ with n SUSY particles, there are in principle 2n−1 − n mass
distributions. This formula can be found by representing the combinations of visibles
by a binary number where each of the n − 1 visibles fills up a digit. The total
number of combinations is then trivially 2n−1, but since invariant masses cannot be
constructed by combinations with 0 or 1 visible, n combinations must be subtracted.

4.2.2 Relativistic kinematics

Some useful results of relativistic kinematics, to be used later, can be obtained by
investigating the first step of (4.3), q̃ → χ̃0

2q. Align the coordinate system so as to
have the quark go in the +z-direction (‘up’) and χ̃0

2 in the −z-direction (‘down’).
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Since all movement is in the z-direction, the x and y-coordinates can be suppressed.
In the rest frame of q̃ we then have

{q̃}pq =
(
{q̃}Eq,

{q̃}pz
q

)
=

(
m2

q̃ − m2
χ̃0

2

2mq̃
,
m2

q̃ − m2
χ̃0

2

2mq̃

)
(4.4)

{q̃}pχ̃0
2

=
(
{q̃}Eχ̃0

2
,{q̃}pz

χ̃0
2

)
=

(
m2

q̃ + m2
χ̃0

2

2mq̃

,−
m2

q̃ − m2
χ̃0

2

2mq̃

)
(4.5)

where the squark rest frame is indicated with a ‘pre’-superscript. The quark is taken
to be massless which is a very appropriate approximation considering the large SUSY
masses. The quarks, and later the leptons, can thus kinematically be pictured as
photons. In particular, no Lorentz transformation can flip their direction.

The four-vectors (4.4)–(4.5) are seen to satisfy {q̃}p2
q = 0, {q̃}p2

χ̃0
2

= m2
χ̃0

2
and

({q̃}pp +{q̃} pχ̃0
2
)2 = m2

q̃, as they should. For these relations to also hold in the rest

frame of χ̃0
2, we need to have

{χ̃0
2}Eq ={χ̃0

2}pz
q =

m2
q̃ − m2

χ̃0
2

2mχ̃0
2

(4.6)

For the massless particle (quark) the energies in the two rest frames are seen to
be related by the ratio mq̃/mχ̃0

2
. This turns out to be a generic relation for rest

frames defined by the decay of a particle into a massive and a massless one: If the
momentum of a massless particle is parallel or antiparallel to the relative speed of
two such rest frames, then its momenta in the two frames are related by the ratio of
the two masses involved.

This ‘mass-ratio rule’, which will turn out to be very useful, can be deduced in
a more conventional language. In the above example the relation between the rest
frames of q̃ and χ̃0

2 can be given uniquely in terms of the Lorentz factor

γ =
{q̃}Eχ̃0

2

mχ̃0
2

=
m2

q̃ + m2
χ̃0

2

2mq̃mχ̃0
2

(4.7)

From γ the relative speed is found,

β =
m2

q̃ − m2
χ̃0

2

m2
q̃ + m2

χ̃0
2

(4.8)

and the two useful quantities

γ(1 + β) = mq̃/mχ̃0
2
, γ(1 − β) = mχ̃0

2
/mq̃ (4.9)
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Consider now the appropriate parallel/antiparallel Lorentz transformation (boost)
of a massless particle:(

γ ±γβ
±γβ γ

) (
pz

q

pz
q

)
= γ(1 ± β)

(
pz

q

pz
q

)
(4.10)

From Eq. (4.9) we see that the boost is given by multiplication with the mass ratios,
confirming the mass-ratio rule.

Further understanding can be obtained by rewriting the factors γ and β in terms
of rapidity ζ ,

γ = cosh ζ, γβ = sinh ζ (4.11)

which also gives the relation

γ(1 ± β) = e±ζ (4.12)

Rapidity is an additive quantity under boosts. This means that two consecutive
Lorentz boosts, characterised by ζ1 and ζ2, respectively, correspond to one boost
with ζ = ζ1 + ζ2.

Now, from Eq. (4.12) we can write

eζ = eζ1+ζ2 = eζ1eζ2 = γ1(1 + β1)γ2(1 + β2) (4.13)

The factor γ(1± β), which for a decay into one massive and one massless particle is
simply given by the mass ratio, see Eq. (4.9), is therefore the multiplicative equivalent
of rapidity. For massless particles consecutive boosts between the relevant frames in
a decay chain like (4.3) are therefore easily performed by consecutive multiplications
with the corresponding mass ratios.

4.2.3 Endpoint calculations

In the following the usefulness of the mass-ratio rule will be explicit in a calculation
which generalises Eq. (2.11) of [2] to a (sequential) decay chain with an arbitrary
number of SUSY particles. Consider the decay chain

ãn → ãn−1bn−1 → ãn−2bn−2bn−1 → · · · → ã1b1b2 · · · bn−1 (4.14)

where ãi represents the (massive) SUSY particles and bi are the visibles, the massless
SM particles which are typically quarks, leptons and/or photons. In this subsection
we will calculate the kinematic maximum value of the ‘inclusive mass distribution’,
i.e. the mass distribution formed by combining all the visibles,

m2
b1b2···bn−1

= (p1 + p2 + · · ·+ pn−1)
2 (4.15)
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where the four-momentum of bi is given as pi (instead of pbi
). For n = 2 only one

visible is available, so no invariant mass can be constructed. For n = 3 the maximum
value is obtained when b1 and b2 are back-to-back in the rest frame of ã2, giving

m2
b1b2

=
(m2

3 − m2
2)(m

2
2 − m2

1)

m2
2

(4.16)

For n ≥ 4 the decay configuration which gives the maximum value will depend on
the masses, thereby giving multiple expressions for the endpoint. It is this situation
we will investigate here.

Following the reasoning in Sect. 2.2 of [2], which applies equally well to our
situation with n SUSY particles, we find that if the combination of SUSY masses are
such that it is possible to bring ã1 to rest in the rest frame of ãn, then the endpoint
will be given by mn −m1, where mi is the mass of ãi. If this cannot be done, it will
be because the masses are such that one of the n−1 decays in the chain is sufficiently
dominant, meaning that the massive daughter of the dominant decay is emitted with
momentum so large that not even optimal alignment of all the other n − 2 decays
will bring ã1 to rest in the rest frame of ãn.
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Figure 4.1: Sequential decay chain with n sparticles. See the text for details.

To quantify further, assume we have the decay configuration shown in Fig. 4.1. As
before, the (massive and invisible) SUSY particles and the (massless and visible) SM
particles are denoted ãi and bi, respectively. First, at the very left, ãn decays, emitting
bn−1 upwards and ãn−1 downwards. We then boost (the reference system) downwards
to the rest frame of ãn−1, illustrated by the vertical arrow. (The horizontal arrow
takes us to the next step in time.) Next, we let ãn−1 decay in the same way, emitting
the visible upwards, the sparticle downwards, then boost anew to the rest frame of the
sparticle etc. We assume the dominant mother to be ãk. The extreme configuration,
which will allow us to find the appropriate formulas, occurs when the visible is emitted
upwards in every decay except the dominant one where bk−1 is emitted downwards.
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In the rest frame of ãn conservation of momentum gives

|pz
k−1| =

∑
i�=k−1

pz
i + pz

ã1
(4.17)

where, as earlier, particle names are suppressed for the visibles. If, in the given
configuration where all the other visibles ‘join forces against bk−1’, pz

ã1
points upwards,

i.e. has direction opposite to pz
k−1, then the decay of ãk is sufficiently dominant. (In

the opposite case, if pz
ã1

was directed downwards (and no other decay was dominant),
then a sufficient mis-alignment of the n− 2 non-dominant decays would allow pz

ã1
to

vanish, and we would have the maximum at mn − m1.) The criterion for the decay
of ãk to be dominant is therefore, in the rest frame of ãn:

|pz
k−1| >

∑
i�=k−1

pz
i (4.18)

In the mother rest frame the energy of bi−1 is (m2
i−m2

i−1)/(2mi). To find the energy in
the rest frame of ãn, starting from ãi go leftwards in Fig. 4.1 and for each decay boost
(the reference system) in the opposite direction of the vertical arrow. As discussed
earlier, for massless particles this corresponds to multiplying by a mass ratio for each
boost. The appropriate mass ratios for pz

i�=k−1 (which all point upwards) are given in
the figure, below the horizontal arrows. For pz

k−1 the inverse ratios should be used,
since it is pointing downwards. This will give the following results for the momenta
in the rest frame of ãn:

pz
n−1 =

(m2
n − m2

n−1)

2mn
=

(m2
n − m2

n−1)

2mn

pz
n−2 =

(m2
n−1 − m2

n−2)

2mn−1

mn−1

mn
=

(m2
n−1 − m2

n−2)

2mn
...

...

pz
k =

(m2
k+1 − m2

k)

2mk+1

mk+1

mk+2
· · · mn−2

mn−1

mn−1

mn
=

(m2
k+1 − m2

k)

2mn

−pz
k−1 =

(m2
k − m2

k−1)

2mk

mk+1

mk
· · · mn−1

mn−2

mn

mn−1
=

(m2
k − m2

k−1)

2mn

(mn

mk

)2

pz
k−2 =

(m2
k−1 − m2

k−2)

2mk−1

mk

mk−1

· · · mn−2

mn−1

mn−1

mn

=
(m2

k−1 − m2
k−2)

2mn

( mk

mk−1

)2

...
...

pz
2 =

(m2
3 − m2

2)

2m3

m3

m4
· · · mn−2

mn−1

mn−1

mn
=

(m2
3 − m2

2)

2mn

( mk

mk−1

)2

pz
1 =

(m2
2 − m2

1)

2m2

m2

m3
· · · mn−2

mn−1

mn−1

mn
=

(m2
2 − m2

1)

2mn

( mk

mk−1

)2
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Summation of the n − 2 non-dominant ones gives

∑
i�=k−1

pz
i =

n−1∑
i=k

pz
i +

k−2∑
i=1

pz
i =

(m2
n − m2

k)

2mn
+

(m2
k−1 − m2

1)

2mn

(
mk

mk−1

)2

=
(m2

nm2
k−1 − m2

km
2
1)

2mnm2
k−1

(4.19)

Then, imposing Eq. (4.18) results in the following defining inequality

m2
km1 > m2

k−1mn (4.20)

or equivalently

mk

mk−1
>

n−1∏
i�=k−1

mi+1

mi
=

mn

mn−1

mn−1

mn−2
· · · mk+1

mk

mk−1

mk−2
· · · m3

m2

m2

m1
(4.21)

Finally, from pz
k−1 and

∑
i�=k−1 pz

i the maximum value for the endpoint is obtained:

(mmax
b1···bn−1

)2 =
(m2

k − m2
k−1)(m

2
nm2

k−1 − m2
km

2
1)

m2
km

2
k−1

(4.22)

This formula applies in the case of a dominant ãk, as defined by Eq. (4.21), and is
valid for all n−1 dominance regions, k ∈ {2, . . . , n}, n ≥ 4. If no decay is dominant,
the endpoint value is given by

(mmax
b1···bn−1

)2 = (mn − m1)
2 (4.23)

For n = 4 and n = 5 Eqs. (4.21)–(4.23) reproduce the previously obtained formulas
for the squark and the gluino chain, see [9, 1] and [2]. With appropriate substitutions
the same formulas also apply to a subchain of (4.14), provided, of course, that the
effective n is larger than 3.

‘Non-inclusive’ mass distributions like mb1b2b4 will also be available experimen-
tally, so their endpoints must be found. For n ≤ 5 this programme is accomplished,
see [2]. (A procedure analogous to the one applied for the inclusive distribution,
although somewhat more complicated, might allow for the general solution to non-
inclusive endpoints to be calculated.)

In the calculation performed above it is assumed that we can distinguish the bi’s
from each other. This is not always the case. Consider e.g. the decay chain (4.3).
It will usually be impossible to know which of the two leptons is b1/b2. Assuming
that we have selected the correct jet (quark) and the leptons, two mql values can be
constructed, but it is not possible to say which is mb3b1 and which is mb3b2.
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The conventional solution to this problem is the construction of ‘secondary dis-
tributions’. In this case these are defined by

mql(high) = max(mql1 , mql2), mql(low) = min(mql1 , mql2) (4.24)

on an event by event basis, where l1 and l2 denote the two leptons in an arbitrary
labelling. While the endpoint of mql(high) is obtainable straightforward from the
(‘primary’) ones already known, the endpoint of mql(low) and its equivalent for other
distributions can in general be quite difficult to find [2].

4.3 Mass distributions

4.3.1 Endpoints from mass distributions

One ingredient to the method of finding the masses from the mass distributions is
to calculate the endpoint expressions. The idea is then to match these with the
experimentally obtained endpoints. In order for this matching to make any sense,
there must of course be a correspondence between the two. However, given even
the most optimal resolution and background situations, with limited statistics such
a correspondence is not necessarily realised. The reason is that phase space for the
highest mass values may be too small for experimental detection. It is not the one
event with the largest mass value which gives the experimental measurement, but
the collection of high-mass events. The endpoint is in practice determined from the
higher ‘edge’ of the distribution by some fit.

A second ingredient to the method of obtaining masses from endpoints is therefore
the knowledge of how edges relate to endpoints. For this the various mass distribu-
tions must be studied. Such studies have been performed for both the squark and
the gluino distributions [1, 2]. Although most of the shapes depend on the masses
involved, some generic behaviour can be stated for each. As a first step the distri-
butions were classified into usable and unusable ones, based on how well the edge
points towards the endpoint. On these grounds some of the gluino distributions
were discarded due to the smallness of the phase space at high values. A second
step would be to seek appropriate (mass-dependent) functions to describe the edges.
These would then be used in the fitting procedure, in combination with prescriptions
(found from full simulation studies) to describe detector and background effects. So
far, in studies of this type, the edges have usually been described with a straight line,
only to assess the statistical precision which can be obtained and without address-
ing the considerable systematic uncertainty of the fitting procedure. A third step
might be perceived in which not only the edge is fitted, but the entire distribution.
However, while the edge region is usually quite free of background, the intermediate
and low-mass region is not. The original shape is therefore considerably distorted
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at lower values, limiting the usefulness of such a procedure. In some cases there is
however information to be retrieved from looking somewhat below the very edge, as
will be demonstrated in the next subsection.

4.3.2 Shapes

The invariant mass of a certain combination of visibles in a decay chain containing
n sparticles can be written formally as mbj ···bm = f(m; θi, φi), where (θi, φi) are the
n − 1 sets of angles describing the given decay configuration and m denotes the
n masses involved. If the matrix element of the decay contains no angular depen-
dence (see Sect. 4.1 of [1]), then the rate is simply proportional to the solid angle,
dN ∝ ∏

i dθi dcos φi. To find the functional shape of the invariant mass distribution,
it must be possible to express the rate in terms of the invariant mass. This has
only been achieved in the near-trivial case of a sequential decay with n = 3, where
the freedom to choose the coordinate system in each event reduces the number of
parameters (angles) describing the decay configuration from 2 × 2 to 1. The rate is
found to be proportional to the invariant mass, resulting in the well known triangular
shape with a vertical high edge of e.g. mll in (4.3). The same triangular shape is also
realised for mqln , where ln (‘n’ for ‘near’) denotes the lepton nearest to the squark,
i.e. emitted by χ̃0

2. The other lepton is denoted lf (‘f’ for ‘far’). For mqlf the situation
is different. An arbitrary configuration, and hence an arbitrary mqlf , is described
by 3 × 2 − 3 = 3 angles, which already seems to be too much freedom to allow for a
simple relation between the rate and the invariant mass.

We will now investigate in some detail the mql distributions, both to address
very briefly the issue of appropriate fitting functions, but also to note that there
is more to a distribution than its endpoint. In Fig. 4.2 mqln and mqlf are shown
along with their experimentally applicable substitutes, mql(low) and mql(high), for a
representative selection of mass scenarios. The scenarios are classified according to
three mass regions, as in Eq. (4.5) of [1], depending on which primary endpoint,
if any, determines which of the secondary endpoints. To the left in the figure the
specific relations are given. (The occurrence of the expression mmax

ql(eq) is explained in

[10] and is available in Sect. 3.1 of [2] in this thesis.) The two primary distributions
are both plotted in dashed black, and are distinguished from each other by the
triangular shape of mqln with a vertical high edge. The red curve shows the mql(high)

distribution, while mql(low) is shown in blue. At higher invariant masses a secondary
distribution may become identical to a primary one, resulting in overlapping curves.
In these situations the dashed style of the primary distributions allows for both to
be seen.

The secondary distributions have a rich variety of shapes which must be under-
stood in relation to their origin as composite distributions, partly mqln , partly mqlf .
The mql(low) distribution either inherits the vertical edge of mqln (region 1), or else
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(i) (ii) (iii) (iv)

Region 1
max

nql  = mmax
ql(low)m

max
fql = mmax

ql(high)m

Region 2
max
ql(eq)  = mmax

ql(low)m

max
fql = mmax

ql(high)m

Region 3
max
ql(eq)  = mmax

ql(low)m

max
nql = mmax

ql(high)m

Figure 4.2: Four mql distributions. The primary distributions mqln and mqlf are
plotted in dashed black (two in each panel). The secondary distributions mql(low) and
mql(high) are plotted in blue and red, respectively. See the text for further details.

descends towards the mmax
ql(eq) value in an approximately linear (non-vertical) way. In

some cases, e.g. scenario (ii) of region 2, the deviation from linearity is significant,
suggesting that a better fit function should be sought. In the case of mql(high) the
shapes are more varied. For invariant masses beyond the endpoint of the smaller of
the primary distributions, mql(high) takes on the exact shape of the larger, and hence
should in principle be fitted accordingly. However, mql(high) is also very interesting
below this region, where it connects to and therefore contains information on the
primary distribution with the lower endpoint. In region 1 the vertical fall in the
interior of the mql(high) distribution, is caused by the end of mqln . Since this endpoint
can already be measured by mql(low), no new information is obtained by fitting the
‘endpoint’ in the interior of mql(high), but a good consistency check is provided. For
the other regions more is gained. In region 2 mmax

qln
is not measured in the conven-

tional analysis but can again be found from the vertical fall in the interior of mql(high).
In region 3 the secondary distributions leave mmax

qlf
unaddressed, but it can be found

from the now non-vertical fall in the interior of mql(high).

This short discussion demonstrates that not just the endpoints, but also the
shapes of at least some of the distributions contain ‘exact’ information, i.e. which
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can be quantitatively related to the masses. Although the theoretical shapes of
Fig. 4.2 will become somewhat distorted by the inclusion of detector and background
effects, their original structure will usually shine through, especially at higher invari-
ant masses. This is at least the case for SPS 1a (α) and (β), the two scenarios
investigated in [1] and shown in Fig. 4.2 as scenario (iv) of regions 1 and 2, respec-
tively. At (α), although not really used in the analysis, the composite nature of the
mql(high) edge is quite visible in the ‘experimental’ plot. At (β) the identification
of the vertical fall in mql(high) with mmax

qln
becomes crucial when it is realised from

consistency checks that the mmax
ql(high) measurement is unreliable.

4.3.3 Improvements

Should SUSY be detected at the LHC, the study of shapes will become very impor-
tant, both for consistency tests and to find appropriate fitting functions. Detailed
studies of shapes must include physics effects like radiation and fragmentation, distor-
tions due to precuts, and pure detector effects. Furthermore, most scenarios studied
so far have been within mSUGRA, where all first and second-generation squarks are
near-degenerate. If this feature should be absent in the realisation chosen by Nature,
substructures would be added to the mass distributions, complicating the measuring
process. Future shape studies should therefore also include the possibility of non-
degenerate squarks. A further extension could be to investigate correlations between
mass distributions.

4.4 Masses from endpoints

Finally, when experimental values for the endpoints have been obtained, they can
be turned into values for the masses. If the number of endpoints coincides with the
number of masses, as in a sequential decay chain with four invisibles, then it is usually
possible to solve for the masses analytically [1]. If more endpoints are available, a
numerical approach is however required in order to weight the endpoints according
to measurement uncertainty. The best-fit masses are the ones which minimise the
appropriate least-squares function.

Two important features are discussed at length in [1, 2]. One is that the inversion
of the endpoint expressions, be it analytical or numerical, is not a one-to-one opera-
tion. The endpoints are in general composite functions of the masses, so different sets
of masses may give the same set of endpoint values. Multiple solutions for masses
are therefore inherent to the endpoint method of determining masses, unfortunately.
The other feature is also generic. The endpoint method determines mass differences
with much higher accuracy than the masses. This opens for a strong desire to coop-
erate with a Linear Collider which fixes the mass scale by a precise measurement of
the LSP mass.
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Summary

In R-parity conserving TeV-scale supersymmetry, sparticles will be produced in pairs
at the LHC, then decay in cascades which end with the lightest supersymmetric
particle. If the LSP is neutral it will not be detected, and decay chains cannot be fully
reconstructed, complicating the mass determination of the sparticles. In this thesis
the endpoint method of determining SUSY masses has been thoroughly investigated,
both theoretically and experimentally. For the sequential four-sparticle squark decay
chain, inversion formulas have been calculated which give the masses explicitly in
terms of the endpoints. Ambiguities and complications in the mass determination
caused by the composite endpoint expressions have been carefully investigated. For
the sequential five-sparticle gluino decay chain, all the new endpoint expressions
were calculated in full generality, thereby opening for a new and competitive way of
determining the gluino mass. The shape variety of the mass distributions was studied
in some detail since endpoint measurement through edge fitting relies strongly on
the specific edge behaviour. More remains to be done in this area. In two specific
mSUGRA scenarios the performance of the endpoint method was estimated with a
fast simulation of the ATLAS detector. Finally, as the LHC will not be the last
particle accelerator, the impact of combining the LHC measurements with a Linear
Collider measurement of the LSP mass was assessed.
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rbin, Comput. Phys. Commun. 135 (2001) 238; T. Sjöstrand, L. Lönnblad and
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Sparticle masses and mass differences [GeV]
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