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Abstract

The ATLAS experiment is used to observe the
√
s = 7 TeV proton-proton collisions

produced by the LHC at CERN. This gives an unprecedented opportunity to search for

physics beyond the Standard Model at hitherto unexplored kinematic regimes. Supersym-

metry (SUSY) provides interesting solutions to a variety of theoretical problems that may

be encountered in the Standard Model at high energy scales, while providing signatures

that may be observed at the LHC. However, in order to produce a search that is sensitive

to SUSY it is vital to understand how the physics that has been discovered to date may

produce signatures that mimic those expected from SUSY.

Statistical models are constructed using both Monte Carlo and data-driven predictions

of various background processes. The expectations are compared to the observed data for

selections containing one electron or muon, each in association with jets and missing trans-

verse momentum. Kinematic variable shapes, in the form of histograms, are used to enhance

the sensitivity of the search. Squark and gluino masses in a MSUGRA SUSY model are

excluded up to 1200 GeV, while gluino masses up to 900 GeV are excluded in a simpli-

fied SUSY model. Model-independent limits are also set, excluding theoretical models with

efficiency times cross section above 1 fb.



To my parents.

i



Acknowledgements

It turns out that of all the pages of thesis that I have written over the last few months one

of the hardest parts is committing to a few lines that acknowledge all of the support and

friendship that I have experienced over the last few years. That is most certainly not for

want of subjects to include. Rather, I have met so many remarkable people throughout my

life that I am sure that I will not be able to do them all justice.

For my own ease, I will start at the beginning with my parents without whose unfailing

love and support this document would most definitely have never been started, let alone

completed. For always providing a home to return to, and words of encouragement when

I’m away, I love you both very much.

There is a wide support network of family and friends back home in Dunstable who,

while I’m not going to list names, have always made it a pleasure to return home.

Next I’d like to acknowledge two very important people in my progression as a scientist,

Jim Maple and Roger Seldon - who taught me throughout my time at Manshead School that

science could be both exciting and fun.

I can’t imagine that anyone could get through something like a DPhil without having a

solid group of friends to return to from time to time. Fortunately I’ve been lucky enough to

have such a group throughout my time at university. To Sam, Dave, Lee, Joe, Mark, Jonny,

Tim and more recently Jenna and Dave (aka ‘The Lads’), thank you for always giving me a

group that I can visit knowing that if I try to talk about physics you’ll just nod and smile

and we’ll move on to something else (usually geography).

Throughout my time at Oxford I have met many great people, a fact which has been

enhanced by being a member of Merton College. I fear that if I list all of the people that

deserve recognition in this area I am bound to forget someone, so will leave it at ‘You know

who you are’.

Within the Oxford Particle Physics department I managed to find many like-minded

souls, who at times could offer a helping hand with technical advice and discussion and at

other times could offer a beer and light hearted conversation. In particular I would like to

mention Sam, Phil, Caterina, James, Ryan and my office mates Alex and Chris.

Similarly, throughout my LTA at CERN I managed to make some very good friends with

whom I could ski in the winter and chill out in the parks or by the lake in the summer. Again,

the full list of people that fall into this category is too extensive for this short summary but

I hope that if any of you read this you know who you are.

Special thanks has to go to those that I have lived with during my DPhil. To Mike, who

provided the banter throughout my first year. On my return to Oxford from Switzerland,

Phil, Janet and Henry allowed me to join their group and provided a welcoming house to

return to every day. In this final year, I am especially grateful to Francoise and Steven, who

ii



have put up with various work-related moods while always providing friendly conversation.

I’d also like to thank the secretariat in Oxford - Sue, Kim, Laura and Danielle, for always

keeping me organised and not complaining when I would always make the same queries when

filling out the various forms that I would forget to do until the last minute.

And then I come to those who have made the content of this thesis possible. First I

must thank the SCT team - particularly Tony, Dave, Per, Ingo, Bruce, Saverio and Steve,

who gave valuable input throughout my service work. The bulk of this thesis covers studies

performed in the one lepton supersymmetry search with ATLAS. For everyone that I worked

with on both the pileup studies and the shape-based analysis, thank you! Especially I am

very grateful to the team that I worked with on the shape-based analysis - David, Max, Alex,

Jeanette, Moritz and Hiroshi. Being able to work in a team where everyone was willing to

support each other to ensure that a good result was produced has set a very high precedent

for any work that I do in the future!

To Alan, my supervisor for these past few years, thank you for letting me find my

own path through this DPhil, while still giving encouragement and advice when needed.

Also, thank you for the persistent reminders that this document would eventually have to be

written! Your advice and helpful comments have been critical in bringing all of this together.

Finally I come to Lucy. Thank you for being a constant reminder that there are things

in life that are much more important than writing a thesis.

iii



Preface

This thesis presents work performed using data that were produced by ATLAS between

2009 and late 2011 and highlights my own personal contributions. Sources of additional

information have been cited where possible, although they may not always be in the public

domain.

For clarity, my work has contributed to the following areas (in reverse chronological

order):

1. Development and implementation of the use of kinematic shape constraints

in the supersymmetry search with one lepton. I worked as one of the main

developers of the HistFitter package, which allows the required statistical model to

be easily built, configured and analysed. My focus was on the configurability of the

package to allow rapid generation of results and easy implementation of statistical

tools.

2. Studying the effect of additional proton-proton interactions (pileup) on the

supersymmetry search with one lepton. A large part of this work involved study-

ing the use of the jet vertex fraction as a means by which pileup could be controlled. I

also looked into different ways by which the modelling of pileup in Monte Carlo could

be matched to observations in data.

3. Monitoring the optical links of the semiconductor tracker. I developed systems

to monitor both the reception and transmission links in the semiconductor tracker. I

also performed studies to investigate potential correlations between the failures in the

transmission links. As well as this monitoring, I wrote a calibration test to attempt to

monitor the effects of radiation on the modules installed on the detector.

This thesis will use natural units (c = ~ = 1) throughout.
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Chapter 1

Introduction

Advances in mathematics and theoretical physics throughout the 20th and early 21st cen-

turies have lead to rapid progress in our ability to understand the fundamental nature of

the Universe. What is even more encouraging is that technological advances and new ex-

perimental techniques have allowed many of these theories to be put to the test. Particle

physics is founded upon one of the major outcomes of this phase of advancement - a theory

known as the “Standard Model” (SM) [1, 2].

Despite the great success of the SM, we know that it is incomplete. For example, it does

not include gravity and so must be modified at the Planck scale1. However, probably the

most discussed of these missing links is the fact that there is no experimental evidence for

the methods by which the fundamental particles gain mass, or why the weak force is weak.

The SM attempts to address both of these issues theoretically by introducing the Higgs

mechanism [3–5]. This would produce an observable Higgs boson with a mass below 1 TeV,

an energy scale known as the electroweak symmetry breaking (EWSB) scale2.

Even if the Higgs boson is observed then there are still open questions within the SM,

such as: Why is the Higgs boson mass around the scale of EWSB, if we have to also include

new particles at the Planck scale? Can the forces of the SM be unified? What is the nature

1The Planck scale is equivalent to about 1019 GeV and is the energy at which the strength of gravitational
interactions is expected to be comparable to the other known forces.

2Although other methods of EWSB have been postulated, such as technicolor [6].

2



1.1 Overview of this thesis 3

of the cosmologically and astronomically inferred dark matter (DM) [7, 8]?

These questions can be addressed in various ways, for example by introducing extra

dimensions into the theory [9, 10] or by adding extra symmetries. This thesis will focus

searching for models that may address these questions via an additional symmetry, known

as supersymmetry (SUSY) [11]. SUSY acts to symmetrise the matter and interactions of

the Universe. This results in the spectrum of particles being doubled, as each SM particle is

mirrored by a heavy SUSY partner. However, in order for SUSY to provide useful solutions

to some of the issues in the SM, it too must produce new particles close to the electroweak

scale.

The hunt for new particles at the electroweak scale began in the 1980s with the discovery

of the W [12, 13] and Z [14, 15] bosons. Since then searches have been made for particles

around the energy scale of EWSB, first by LEP and then by the Tevatron. The Tevatron

managed to discover the sixth quark, the top, in 1995 [16, 17] close to the EWSB scale, but

neither experiment found significant evidence of the nature by which electroweak symmetry

is broken. The most recent tests of the SM are being performed at the LHC, which began

observing 7 TeV proton-proton (pp) collisions in 2009 [18, 19].

Experiments observing collisions at these energy scales also allow physicists to search

for SUSY. ATLAS and CMS have set limits on various realisations of SUSY [20, 21], as

well as setting limits on cross sections of processes in any generic model. However, SUSY

can also be searched for indirectly by measuring the rates at which rare hadron decays take

place [22, 23] or by attempting to measure the cross section of the DM candidate with a

detector volume [24].

1.1 Overview of this thesis

This thesis presents a search for SUSY performed using data collected by the ATLAS detector

at the LHC throughout 2011. My work within this search focused on improving the statistical

model that describes the theoretical predictions of both scenarios where SUSY is assumed to
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exist and where no SUSY is present in nature. The improvement is produced by including

information about the shape of kinematic distributions in the statistical model in the form

of histograms. A large part of my contribution to this method was the development of a tool

called HistFitter that allows the statistical model to be easily configured to suit the needs

of the analysis. This also allows the necessary histograms to be produced rapidly from the

ATLAS datasets and facilitates collaborative work within analysis teams via simple Python

configuration files.

The SM and SUSY are discussed in more detail in Chapter 2, while ATLAS is introduced

in Chapter 3. Both the observed data and Monte Carlo (MC) theoretical predictions are

introduced in Chapter 4, along with selections that are applied to clean the data and produce

physics objects that are suitable for analysis.

The analysis that will be presented uses events in both observed and MC datasets that

contain one electron or muon, a number of jets and significant missing transverse momentum,

and is summarised in Chapter 5. Kinematic selections are applied to produce datasets that

are enriched in a particular process (known as control regions) or depleted in SM processes

(known as signal regions). The methods for estimating the SM background contributions in

the signal regions are discussed in Chapter 6. Histograms are then constructed for each of

these selections and are used to build a statistical model, which is analysed by comparing

theoretical predictions to the observed data as described in Chapter 7. The results of this

analysis are presented as limits on two particular examples of SUSY scenarios as well as a

model-independent limit on the cross section of any theoretical model in Chapter 8.

In addition to the SUSY search that takes up the bulk of this thesis, I have included two

suplementary studies:

• The high luminosity of the LHC means that every selected collision will have a back-

ground of overlapping collisions that are not of interest to the analysis, known as pileup.

Studies on the modelling of pileup in MC simulations in mid-2011, its effect on a par-

ticular analysis and methods by which it can be controlled are given in Chapter 9.

My contribution in this area was two-fold. In the first case I performed studies to
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show that the modelling of pileup in MC simulations can result in increased statistical

uncertainties, and suggested that this effect may be reduced by altering the method

by which the simulation is compared to data. The second contribution was a study

of the effect that associating tracks with different vertices may have on differentiating

between jets from pileup and those produced by the high pT interaction of interest. I

showed that by selecting jets in which the jet pT is dominated by tracks from the high-

pT primary vertex, the dependence of event selections on the number of interactions

in an event can be greatly reduced.

• An additional study of the performance of the optical system that is used to control

the semiconductor tracker is shown in Chapter 10. A working detector is vital to

the production of good results and so it is necessary to ensure that any failures in

the system can be monitored. An attempt is also made to understand the nature of

these failures. In this study I produced a framework that monitors the amount of light

transmitted through this system. Using this I monitored the failure rate of the links

that make up the optical system and searched for correlations between these failures

and possible environmental factors.



Chapter 2

Theoretical motivation

2.1 The Standard Model

Great progress has been made over the last century in our understanding of the fundamental

nature of the Universe. A major result of this was the SM, which provides a description of

how all of the known particles and forces interact (with the exception of gravity).

The SM is a quantum field theory - constructed from a finite set of fields that permeate

all space. Particles are produced when a field is excited and can propagate according to

constraints set by special relativity.

If a field is anti-symmetric under the exchange of particle indices it is ‘fermionic’. Ex-

citations of a fermionic field are called fermions and have half-integer spin. A fermion field

is generally referred to as having a particular handedness or chirality, which describes the

projection of the field onto left-handed or right-handed states.

If, on the other hand, a field is symmetric under the exchange of particle labels it is

‘bosonic’. Excitations of a bosonic field are called bosons and have integer spin.

6



2.1 The Standard Model 7

2.1.1 Gauge interactions and symmetries

There are twelve unit spin gauge bosons in the SM, which result from the structure of the

underlying SU(3)C ⊗ SU(2)L ⊗ U(1)Y gauge symmetry. This symmetry describes how the

fields are allowed to interact with each other according to the resulting conservation laws [25].

• The SU(3)C symmetry corresponds to the conservation of colour charge (C) which can

take three values commonly labelled as r, g and b. This symmetry corresponds to the

strong force that is mediated by eight gluons (g).

• The SU(2)L symmetry corresponds to the conservation of weak isospin (I3) that groups

left-handed fields into doublets. The subscript L indicates that the symmetry only acts

on left handed particles. Interactions according to SU(2)L are mediated by three weak

bosons (W {1,2,3}).

• The U(1)Y symmetry corresponds to the conservation of weak hypercharge (Y ). This

symmetry is mediated by a single boson (B).

The bosons corresponding to the SU(2)L and U(1)Y symmetries are all massless. This is

problematic for the SM, as the bosons that mediate the weak force are known to be massive.

However, the SM solves this problem by considering that some of the physical bosons that

we observe in experiments are not exactly the bosons that correspond to the gauge groups.

The symmetries are said to be ‘broken’.

2.1.2 Electroweak symmetry breaking

In the 1960s, Glashow, Salam and Weinberg [1, 2] showed that SU(2)L and U(1)Y can be

grouped into a single SU(2)L⊗SU(1)Y electroweak symmetry. The electroweak symmetry is

then broken, below O(100) GeV, into a U(1)e symmetry, which corresponds to the conserva-

tion of electric change (Q). During this symmetry breaking the W 3 and the B mix to form

the familiar massive Z0 and massless photon (γ), while the W {1,2} transform into the W±

and also gain mass. Therefore, as we only observe the broken symmetry, we only observe
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the massive W± and Z0 bosons.

The EWSB in the SM is made possible by the inclusion of a complex scalar field, com-

monly referred to the Higgs field. The Higgs field is a doublet, and so consists of four real

components1. Three of the components of the field, known as Goldstone bosons, become the

longitudinal components of the W± and Z0 during EWSB. This corresponds to generating

masses for the W± and Z0, while the γ is left massless. Fermion masses are also generated

through Yukawa interactions with the Higgs field. The last component of the Higgs field is

observable as a massive Higgs boson, although it has not yet been discovered. The search for

the Higgs boson has been the focus of many experimental searches over the last two decades,

the most recent of which were performed independently by ATLAS [18] and CMS [19].

2.1.3 Particle content

The twelve fermionic states of the SM are split into two types: quarks, which have colour

charge; and leptons, which do not have colour charge. Furthermore, the fermions are grouped

into three generations according to their mass ordering. The fermionic content of the SM

can be seen in Table 2.1 for the leptons and Table 2.2 for the quarks. For each fermion there

exists an anti-particle, which has the same mass as the equivalent particle but has all of its

quantum numbers multiplied by negative one.

The twelve observable gauge bosons of the SM that mediate the strong, weak and elec-

tromagnetic forces after EWSB are shown in Table 2.3

2.2 Potential problems in the Standard Model

The SM is a very successful theory, directly supported by many experimental results [26].

However, there are some phenomenological arguments that may indicate that the SM does

1A complex scalar doublet has two complex components. As each complex component consists of a two
real components, one of which is multiplied by the imaginary number i =

√
−1, the doublet as a whole has

four real components.
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Name Symbol Q I3 C Mass

electron e -1 -1/2 0 511 keV

electron neutrino νe 0 1/2 0 —

muon µ -1 -1/2 0 106 MeV

muon neutrino νµ 0 1/2 0 —

tau τ -1 -1/2 0 1.78 GeV

tau neutrino ντ 0 1/2 0 —

Table 2.1: The name, symbol, electric charge, weak isospin, colour charge and mass of the
leptons [26].

Name Symbol Q I3 C Mass

down d -1/3 -1/2 {r, g, b} 4.1 - 5.7 MeV

up u 2/3 1/2 {r, g, b} 1.7 - 3.1 MeV

strange s -1/3 -1/2 {r, g, b} 80 - 130 MeV

charm c 2/3 1/2 {r, g, b} 1.18 - 1.34 GeV

bottom b -1/3 -1/2 {r, g, b} 4.19 +0.18
−0.06 GeV

top t 2/3 1/2 {r, g, b} 172.9± 0.6± 0.9 GeV

Table 2.2: The name, symbol, electric charge, weak isospin, colour charge and mass of the
quarks. For the lightest five quarks the mass is given in the MS scheme, while the top quark
is measured directly [26].

Name Symbol Q I3 C Mass

photon γ 0 0 0 0

W+ W+ 1 1 0 80.3 GeV

Z0 Z0 0 0 0 91.2 GeV

W− W− -1 -1 0 80.3 GeV

gluon g 0 0 octet 0

Table 2.3: The name, symbol, electric charge, weak isospin, colour charge and mass of the
gauge bosons. From top to bottom they are segmented into the relevant forces: electromag-
netism; weak; and strong [26].
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not describe the Universe as a whole up to large energy scales.

The hierarchy problem: The Higgs mechanism is introduced to break electroweak sym-

metry and generate masses in the SM. However, the mass of the Higgs boson is affected

by the mass of other particles in the theory through virtual loop corrections to the

square of the Higgs boson mass. These corrections are proportional to the square of

the ultra-violet cutoff of the theory, which is the energy scale at which the current

theory ceases to be a good description of physics. Therefore, if any new physics is

introduced to the theory, for example at the Planck scale (O(1019) GeV), there is no

reason that the Higgs boson mass should remain close to the scale of EWSB [27–30].

Indeed, one would expect the Higgs boson mass to be approximately the Planck mass.

Furthermore, as all of the other particles in the SM gain mass through the Higgs mech-

anism, the entire SM particle spectrum would be pulled towards the Planck mass. This

is clearly not a phenomenologically valid situation. These arguments are often used

as a justification for searching for new physics at energy scales of 1 TeV, so that the

ultra-violet cutoff of the SM is close to the Higgs mass, rather than the Planck scale.

Unification of couplings: The coupling strengths in the SM depend on the energy scale of

the interaction [31]. This scale dependence means that the strengths of the electroweak

and strong interactions become comparable at O(1016) GeV, known as the Grand

Unified Theory (GUT) scale. Unification of the couplings could suggest that the SM

is in fact some broken form of a more fundamental symmetry [32]. However, the SM

couplings would have to be modified at some intermediate scale to precisely unify.

Matter content on the universal scale: Observations of the Universe at microwave fre-

quencies have been used to probe the afterglow of the Big Bang [7, 33]. Analysis of this

early light shows that the DM content of the Universe is approximately five times larger

than that contained in baryons. This evidence for DM is supported by observations

of interactions between galaxies [8] and the rotation curves of individual galaxies [34],

among other sources. There are no SM particles that can account for DM, so at least

one new weakly interacting, stable, massive particle would need to be introduced to
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the theory.

2.3 Supersymmtery

One way by which the shortcomings of the SM can be addressed is via the introduction of a

new symmetry that relates the spin of the SM particles to a new set of particles introduced by

that symmetry - SUSY [11, 35–42]. The minimal addition to the SM when imposing SUSY

is that each fermion and gauge field becomes a doublet, consisting of the original SM field

and a new field with spin differing from the original by one half. Furthermore, the single

Higgs doublet of the SM is replaced by two Higgs doublets corresponding to the Yukawa

couplings for I3 = 1/2 and I3 = −1/2, such that five physical Higgs states (h0,H0,A0,H±)

are generated.

The nomenclature of SUSY traditionally prepends ‘s’ to all of the new scalar particles,

while ‘ino’ is appended to all of the new fermions, relative to the original SM particle name.

Symbolically a SUSY partner is annotated with a tilde, .̃ The pairing of these new particles

with those of the SM can be seen in Table 2.4 for the SM fermions and Higgs sector and

Table 2.5 for the SM gauge bosons.

Scalar bosons Fermions

squarks (ũL, d̃L), ũR, d̃R quarks (uL, dL), uR, dR

sleptons (ν̃e, ẽL), ẽR leptons (νe, eL), eR

Higgs bosons (H+
u , H0

u), (H
0
d , H

−
d ) higgsinos (H̃+

u , H̃0
u), (H̃

0
d , H̃

−
d )

Table 2.4: The SM fermions and their SUSY partners, along with the Higgs sector in the
MSSM. Only the first generation of SM fermions are shown, for simplicity. Chiral notation
is used and the SU(2)L grouping is given.

Fermions Gauge bosons

gluinos g̃ × 8 gluons g × 8

winos W̃±, W̃ 0 W bosons W±,W 0

bino B̃0 B boson B0

Table 2.5: The SM gauge bosons and SUSY partners in the MSSM.
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2.3.1 Supersymmetry breaking

If SUSY exists at all energy scales then new particles would be produced with masses equal

to those of the SM particles. Since no fundamental scalar particles have been observed with

masses corresponding to the SM fermions, SUSY must be broken. This symmetry breaking

is performed at a very high, experimentally inaccessible energy scale and then propagated

down to the experimental scale via mediating particles. The most frequently studied forms

of SUSY breaking are gravity, gauge or anomaly mediated. In general, a large number of

additional free parameters are added to the theoretical model by SUSY breaking, although

these can be reduced by imposing particular assumptions and approximations.

The minimal way in which the SM can be extended to include broken SUSY is known as

the ‘Minimally Supersymmetric Standard Model’ (MSSM) [43–47].

SUSY breaking also causes the different states to mix. The four neutral fermions in the

MSSM (W̃ 0,B̃0,H̃0
u,H̃

0
d) mix to produce four observable neutralinos, χ̃0

{1,2,3,4}, while the four

charged fermions (W̃±,H̃+
u ,H̃

−
d ) mix to produce four observable charginos, χ̃+

{1,2} and χ̃−
{1,2}.

It is also possible for the different scalar states corresponding to SM chiral fermions to mix

such that t̃L and t̃R produce the observable t̃1 and t̃2 states, for example. The precise values

of the mixing angles depend on the nature of SUSY breaking.

2.3.2 Supersymmetric solutions to Standard Model shortcomings

Having introduced some of the basic concepts of SUSY, let us look at how this extension of

the SM may be used to address the potential phenomenological issues posed in Section 2.2.

Stabilisation of the Higgs boson mass: The additional SUSY scalar particles provide

additional terms in the corrections to the Higgs boson mass. In fact, the SUSY scalar

terms act to cancel the SM fermion terms making it possible to introduce new heavy

particles without pulling the Higgs boson mass away from the EWSB scale [47–52].

There is, however, a residual contribution to the Higgs boson mass from the SUSY
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breaking terms, which indicates that the mass scale of the lightest SUSY particles

should be close to the EWSB scale.

High energy convergence of couplings: The energy dependencies of the couplings re-

sult from virtual interactions that screen the bare particle charges. Therefore, SUSY

will affect the level of screening, and so the energy dependence of the couplings, by

adding more possible interactions. Depending on the specific nature of SUSY, this can

cause the coupling strengths to unify at high energy scales [53–56].

R-parity and the lightest SUSY particle: Pure SUSY can allow interactions that may

result in rapid proton decay, for example via the transformation of an up and down

quark pair into a quark plus a lepton, mediated by a squark. To prevent such scenarios,

many SUSY models introduce R-parity (PR) to maintain a stable proton. R-parity is

defined as

PR = (−1)3(B−L)+2s, (2.1)

where B is the baryon number, L is the lepton number and s is the spin of a given

particle. This definition means that all SM particles have PR = +1 and SUSY particles

have PR = −1. PR is a multiplicatively conserved quantum number, such that if a

particle decays to produce two new particles, the product of PR for the two new particles

must be equal to the PR of the original particle. Therefore, the SUSY particles are

produced in pairs which then decay via cascades with one SM particle and one SUSY

particle leaving each vertex, if R-parity is conserved. Such cascades terminate with

a lightest SUSY particle (LSP). As the LSP is stable it may be a valid candidate to

contribute to DM, if it is electrically neutral and colourless [57, 58].

Therefore, if the SM is extended by adding SUSY, it is possible to provide solutions

to some of the issues that the SM may encounter when considering high energy scales or

matter distributions over large distance scales. In order to sufficiently protect the Higgs

boson mass from the effects of adding new heavy particles, at least some SUSY particles

should be close to the scale of EWSB (O(1) TeV). Furthermore, if R-parity is included then
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a dark matter candidate is produced, along with distinctive signatures of many particles plus

missing energy, resulting from the LSP-terminated cascades. These arguments make SUSY

a favourable new physics scenario that can be searched for by analysing TeV scale collisions.

2.4 Physics at proton-proton colliders

The previous sections have addressed the theoretical basis of the SM and the resulting

motivation for extending this theory using SUSY. In addition to these points it is useful

to motivate the methods used to calculate the properties of physics processes at the LHC.

The pp interactions at the LHC are governed by quantum chromodynamics (QCD) [59, 60],

which describes how quarks and gluons scatter off of eachother. Many of the distinguishing

properties of QCD result from the fact that the QCD coupling strength, αS, is very strong

at low energies and becomes weak at high energies. Therefore, QCD calculations must be

aware of two regimes, the first being at high energies where perturbative techniques can

be used, and the second being at low energies where perturbation theory breaks down. In

the non-perturbative regime partons are said to be ‘confined’ in such a way as to produce

colour-neutral hadronic states, known as mesons (with a quark and an anti-quark of the

same colour) and baryons (with three quarks, each with a unique colour).

Partons share momentum with eachother in a confined state. This means that the par-

tons that scatter at the LHC do so with unknown momenta on an event-by-event basis.

Furthermore, individual quarks can radiate a gluon and gluons can split into quark/anti-

quark pairs. These complicated processes are encompassed by parton distribution functions

(PDFs), fi(x,Q
2), where i labels the type of parton, x gives the fraction of the proton’s

momentum that is carried by the individual parton, and Q represents the energy scale of

the pp scattering process and is known as the factorisation scale. The PDFs are calculated

by fitting to global experimental data [61–63]. For pp interactions close to the Z mass, the

factorisation scale is Q2 ∼ 104 GeV and so resonant Z production where the two partons

have similar momenta corresponds to x ∼ 0.01. Under these conditions, the interactions at
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the LHC are dominated by gluons.

As well as considering the sharing of momenta between the individual partons, the matrix

element for the process of interest must be calculated. This must be calculated considering

the momenta of the two interacting partons and the renormalisation scale, µ, which gives the

high energy cutoff of the theory in order to make the resulting cross section finite. Due to

the large coupling strength of strong interactions, it is possible that multiple partons can be

produced in the final state, which means that an important distinction between the inclusive

and exclusive cross sections is required. The parton-level cross section, σ1+2→X(x1, x2, µ), is

then proportional to the square of the relevant matrix element.

Putting all of this together gives a calculable cross section according to:

σp2+p2→X =
∑

partons1

∑

partons2

∫

dx1dx2f1(x1, Q)f2(x2, Q)σ1+2→X(x1, x2, µ). (2.2)

It should be noted that the parton-level cross sections include information about the

phase space available for the final state. This covers the different ranges of momenta or

angular states available for the final state. Therefore, if the interaction corresponds to the

decay of a high mass state into low mass states, for example, then there will be a large

amount of momentum available for the final state particles. In this case, the particles will be

produced at high pT. As most physics searches look for high mass particles, the corresponding

experimental selections tend to require high pT final states.



Chapter 3

The ATLAS detector at the Large

Hadron Collider

3.1 The Large Hadron Collider

The LHC [64] is a superconducting pp and lead-lead synchrotron located at CERN. It sits

in the old Large Electron-Positron collider (LEP) [65] tunnel, with a radius of 27 km. The

LHC was designed to run with a beam energy of 7 TeV. However, an incident soon after the

machine began operations in September 2008 [66], destroyed a section of magnets. Following

the replacement of those magnets, and the installation of additional safety measures, the

beam energy was reduced to 3.5 TeV when the LHC was turned back on in November 2009.

The data used in this thesis were collected during 2011 with a centre of mass energy of

√
s = 7 TeV.

The LHC collisions are observed by seven different detectors: ALICE [67]; ATLAS [68];

CMS [69]; LHCb [70]; LHCf [71]; MoEDAL [72]; and TOTEM [73]. The information con-

tained in this thesis covers observations of pp collisions by the ATLAS detector.

A series of linacs and synchrotrons are used to accelerate the beams to the required

energies, as shown in Figure 3.1. Protons are produced by stripping hydrogen atoms in a

16
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high electric field gradient and are injected into Linac2, which accelerates the single beam

to 50 MeV. The beam is then passed to the Booster and accelerated to 1.4 GeV. The next

stage in the acceleration chain is the Proton Synchrotron (PS), in which the beam energy

is increased to 26 GeV. Final pre-injection acceleration is provided by the Super Proton

Synchrotron (SPS), in which the beam energy reaches 450 GeV. At injection to the LHC,

the beam is separated down two transfer lines, producing counter-circulating beams. The

LHC then accelerates the beams to the desired beam energy of 3.5 TeV before starting

collisions.

Figure 3.1: A computer generated schematic of the CERN accelerator complex layout. Taken
from [74].

Many measurements that are performed by the detectors on the LHC require sensitivity

to rare physics processes. In order to facilitate this, the LHC runs at very high luminosities.

The necessity for these high luminosity conditions can be seen by considering the rate of

events (Ni) expected for some process (i) with a particular cross section (σi) in a collider

with a given luminosity (L):
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Ni = Lσi. (3.1)

The value of σi is fixed by nature, so the luminosity must be high to generate an appreciable

number of events for a particular rare process.

The luminosity in Equation 3.1 is also known as the instantaneous luminosity, with units

cm−2s−1. In describing a dataset collected over time the integrated luminosity,
∫

Ldt, is

often used. The time integral of Equation 3.1 gives the total expected number of events for

process i in the dataset of interest. The cross section is often expressed in units of ‘barns’

(b), where 1 b = 10−24 cm2, and the integrated luminosity may be expressed in units of

inverse barns.

The CERN Control Centre sets the conditions of the LHC and the luminosity is measured

independently by ATLAS as described in Section 9.2. The peak luminosity used in this

thesis is approximately 3 × 1033 cm−2s−1. This luminosity is high enough for many high

cross section processes to occur per bunch crossing (BC), and these additional interactions

can affect analyses as described in Chapter 9.

3.2 Overview of ATLAS

The ATLAS detector is a general purpose physics detector with close-to 4π coverage. It

consists of multiple systems: the inner detector (ID); the calorimeter; the muon spectrometer

(MS); the magnets; and the trigger and data acquisition (TDAQ), each of which consists of

various sub-systems and will be covered in the following Sections. A graphic representation

of the detector is given in Figure 3.2 and the detector is described in detail in [68].
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Figure 3.2: A computer generated schematic view of the ATLAS detector. Taken from [68].

3.3 Spatial and kinematic coordinate systems

ATLAS uses its own coordinate system, which will be referred to throughout this thesis. The

x-axis is defined as pointing towards the centre of the LHC ring, the y-axis points vertically

upwards from the centre of the Earth and the z-axis points along the beam axis, such that

the system is orthogonal and right-handed. Sides A and C of the detector are defined as

being positive and negative in z, respectively.

The azimuthal angle, −π < φ < π, is the angle from the positive side of the x-axis in

the x-y plane, while the polar angle, 0 < θ < π, is the angle from the positive side of the

z-axis. A common coordinate that is used in particle physics is the pseudorapidity, η, which

measures the coordinate with respect to the z-axis. The pseudorapidity is defined as

η = − ln

[

tan

(

θ

2

)]

=
1

2
ln

( |~p|+ pL
|~p| − pL

)

, (3.2)
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where ~p is the particle’s three-momentum and pL is the z-component. Locations of detector

components are generally expressed in terms of η because many models of hadronic produc-

tion result in uniform particle production across values of η. The separation between particles

in this coordinate system is generally referred to by the quantity ∆R =
√

∆η2 +∆φ2. This

should not be confused with the value R, which is the linear distance from the z-axis.

At a hadron collider, like the LHC, it is not possible to know z-component of the momen-

tum of the centre of mass frame. This is because the constituent partons1 within a hadron

share momentum according to parton distribution functions (see for example [62]). There-

fore, it is common to use the transverse coordinate system, which is defined in the x-y plane

such that the known kinematic properties of a particle are represented by a three-vector,

pT = (ET, px, py) = (ET, ~pT) = (ET, |~pT| cos (φ) , |~pT| sin (φ)) , (3.3)

where px and py are the particle’s momenta along the x-axis and y-axis respectively, the

magnitude of the transverse momentum two-vector is |~pT| =
√

|px|2 + |py|2, and ET is the

transverse energy. This transverse momentum three-vector is defined with a mass, corre-

sponding to the transformation of the invariant mass2 into the x-y plane, known as the

transverse mass,

mT = |pT| =
√

E 2
T − |~pT|2. (3.4)

The beams collide in ATLAS with a small crossing angle, and as such the proton con-

stituents interact with negligible ~pT. However, the detector has finite resolution and some

particles can pass through the detector unobserved, either because they do not fall within

the fiducial volume or because their cross section with the detector material is very small.

Therefore, by finding the total vector sum of visible momentum in the detector it is possible

to define the momentum imbalance, known as the missing transverse momentum, as

1Parton is a term used to refer to a particle that forms a constituent part of a hadron - either a quark or
a gluon.

2The invariant mass is defined as m =
√

E 2 − |~p|2.
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pmiss
T =

(

E miss
T ,−

∑

i

p i
x,−

∑

i

p i
y

)

=
(

E miss
T , |~pmiss

T | cos
(

φmiss
)

, |~pmiss
T | sin

(

φmiss
))

, (3.5)

where E miss
T is the missing transverse energy and i is the index corresponding to a given

particle signature. It is common to make the assumption that the hypothesised missing

particle that produces this imbalance is in the massless limit so that E miss
T = |~pmiss

T |. In this

case, the missing transverse momentum is fully defined by E miss
T and φmiss. The massless

assumption for E miss
T calculations will be assumed throughout this thesis.

3.4 Detector hardware

The various technologies used by ATLAS are covered in detail in [68]. A general overview of

the different sub-detectors is given in this Section. First the ID and solenoid magnet, which

provide tracking information, are discussed in Section 3.4.1. Next the calorimeters, which

are used for energy measurement, are described in Section 3.4.2. Finally the MS and toroid

magnet, which are used to measure muon tracks, are covered in Section 3.4.3.

3.4.1 Inner detector tracking

The ID tracking system consists of three devices: the Pixel tracker; the Semiconductor

Tracker (SCT); and the Transition Radiation Tracker (TRT). These sit at the heart of the

ATLAS detector, with an acceptance over the range |η| ≤ 2.5. Specific details relating to

the ID are given in [68], while further details relating to the design are given in [75, 76]. A

graphical representation of the ID is shown in Figure 3.3.

The closest layer of ATLAS to the beam-pipe is the Pixel detector [77], which is built

from radiation hard silicon pixels. The detector consists of three barrel layers and six end-cap

discs. In this configuration a cleanly measured track would be expected to cross a total of
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Figure 3.3: A computer generated schematic view of the ID. Taken from [68].

three layers. A total of 80.4 million read-out channels are used. The proximity to the beam

pipe and high granularity measurements are necessary to reconstruct vertices for charged

particles, where particle tracks point to a common origin.

Beyond the Pixel detector sits the SCT. This tracker also uses semiconductor technology

to measure the passage of charged particles, but is built from strips rather than pixels. Each

strip only gives information in two dimensions. However, the strips are mounted on both sides

of a module with a stereo angle of 40 mrad between the two sides. Therefore, information

from two sides of a module can be combined to give three dimensional measurements. The

SCT consists of four barrel layers and 18 end-cap discs. Communication of data to and

from the SCT is provided using optical-electronics links, which will be discussed in detail in

Chapter 10.

The final layer of tracking is provided by the TRT. Straw drift tubes are arranged parallel

with the z-axis in the barrel, providing information in the R-φ plane, while the straws are

arranged radially in the end-caps, providing z and φ coordinate information. The TRT will
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typically register 30 hits on a well reconstructed track. Foils with rapidly varying dielectric

constant are arranged between the straws so that if a particle has a sufficiently high Lorentz

γ factor it will emit X-ray photons, known as transition radiation. Therefore, low mass

particles (electrons) will produce transition radiation, while heavier particles (hadrons) will

not produce transition radiation. The TRT read-out distinguishes between hits without

transition radiation and hits with transition radiation by setting a low threshold (LT) at

300 eV and high threshold (HT) at 6 keV. Only HT hits are considered to have produced

transition radiation.

In order to provide bending of particle trajectories in the R-φ plane, such that their

momenta can be measured, a 2 T solenoid magnet is located outside of the ID. The solenoid

magnet has been designed to be as thin as possible to reduce the amount of showering in

front of the calorimeters. This is achieved by using a single superconducting coil, cooled to

4.5 K, and by sharing the cryostat with the electromagnetic calorimeter.

3.4.2 Calorimetry

The ATLAS calorimeters are grouped into two main systems: the Electromagnetic Calorime-

ter (ECal), consisting of a Liquid Argon (LAr) barrel and LAr Electromagnetic End-Caps

(EMECs); and the Hadronic Calorimeter (HCal), which is made up of a Tile Calorimeter

(TileCal) barrel and LAr Hadronic End-Caps (HECs). Additional forward calorimetry is

provided by the LAr Forward Calorimeters (FCals). The layout of the ATLAS calorimetry

is shown in Figure 3.4. These calorimeters measure the energy of particles by inducing show-

ering of the incident particle using absorbers and measuring the development of the shower

using sampling layers.

The LAr barrel [78] has an acceptance of |η| < 1.475 and shares a cryostat with the

solenoid magnet, in order to reduce the amount of material between the calorimeter and the

beam pipe. The EMECs are coaxial wheels in separate cryostats that provide acceptance

in the region 1.375 < |η| < 3.2. A LAr presampler is also installed to make corrections

for radiation in front of the detector in the region |η| < 1.8. The LAr barrel and the
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Figure 3.4: A computer generated schematic view of the calorimeters. Taken from [68].

EMECs use an accordion geometry of lead absorbers, providing full, symmetric coverage in

φ. The thickness of the LAr barrel is > 22 radiation lengths, while the EMECs contain > 24

radiation lengths. In order to provide optimal energy resolution, the ECal is segmented into

three sampling layers for |η| < 2.5 and two layers for 2.5 < |η| < 3.2. The granularity of

each layer varies with η as described in [68]. The segmentation and granularity of the ECAL

allows different shower properties to be measured, for example the width and depth of the

shower. The high granularity of the first layer also allows signatures of photons and electrons

to be separated from the decay of neutral pions.

Outward from the ECal resides the HCal. In the barrel region the HCal is made up of

the TileCal [79], which provides acceptance in the range |η| < 1.0. Two additional extended

TileCal barrels cover the range 0.8 < |η| < 1.7. Calorimetry is provided by alternating

layers of steel wedge absorbers and scintillator tiles. This results in a thickness of > 9.7

interaction lengths. The scintillator signals are read out via wavelength shifting fibres,

which send the scintillation light to photo-multipliers. LAr HECs provide acceptance in the
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range 1.5 < |η| < 3.2, while the forward-most coverage, of 3.1 < |η| < 4.9, is provided by

the FCals. The high |η| acceptance of the HCal is vital to precision measurements of E miss
T

as the forward region experiences a high particle flux during collisions. The HCAL is also

designed in such a way as to allow the shapes of showers to be measured.

3.4.3 The muon spectrometer

The outer layer of detectors in ATLAS is responsible for measuring the trajectories of muons,

which have small enough cross sections to traverse the calorimeter. The ATLAS MS consists

of Monitored Drift Tubes (MDTs) and Cathode Strip Chambers (CSCs) for precision mo-

mentum measurements, while Resistive Plate Chambers (RPCs) and Thin Gap Chambers

(TGCs) mostly provide input to the trigger. The magnetic field for momentum measurement

is produced by a system of air-core toroids. A graphical representation of the muon system

in ATLAS can be seen in Figure 3.5 and a summary is given in [80].

Precision measurements of muon tracks in the principle bending direction, R, over most

of the acceptance range |η| < 2.7 are provided by MDTs. The MDTs are made up of tubes

filled with gas that becomes ionised when traversed by a charged particle. A central wire then

collects the electrons produced by ionisation and allows the signal to be read out. The MDTs

are replaced by the CSCs for the inner layer in the acceptance range 2 < |η| < 2.7 as this

receives higher particle flux. The CSCs consist of four layers of radial multi-wire proportional

chambers which read out on the cathode strips. In order to provide track measurements, the

cathodes are segmented into strips perpendicular and parallel to the wires. Interpolation is

used between neighbouring cathode strips to give the precise location of the hit.

The muon trigger covers the acceptance range |η| < 2.4 and the components focus on both

providing trigger input and on providing the transverse track measurement. Measurements

in the barrel region are performed by RPCs located in three concentric layers. These are

made up of two separated resistive plastic laminate plates, with a gaseous mixture filling

the gap. The passage of a charged particle across the gas causes break down and a charge

avalanche forms. TGCs are used to trigger muons in the end-caps. These are multi-wire
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Figure 3.5: A computer generated schematic view of the MS. Taken from [68].

proportional chambers where the wire-to-cathode distance is smaller than the wire-to-wire

distance. Such an arrangement gives very good time resolution.

Surrounding the muon system, apart from in the wheels, is an air-core toroidal magnet

system. This provides bending in the R-z plane to allow the muon momentum to be mea-

sured. The barrel toroid consists of eight ‘race track’ shaped stainless steel vacuum vessels,

which contain the superconducting magnets and cryostats. This system is cooled to 4.6 K,

at which it can store a current of 20.5 kA. At this nominal current the bending power, char-

acterised by the field integral
∫

Bdl, is between 1.5 Tm and 5.5 Tm. The end-cap toroids

similarly consist of eight coils each and are stored in a single cryostat per end-cap. These

end-cap magnets store the same current as the barrel toroids with bending power between

1 Tm and 7.5 Tm.
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3.5 Object reconstruction and measurement

The signatures recorded by the detector are transformed into real physics objects, such as

electrons, muons and jets, by using a set of algorithms. These calculate the properties of

the tracks or calorimeter deposits in question and then classify the measurement. Much of

what follows is described in more detail in [81].

3.5.1 Track reconstruction

Tracks are reconstructed in three stages. Initially, the space points generated from the

SCT strip information are merged with the Pixel cluster information and the TRT data are

transformed into calibrated drift circles. The second stage is track-finding, where a track is

generated by extrapolating information from the three Pixel layers and the first SCT layer

through the ID and performing a series of fits to control the track quality. After these tracks

have been fully reconstructed, a post-processing stage is applied which implements vertex

finding algorithms, followed by algorithms to search for photon conversions and secondary

vertices. The resulting parameters from the fit to the ID hits are then used to calculate the

momentum of the track.

3.5.2 Electron identification

The reconstruction and identification of electrons is based on a calorimeter seeded technique.

A sliding-window algorithm [82] with size 5×5 cells is used to find energy depositions in the

ECal. If the sum of the ET contained in such a window exceeds the threshold of 3 GeV then

a cluster seed is formed. Tracks that are not flagged as originating from a photon conversion

are then extrapolated to the ECal and are matched to the cluster. This matching requires

∆η×∆φ < 0.05× 0.1 and E/p < 10, where E is measured by the calorimeter and p is taken

from the track. If a positive match is found, then the object is identified as an electron.

In ATLAS terminology, this is termed as being reconstructed with the AuthorElectron
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algorithm.

Further information can be included in the reconstruction of the electron, from both the

ID and calorimeter. The precise definition of an electron is decided by the analysis according

to their particular constraints on the purity of the sample and the required acceptance. Such

criteria are termed loose, medium and tight selections, with loose giving lower purity but high

acceptance and tight having high purity but lower acceptance. Examples of the information

that goes into each of these definitions are

loose: Simple shower shape cuts in the middle ECal layer and loose matching between track

and cluster.

medium: Extra shower shape cuts with information from the first ECal layer and track

quality cuts.

tight: Tighter track matching with a hit in the first Pixel layer and a high ratio of HT to

LT hits in the TRT. Isolation criteria are applied to the amount of activity allowed

around the reconstructed electron cluster.

3.5.3 Jet reconstruction and energy measurement

All strongly interacting particles produced in a collision will result in a shower of particles,

known as a jet, due to the asymptotic freedom3 properties of Quantum Chromodynamics

(QCD). The goal of jet reconstruction is to obtain a representation of the seed particle’s

four momentum by clustering calorimeter cells. In order to perform this reconstruction in

a theoretically safe manner, a clustering algorithm must be implemented with the following

constraints:

Infra-red safety: The algorithm should be insensitive to low pT QCD radiation with re-

spect to the seed particle so that the presence or absence of a low energy cell should

3The coupling between two strongly interacting particles increases as their separation increases. Even-
tually the potential energy stored between the two particles will get so high that new strongly interacting
particles can be produced to bring the system to a lower energy state. Therefore, strongly interacting
particles are only ever indirectly observed via confined states (apart from the top quark).
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not affect the reconstruction of the jet.

Collinear safety: The algorithm should be insensitive to two particles being emitted in the

same direction, or the equivalent energy being carried by only one particle.

In ATLAS, and throughout this thesis, the anti-kT clustering algorithm [83] is used. This

is applied to the cells in a calorimeter cluster that pass signal to noise thresholds, typically

Ecell > 4σcell, in order to reduce the noise contribution to the jet energy. A radius parameter

of ∆R = 0.4 is used by the clustering algorithm in this thesis.

Having clustered the energy deposits, the energy of the jet must then be calibrated. This

involves weighting the cell energies according to their position in the calorimeter, Xi, and

the cell signal density, ρi = Ei/V , where V is the volume of the cell. The index i corresponds

to a unique cell that is included in the jet cluster. The final reconstructed four-momentum

of the jet is then given by

(Erec, ~p
jet
rec ) =

(

Ncells
∑

i

w(ρi, ~Xi)Ei,

Ncells
∑

i

w(ρi, ~Xi)~pi

)

. (3.6)

It should be noted that, for the purpose of the analysis presented here, hadronic taus are

not distinguished from jets.

3.5.4 Muon reconstruction

Muons are reconstructed in ATLAS using either the MS on its own or in combination with

the ID. This allows for different quality objects to be used in analyses as may be appropriate.

Three methods of muon track reconstruction are used.

Standalone: Muon track reconstructed solely using the MS, with acceptance |η| < 2.7.

Combined: Combined fit using the muon track and an ID track, with acceptance |η| < 2.5.

Segment tagged: Combination of an inner detector track with a MS segment, with accep-

tance |η| < 2.5.
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The matching between ID tracks and MS tracks or segments is performed using a χ2-based

statistical combination (STACO) algorithm.

Track reconstruction in the muon system follows a similar logical process to tracks in

the ID - with a pre-processing stage to form drift circles, followed by a fitting stage to

extract the track parameters. Additional corrections are made to the track momentum due

to energy loss through the calorimeter, which is estimated using either the parametrised

expected energy loss or the energy loss as measured by the calorimeter. The muon tracks

can also be combined with ID tracks, which considerably improves the momentum resolution

below 100 GeV, but can suppress backgrounds from punch-through4 and the in-flight decays

of pions or kaons.

3.5.5 Missing transverse energy reconstruction

As the collisions observed by ATLAS occur with a small crossing angle, it is possible to

define the E miss
T variable (described in Section 3.3) under the assumption that the particle

escaping the detector has no mass. The E miss
T is defined on an event-by-event basis by a

global sum of the activity in the detector. The most basic definition is the sum of all of the

calorimeter cell activity and the total energy of standalone muons. Corrections are applied

to account for energy losses when crossing the cryostat between the LAr barrel and the

TileCal. Additionally, cells that are associated with a high pT object are replaced with the

calibrated energy of that object. Cells that pass the calorimeter noise threshold but are not

associated with a high pT object are calibrated according to the weighting scheme defined

in Section 3.5.3 and included in the E miss
T calculation (this is known as the cell-out term).

3.6 Trigger, data acquisition and computing

ATLAS implements a multi-level triggering system (Section 3.6.1) to reduce the rate at which

data are collected so that they can be processed and stored. The extraction and storage of

4Punch-through occurs when a jet leaks into the muon system.
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information from the detector are discussed in Section 3.6.2. Finally, the data must be

accessible to a large number of users for analysis. To cope with this demand the Worldwide

LHC Computing Grid (WLCG) [84] was developed, as will be detailed in Section 3.6.3.

3.6.1 The trigger system

The ATLAS trigger system consists of three levels. At level one (L1) the data rate is reduced

from 40 MHz to 75 kHz, by searching for signals above a defined threshold in the MS and

calorimeters. If a signal above threshold is found, then the data are passed to level two (L2),

where particular regions of interest (RoI) are searched for. At the L2 stage sufficient event

processing time is available for software trigger algorithms to be used and ID information to

be included. This brings the data rate down below 3.5 kHz. Finally, the event filter (EF)

uses an advanced software trigger to build the full event. After this stage the data rate is

cut down to ∼ 200 Hz, corresponding to a data volume rate of ∼ 300 MB/s.

For example, the EF e20 medium trigger, which is used in this analysis, is seeded at L1

by the L1 EM14 trigger that fires when an ECAL deposit with pT > 14 GeV is observed. The

event data is then passed to L2 in which the L2 e20 medium trigger fires if a RoI containing

a medium electron with pT > 20 GeV is found. The event data and the RoI information are

passed on to the EF in which the data is refined and triggered if the information available

passes the EF e20 medium trigger.

3.6.2 Data acquisition

The ATLAS data acquisition (DAQ) system reads the data off of the detector in events that

pass L1, and stores them to await operations from L2. The RoI information is combined

for input to L2, which makes the decision to pass or fail the event. If the decision is to fail

the event, the data are permanently deleted. If the event is selected, then the full event

information is built for EF input. The EF algorithms run on this data and, again, if a

decision is made to fail the event the data are permanently lost. If the event is selected by
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the EF, it is sorted into a data stream depending on which triggers it passed and the data

are stored.

3.6.3 Computing and the grid

Each year ATLAS is expected to record 1 PB of data from the detector. In order to store

the data in a way that is accessible for users to analyse, the WLCG was implemented. The

full dataset is written to tapes at CERN’s Tier-0 facility. The data are then copied to the

11 Tier-1 sites that are located around the world, where they are further distributed to the

160 smaller Tier-2 sites. Throughout this process the size of the data stored at each site

is reduced dramatically by calculating information that is relevant for physics analyses and

removing information that is generally not needed. Users can run their own code on the

Tier-2 sites so that they only need to download the minimal amount of information that is

necessary for their specific analysis.



Chapter 4

Event selection and object definitions

4.1 Data samples

During 2011 data-taking the ATLAS detector recorded data equivalent to an integrated

luminosity of 5.2 fb−1. However, some of this sample cannot be used in this analysis, due

to detector conditions not being suitable for the required measurements. A good runs list

(GRL) is used1, which removes approximately 11% of the data, as shown in Table 4.1, leaving

a total integrated luminosity of 4.7 fb−1 for analysis. The average error on the luminosity

measurement over the 2011 dataset is 3.9%.

The luminosity is measured in short time intervals, known as Luminosity Blocks (LBs).

The luminosity detectors and algorithms count events in order to calculate the integrated

luminosity over the given LB. These LBs are then combined into Runs, corresponding to

phases of stable data taking, and these Runs are combined into Periods, over which the ma-

chine and trigger conditions are stable. A summary of these Periods and their corresponding

integrated luminosities before and after the GRL selection is given in Table 4.1.

1Specifically data11 7TeV.periodAllYear DetStatus-v36-pro10 CoolRunQuery-00-04-08 Susy.xml

33
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Period Run Number Date [dd/mm/yy] Before GRL After GRL

B 178044 - 178109 22/03/11 - 24/03/11 16.8 pb−1 11.7 pb−1

D 179710 - 180481 14/04/11 - 29/04/11 178 pb−1 167 pb−1

E 180614 - 180776 30/04/11 - 03/05/11 49.9 pb−1 48.8 pb−1

F 182161 - 182486 17/05/11 - 25/05/11 151 pb−1 132 pb−1

G 182726 - 183462 27/05/11 - 14/06/11 558 pb−1 508 pb−1

H 183544 - 184169 16/06/11 - 28/06/11 277 pb−1 259 pb−1

I 185353 - 186493 13/07/11 - 29/07/11 398 pb−1 338 pb−1

J 186516 - 186755 30/07/11 - 04/08/11 232 pb−1 226 pb−1

K 186873 - 187815 04/08/11 - 22/08/11 658 pb−1 590 pb−1

L 188902 - 190343 07/09/11 - 05/10/11 1.56 fb−1 1.40 fb−1

M 190608 - 191933 07/10/11 - 30/10/11 1.12 fb−1 1.03 fb−1

Total 178044 - 191933 22/03/11 - 30/10/11 5.20 fb−1 4.71 fb−1

Table 4.1: Summary of the Periods of ATLAS 2011 data-taking. Only ranges where good
quality data exists are shown for corresponding Run numbers and dates. The integrated
luminosity before and after the GRL is applied are shown.

4.2 Background Monte Carlo samples

MC samples were produced for the various physics processes that are expected to contribute

as backgrounds to this analysis. The samples that are considered, along with the event

generators used and the calculated total cross sections, are summarised in Table 4.2. For

events generated with Alpgen, the matrix element is calculated with zero to five or more

additional partons for W+jets, Z+jets and tt̄, in order to improve the modelling of events

with many jets in the final state. Relevant multiplicative factors are applied to extract the

cross section per parton bin.

The parton distribution function (PDF) sets used are: CTEQ6L1 [91] for Alpgen samples;

CT10 [92] for MC@NLO samples; and MRSTMCal(LO∗∗) [93] for Herwig samples. Cross sections

are calculated using: FEWZ [87] with the MSTW2008NLO [62] PDF set for W+jets and Z+jets;

HATHOR1.2 [86] with the MSTW2008NLO PDF set for tt̄; and MCFM [90] with the MSTW2008NLO

PDF set for dibosons. The combination of PDF sets, matrix element generators and cross

section calculations are important for the reasons introduced in Section 2.4. The composite

nature of protons means that the PDFs are required to find how the protons’ momenta are

distributed across their constituent partons. According to these momentum distributions,
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Physics Process Generator Cross section [nb]

tt̄ Alpgen2.13 [85] 0.165 NLO+NLL [86]

W (→ ℓν)+jets Alpgen2.13 [85] 10.46 NNLO [87]

Z(→ ℓℓ)+jets (mℓℓ > 40 GeV) Alpgen2.13 [85] 1.07 NNLO [87]

single top (t channel) MC@NLO4.01 [88] 0.0071 NLO [88]

single top (s channel) MC@NLO4.01 [88] 0.0005 NLO [88]

single top (Wt) MC@NLO4.01 [88] 0.0146 NLO [88]

WW Herwig6.5.20 [89] 0.0449 NLO [90]

WZ (66 < mZ < 116 GeV) Herwig6.5.20 [89] 0.0449 NLO [90]

ZZ (mZ < 60 GeV) Herwig6.5.20 [89] 0.0060 NLO [90]

Table 4.2: SM background processes simulated in this analysis. The generator used is shown
along with the theoretical cross section.

the matrix elements for the process of interest are produced and then the cross sections

are calculated. The various PDF sets are generated by different groups, with some subtle

differences such as which datasets are used and the treatment of quark masses. Each matrix

element generator also has unique attributes and is produced by a particular group. For

example, MC@NLO provides matrix elements at next-to-leading order, while Alpgen generates

matrix elements at leading order and allows control over the number of additional partons

that are generated. The cross sections are then generally calculated at higher order than

the matrix elements and applied as corrections to the cross sections provided by the matrix

element generators.

The partons produced in the matrix elements generated by Alpgen are propagated into

the parton shower and hadronisation process using MLM matching [94]. The showering of

partons and hadrons is performed using Herwig, with the simulation of the underlying event

provided by the Jimmy [95] interface. An additional correction is applied to the simulation of

underlying event using the ATLAS AUET2 [96] tunes. Particles are then propagated through

the ATLAS detector using GEANT4 [97] to simulate showering and smearing due to detector

effects. All MC events are fed through a similar simulation chain.

The detector conditions observed during data taking are then overlaid on the events.

This overlay includes the simulation of minimum bias events corresponding to multiple pp

interactions in a given BC, known as pileup. These additional interactions are generated
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Figure 4.1: The 〈µ〉LB,BCID distributions in the different MC Periods. The MC are divided
into the Periods listed in Table 4.3. Events are selected with one lepton and a jet with
pT > 50 GeV to satisfy requirements of the muon trigger and the multijets background
determination.

using PYTHIA6 [98]. The overlay is performed so that the average number of minimum bias

interactions per BC identifier2 (BCID) and per LB (〈µ〉LB,BCID) in MC is matched to that

in data for particular sets of Periods. The 〈µ〉LB,BCID distributions for each of these MC

Periods are shown in 4.1. As well as overlaying minimum bias interactions, this also allows

additional information from detector sub-systems to be matched to data. A summary of the

detector conditions simulated in the different MC Periods is given in Table 4.3. Primarily,

the implementation of Table 4.3 involves removing trajectories in particular regions of the

detector that are no-longer operating as intended.

MC Period 1 2 3 4

Data Periods B - D E - H I - K L - M

Failed LAr FEBs 0 6 2 2

Failed TileCal modules 5 6 7 9

Failed Pixel modules 54 56 62 63

Failed B-layer modules 7 7 10 10

Table 4.3: Summary of the MC Periods of the ATLAS 2011 simulation. The corresponding
data Periods are given along with the number of non-operational components in various
sub-detectors that are accounted for in the simulation.

2Each potential crossing of the bunches at a particular point on the LHC ring for one full revolution of
the machine is assigned a BCID. As the BCIDs are filled by transferring bunches from the SPS to the LHC,
the luminosity in each BCID will tend to differ from the other BCIDs in that fill.
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Having generated all of the particle trajectories for each event, the samples are then

passed through digitisation algorithms to simulate the response of the detector. These

detector responses are finally fed through reconstruction algorithms to produce the properties

of the physics objects in that given event. The simulated MC events are passed through the

same reconstruction algorithms as the recorded data, in order to facilitate the comparison

of predictions with observations.

4.3 Trigger selection

A trigger selection has already been applied to the observed data in order to reduce the

data-taking rate to a manageable level. However, the appropriate triggers for this analysis

must be applied to both the observed data and the MC. The lowest un-prescaled3 single

lepton triggers for a particular Period of data-taking are used. As the luminosity observed

by ATLAS tended to increase throughout 2011 data-taking, triggers that were un-prescaled

in early Periods may become prescaled in later Periods. In the cases where this change of

trigger means a significant change in trigger efficiency, the trigger must also be changed in

MC.

4.3.1 Triggers in data

The observed data are split into multiple streams, of which the Egamma and Muons streams

are of interest here. The triggers used for each data Period are given in Table 4.4.

In the case of the Egamma stream, the EF e20 medium trigger is used for Periods B through

J, while for Period K the EF e22 medium trigger is used. Both of these triggers have efficiency

≥ 97% for the selection of electrons with pT > 25 GeV [99]. The latest Periods (L through

M) require a tighter definition of electrons to maintain a low pT threshold while remaining

un-prescaled. Additional requirements on hadronic activity and η-dependent pT thresholds

3The lowest un-prescaled trigger is defined as the trigger that has the lowest lepton pT threshold while
having a rate that is low enough to select all events that would potentially pass it.
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are also applied at Level 1. This trigger is known as EF e22vh medium1. Plateau efficiency

is reached for electrons with pT > 25 GeV, although in this case the plateau efficiency is

95%. To recover efficiency losses at high electron pT, this trigger is used in a logical OR with

the EF e45 medium1 trigger.

For the Muons stream, the EF mu18 trigger is used for Periods B through I. This reaches

plateau efficiency at 73% in the barrel and 86% in the end-caps for muons with pT >

20 GeV [100]. The latest Periods (J through M) have the additional requirement of a jet

with pT > 10 GeV at Level 1. This keeps the data-taking rate low enough to remain un-

prescaled without raising the muon pT cut. This trigger is known as EF mu18 L1J10 and has

similar efficiencies in the barrel and end-caps to EF mu18, after a cut of p jet
T > 50 GeV has

been applied to the analysis. The loss of efficiency in the muon triggers is a result of the

support structures that keep the muon chambers and the toroid magnet off of the ground.

These cause acceptance losses when objects travel towards these muon ‘feet’.

4.3.2 Triggers in Monte Carlo

The triggers used for the electron and muon selections in MC are also shown in Table 4.4.

The change in trigger in the electron channel is made possible by the division of the MC

samples into Periods according to Table 4.3.

Period
Trigger in data Trigger in MC

Electron

B-J EF e20 medium EF e20 medium

K EF e22 medium EF e20 medium

L-M EF e22vh medium1 OR EF e45 medium EF e22vh medium1 OR EF e45 medium

Muon

B-I EF mu18 EF mu18

J-M EF mu18 L1J10 EF mu18

Table 4.4: Triggers used in data and MC for the electron and muon selections.
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4.4 Object definitions

The detector produces a set of electronic responses, rather than definitive particle signatures.

In order to definitively map the responses to physical particles it is necessary to explicitly

define what is meant by electrons, muons, jets and E miss
T . In general, objects are defined first

at a pre-selection stage, with basic definitions that have high efficiencies but may also have

larger fake-rates. These definitions are used for lepton counting and overlap removal. The

objects that are used directly in the analysis have additional selection criteria, which reduce

the fake-rates but also give lower efficiencies. Requirements on the pT of objects to be in the

plateaus of the trigger efficiencies are also employed at this stage. This analysis uses object

definitions as given in [101] and [102]. These are summarised for jets in Table 4.5, electrons

in Table 4.6 and muons in Table 4.7.

The reconstruction methods used by ATLAS result in electrons being reconstructed as

jets. Therefore, all pre-selected electrons must first be removed from the list of jets in the

event. To do this, electrons (and muons) are defined at the pre-selection stage apart from

the overlap requirement. Jets are then removed if they overlap with a pre-selected electron

within ∆R < 0.2 in η-φ space. After this, electrons and muons are removed if they overlap

with any remaining jets within ∆R < 0.4 in η-φ space.

All object definitions are implemented using tools in the software package [103].

The selections are generally implemented with pT cuts at the pre-selection stage to ensure

that the objects can be well calibrated, and the pT cuts are then raised at the signal stage

to be either in the trigger plateau, as is the case for leptons, or to further improve the

calibration, as is the case for jets. The cuts on η are driven by the acceptances of the

relevant detectors, in particular the change in the jet acceptance is forced by the inclusion of

the jvf variable, described in detail in Chapter 9, which requires inner detector information.

Further cuts are then applied to remove objects for which the response in the detector looks

like it may be either an incorrectly identified object or noise.
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Cut
Variable/description

Pre-selected jet

Algorithm AntiKt4

Calibration TopoNewEM

Quality Veto event if VeryLooseBad

Acceptance pT > 20 GeV, |η| < 2.8

Overlap ∆R(jet, e) > 0.2

Signal jet

No b-tag b-tag

Acceptance pT > 25 GeV, |η| < 2.5 pT > 25 GeV, |η| < 2.5

Pileup rejection jvf > 0.75 jvf > 0.75

Track matching — ∆R(jet, track) < 0.4

b-tagger — JetFitterCombNN > 1.8

Table 4.5: Summary of the object definitions for jets at the pre-selection stage and at the
signal stage (without and with b-tagging). The signal selection is applied in addition to the
pre-selection. For the bad quality jet veto, all jets with pT > 20 GeV and any |η| value are
considered to prevent contamination in the E miss

T calculation.

Cut
Variable/description

Pre-selected electron

Algorithm AuthorElectron

Acceptance pT > 10 GeV, |η cl| < 2.47

Quality medium++

Cluster information Not BadClusElectron

Overlap ∆R(e, jet) > 0.4

Signal electron

Acceptance pT > 25 GeV

Quality tight++

Trigger match ∆R(e reco, e trig) < 0.15

Isolation ptcone20/pT < 0.1

Table 4.6: Summary of the object definitions for electrons at the pre-selection stage and at
the signal stage. The signal selection is applied in addition to the pre-selection.
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Cut
Variable/description

Pre-selected muon

Algorithm STACO, segment-tagged or combined

Acceptance pT > 10 GeV, |η cl| < 2.4

Quality loose

ID track

Number of b-layer hits (if expected) ≥ 1

Number of pixel hits + number of crossed dead pixel sensors ≥ 2

Number of SCT hits + number of crossed dead SCT sensors ≥ 6

Number of pixel holes + number of SCT holes < 3

If |η track| < 1.9: nTRT
hits ≥ 6, nTRT

outliers < 0.9 nTRT
hits

If |η track| > 1.9 and nTRT
hits ≥ 6: nTRT

outliers < 0.9 nTRT
hits

Overlap ∆R(µ, jet) > 0.4

Cosmic muon

Cosmic veto Veto event if |z0| > 1 mm or |d0| > 0.2 mm

Poorly reconstructed muon

Reconstruction veto Veto event if σ(q/p)/|q/p| > 0.2

Signal muon

Acceptance pT > 20 GeV

Trigger match ∆R(µ reco, µ trig) < 0.15

Isolation ΣpT(∆R(µ, track) < 0.2) < 1.8 GeV excluding muon track

Table 4.7: Summary of the object definitions for muons at the pre-selection stage and at
the signal stage. The signal selection is applied in addition to the pre-selection. The cosmic
and poor reconstruction vetoes are also shown. For cosmic muons the veto is applied after
overlap, while for poorly reconstructed muons the veto is applied regardless of proximity to
jets, otherwise the veto definitions are applied in addition to the pre-selection.
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4.4.1 Missing transverse momentum

In this analysis E miss
T is defined as the transverse momentum vector opposite from the vec-

torial sum of the following reconstructed objects:

• Jets calibrated at the EM+JES scale with p jet
T > 20 GeV;

• The signal lepton;

• Additional non-isolated muons;

• Topological calorimeter clusters not associated with an object listed above, which are

calibrated at the EM scale (the cell-out term).

4.5 Event cleaning

Even events that have passed both the GRL and trigger selections may contain poorly

reconstructed objects, or objects from sources that could be detrimental to the analysis.

Therefore, the following additional selections are applied:

Jet and Emiss
T

cleaning: The event is vetoed if it contains a jet flagged as being poorly

measured or if the LAr barrel calorimeter reports an error. These criteria prevent

poorly reconstructed jets entering the analysis and protect the E miss
T calculation from

calorimeter noise bursts.

LAr hole veto: Certain Periods of ATLAS data in 2011 contain response holes in the LAr

barrel calorimeter. These are due to malfunctioning front-end boards (FEBs), as listed

in Table 4.3. This veto considers all pre-selected jets that point towards such a hole

and vetoes the event if the estimated non-measured energy in the jet has a large impact

on E miss
T . This cut is documented in [104];

Primary vertex cut: The highest
∑

tracks

p tracks
T vertex must be associated with at least five

tracks. This ensures that the event has a well reconstructed primary vertex;

Cosmic and bad muon veto: If an event is found to contain a cosmic muon, according

to Table 4.7, the event is vetoed. Similarly, any event containing a muon with poorly
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reconstructed momentum is vetoed. Both of these criteria are implemented to protect

the E miss
T calculation.

4.6 Monte Carlo correction factors and uncertainties

Certain aspects of the MC, such as efficiencies and energy measurement, may not perfectly

match data even after the event selection and cleaning have been applied. However, it is

possible to estimate the degree to which these quantities disagree and to correct for them.

These correction factors will, in general, have a level of uncertainty associated with them.

Uncertainties are propagated through the analysis by adjusting the source by one standard

deviation in the positive and negative directions and observing the effect on the resulting

distributions. A summary of these corrections and uncertainties follows:

Jet energy scale: It is possible to extract the calibration of jets using various methods. In

the ATLAS dataset studied here, MC comparisons with data, test beam measurements

and analysis of pp collision data collected in 2010 are used to estimate the calibration

factors and their uncertainty [105]. Uncertainties are considered for light jets, heavy

flavour jets and events with large jet activity, with values provided by [106]. The

accuracy to which the jet energy scale can be determined is often a dominant source

of uncertainty in experiments at the LHC due to the complex nature of jets and the

large numbers of particles produced per BC, see for example [107]. The uncertainty

on the pT of a given jet varies from about 2% to 14%, however the resulting effect on

the number of events passing a given selection can vary in a non-trivial manner;

Electron energy scale and resolution: Corrections to the measurement of the energy of

electrons are derived by measuring the properties of well understood processes, such

as the width and central value of the Z → ℓℓ and J/ψ → ℓℓ resonances [108]. Further

corrections are applied to correct the momenta of electrons that fall in the crack region

of the ECal, in the range 1.37 < |η| < 1.52. The corrections and resulting uncertainties

are applied using [109]. The effect of the uncertainty on the measurement of the electron
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pT varies from about 0.3% to 1.6%;

Muon ID and MS resolution: Measurements of the muon momenta are performed inde-

pendently in the inner detector and the muon spectrometer. Therefore, corrections are

applied to measurements by these systems individually. The corrections are derived

by comparing the pT spectra in data and MC and are applied via a smearing func-

tion [110]. The values for the corrections and their uncertainties are provided by [111].

The uncertainty on the muon resolution scale factors are below 1%;

Emiss
T

terms: The corrections to the above measurements and their uncertainties are prop-

agated into the E miss
T calculation as appropriate. Additionally, corrections and un-

certainties are applied to account for the cell-out term and for pileup. The necessary

modifications to the E miss
T calculation are provided by [112];

Lepton reconstruction and trigger efficiencies: Corrections relating to the lepton re-

construction and trigger efficiencies are estimated using the ‘tag-and-probe’ technique.

This involves measuring a resonance using one lepton with tight selection criteria, the

tag, and another lepton with loose criteria, the probe. The corresponding efficiency

is the rate at which loose probes are accepted by the tight criteria. The corrections

and associated uncertainties for electrons and muons are provided by [109] and [113],

respectively. The uncertainties on lepton reconstruction and trigger efficiencies are

generally at or below the 1% level;

b-tagging efficiency: In regions of the analysis where a jet definition requiring b-tagging

is employed, corrections to the associated efficiency are applied on a jet-by-jet basis.

These corrections are derived from datasets which study tt̄ events or jets containing

muons [114]. The corrections and corresponding uncertainties are provided by [115].

The uncertainty on the b-tagging scale factors vary from about 7% at low p jet
T to 17%

at high p jet
T ;

pW
T

reweighting: Comparisons between theW -boson pT (pW
T ) spectrum in the MC dataset

generated with Alpgen and the observed data show a slope, which indicates that Alpgen

producesW bosons with higher pT than observed in data [101]. The pW
T can potentially

have a large effect on this analysis as it modifies the expected lepton pT and the E miss
T .
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In order to remedy this effect, the pW
T is taken from events generated using Sherpa [116].

This correction is performed by producing a reweighting function in pW
T , corresponding

to the ratio between Sherpa and Alpgen at truth level. Scale factors produced from

this are applied on an event-by-event basis. This method is described and studied in

detail in [102]. The uncertainty on the pW
T reweighting is estimated by removing the

pW
T weights. The range of this uncertainty is then made to be symmetric about the

nominal distribution that has the weights applied. As the weighting is performed as a

function of pW
T , the size of this uncertainty will vary from about 5% at low pW

T to 28%

at high pW
T .

4.7 Theoretical uncertainties

Certain decisions have to be made when configuring the generators used in this analysis.

As the dominant backgrounds are estimated using Alpgen, uncertainties relating to this

generator are considered, with motivation from discussions with the author of Alpgen [102].

The statistical model introduced in Section 7.6 is sensitive to theoretical uncertainties that

affect the shape of distributions, rather than uncertainties that affect the total cross section

of the backgrounds. As such, only theoretical uncertainties affecting the shape of kinematic

variables are considered for the background samples. Uncertainties on the cross sections of

signal samples must also be considered when testing specific theoretical models. Theoretical

uncertainties in this analysis are discussed in detail in [101, 102] and are summarised below:

Generator scale: The factorisation scale in Alpgen gives an overall scaling to the total

cross section, and so is not considered in this analysis. However, the renormalisation

scale is concerned with the kT of each vertex in the calculation and so can affect the

jet multiplicity of the resulting events. This is applied in the analysis as an addi-

tional scaling of each individual Nparton sample, according to expectations when the kT

parameter is set to twice or half of its nominal value;

MLM matching threshold: Another theoretical parameter that can have an important
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effect on the shape of kinematic distributions is the choice of the MLM matching

threshold, pmin
T . This parameter prevents double counting of jet multiplicities between

the matrix element and parton shower stages of the calculation. Initially, partons are

generated with pT > pmin
T and showered, but not hadronised. The showered prod-

ucts are clustered into jets with parameters E min
T > pmin

T + 5 GeV and a cone radius

R < 0.4. Partons are associated with the nearest jet and are considered matched if

∆R(parton, jet) < 0.4. If the number of matched partons does not equal the number of

generated partons, then the event is discarded. The default value for this parameter is

pmin
T = 15 GeV. The uncertainty is estimated by generating events with pmin

T = 30 GeV

and considering the overall change in the predicted rate for each jet multiplicity bin in

the control regions, or the overall rate in the signal regions;

Signal cross section calculation: The uncertainty on the calculated signal cross section

is estimated as part of the nominal cross section calculation by comparing events

generated using different PDF sets. This is described in detail in Section 5.3.1;

Initial state radiation: An additional uncertainty is considered for the Simplified SUSY

Model signal points (introduced in Section 5.3.3), to account for the effect of initial

state radiation (ISR). ISR occurs when a parton in the initial state of the matrix

element radiates and can result in a harder SUSY interaction. If this happens, then

the SUSY cascade will have a boost, which may make it easier to detect scenarios with

low mass differences that would otherwise have low pT and fail the acceptance cuts of

the analysis. To estimate the impact of this effect, a parametrised form of the scaling

of the cross section is used, as described in [102], for signal points where the mass

difference between the gluino and the LSP is less than 300 GeV.

4.8 Kinematic distributions after selection

After applying the event and object selections defined above it is worth checking the agree-

ment between the observed data and the SM estimates. This is done at this stage to ensure

that there are no clear additional corrections that should be applied and that all the SM
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backgrounds have been accounted for. Two selections are implemented: the first requires one

lepton plus three jets, where the leptons are selected according to Tables 4.6 and 4.7, the high-

est pT signal jet has p jet1
T > 100 GeV and the third highest pT signal jet has p jet3

T > 25 GeV;

the second selection requires one lepton, as defined in Tables 4.6 and 4.7, plus four jets, all

of which have p jet
T > 80 GeV. The distributions used to check this agreement are mT, E

miss
T

and m inc
eff . Where

mT =
√

2p ℓ
TE

miss
T (1− cos(∆φ(~p ℓ

T, ~p
miss
T ))), (4.1)

and

m inc
eff = E miss

T + p ℓ
T +

∑

jet

p jet
T . (4.2)

In these equations, a superscript ℓ indicates that the property is assigned to an electron

or muon and ∆φ is the angle between the two vectors in the argument in the x-y plane.

The sum in m inc
eff runs over all jets that pass the signal jet selection in that event. These

distributions can be seen in Figure 4.4. The multijet background is determined according to

the prescription detailed in Section 6.1.

In the 3-jet distributions, the W+jets contribution is larger than the tt̄ contribution in

most bins. Therefore, the pW
T correction has a more appreciable affect in this region when

compared to the 4-jet region, which generally has larger tt̄ rates thanW+jets. The agreement

between data and MC is generally good, in particular the mT and E miss
T distributions have a

similar shape and normalisation in the 3-jet region. This will be important when performing

the background estimates, as the rates of W+jets and tt̄ will be extrapolated from control

regions into the signal regions using these variables. There is some evidence for a downward

slope in the m inc
eff variable in the 3-jet region, however.

In the 4-jet region, the numbers of events start to become low in data for more moderate

values of the plotted variables. However, a systematic shift downwards in the SM prediction
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compared to the observed data is present. The background estimation technique for W+jets

and tt̄ employed by this analysis, as described in Section 6.2, involves simultaneously fitting

the rate of W+jets and tt̄ in control regions. Therefore, if this shift remains in the control

regions, one can expect the fit to account for this by modifying the overall normalisation of

the W+jets or tt̄ samples.

The E miss
T distribution falls rapidly in the standard model. This is because in events with

real E miss
T , such as W+jets, the distribution corresponds to the pT of the neutrino, while

events with fake E miss
T such as many multijets events the distribution falls even faster and

only significantly populates the first few bins. SUSY may be manifest in this distribution

by a flattening at high E miss
T values corresponding to the measurement of the energy that

is carried away from the event by the LSP. As both the 3-jet and 4-jet distributions do not

show significant signs of flattening, then there is no clear evidence for signs of new physics.

ThemT distribution peaks close to theW mass as it is essentially measuring the invariant

mass of the W after a transformation into the transverse plane. However, at mT values

greater than the W mass the distribution falls very quickly before flattening in the extreme

tail. Events in the tail of the distribution, in the SM prediction, will mainly be a result of

either the W width or from mismeasurement of the E miss
T or p ℓ

T. New physics signals, such

as SUSY, will tend to over populate the tail of this distribution as the parent particle may

not be a W and so the invariant mass transformation will no longer be valid. There is no

sign of over population in the tail, however, and so there is no clear sign of new physics in

this distribution.

The m inc
eff distribution gives an indication of the total energy in the event. As new physics

generally requires new particles to be produced with masses larger than those present in the

SM, it would be expected that any new physics signals, such as SUSY, will increase the

number of events in the tail of this distribution. Again, these is not a clear significant excess

in the tail of this distribution and so there is no clear sign of new physics.

In summary, it appears that there is good agreement with the SM in all of these distri-

butions and that there are no significant signs of new physics that are manifest in the ways
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that one would expect if a strong new physics signal was present. It should be noted that the

selection cuts applied to these distributions are quite loose and so one would only expect to

see new physics signals with large cross sections compared to the SM in these distributions.

The next part of this thesis will introduce cuts and techniques to improve the sensitivity to

more subtle signs of potential new physics.
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Figure 4.2: Data and MC comparisons for E miss
T for one lepton plus three jets (left) and one

lepton plus four jets (right) selections. The hashed band shows the combined uncertainties
from MC statistics, the jet energy scale and multijets background determination. These
uncertainties are assumed to be fully uncorrelated.
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Figure 4.3: Data and MC comparisons for mT for one lepton plus three jets (left) and one
lepton plus four jets (right) selections. The hashed band shows the combined uncertainties
from MC statistics, the jet energy scale and multijets background determination. These
uncertainties are assumed to be fully uncorrelated.
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eff for one lepton plus three jets (left) and one

lepton plus four jets (right) selections. The hashed band shows the combined uncertainties
from MC statistics, the jet energy scale and multijets background determination. These
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Chapter 5

Search strategy

5.1 Overview

The phenomenology of SUSY is such that it may manifest itself in a variety of different ways,

depending on how nature sets the value of each parameter in the theory. This means that

searches for SUSY at collider experiments tend to analyse particular final states, in which

SUSY-like signals would appear as deviations from the predictions of the SM. The particular

analysis presented here uses signal regions with exactly one high pT electron or muon1. This

makes the analysis sensitive to decays in which the SUSY particles flow through a cascade

that includes a chargino. In order to reflect the environment of the LHC, in which strong

interactions dominate, it is also expected that the decay will be initiated by a squark or

gluino. Therefore, jeDancer obv. ts are expected in the final state. Finally, as this analysis

considers R-parity conserving SUSY, significant E miss
T is expected in the final state in the

form of a pair of LSPs. An example of such a decay is given in Figure 5.1. Using regions in

which such decays may be expected to have large rates relative to the SM allows the search

to be performed by counting events in binned distributions. Deviations in these distributions

from predictions without SUSY contributions may indicate the presence of signal.

1This thesis will generally use the term lepton to mean electron or muon, as taus are not differentiated
from jets in this analysis.
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Figure 5.1: An example of a pair of SUSY cascade decays with one lepton, three jets and
missing transverse momentum in the final state.

There are various SM processes that can produce similar topologies to the signal decays in

this analysis. Most notably top quark pair production andW boson production in association

with jets can give events that look very similar to those expected from SUSY cascades.

These dominant backgrounds are determined using dedicated control samples to constrain

their normalisation in MC simulations relative to the observed data. These normalisations

are then extrapolated to signal enhanced regions using the shape of particular variables in

MC. Additionally, the background from multijet processes, where leptons are either faked

by a jet or the decay of a heavy hadron in a jet produces a high pT lepton, are estimated

directly from the observed data. The backgrounds from subdominant processes are taken

directly from the MC prediction. The background estimation methods used in this analysis

are described in detail in Chapter 6.

In order to extract the expectation of the backgrounds in signal enriched regions, a si-

multaneous fit is performed for all of the control and signal regions. This takes account of

the dominant systematics and their affect on the extrapolation of the background normali-

sations. The shapes of kinematic variables are used in the control regions to better constrain

the effects of systematics and shapes are also used in the signal regions to enhance the sta-
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tistical power for exclusion. The statistical model constructed in this analysis is described

in Chapter 7.

5.2 Signal regions

Kinematic cuts are applied to the data samples in order to discriminate events that have the

characteristics of SUSY cascades from those expected to be common in the SM. The cuts

used in this analysis are identical to those used in [101]. Considering the topology suggested

in Figure 5.1, while maintaining reasonable selection efficiencies, results in the following

selections:

High Emiss
T

: In R-parity conserving SUSY scenarios, the LSP (χ̃0
1) will be stable and so

carry energy away from the event, as it only interacts weakly. Similarly the neutrino

produced in the decay of the chargino (χ̃±
1 ) through aW boson will escape the detector.

A cut of E miss
T > 250 GeV removes events that do not satisfy these criteria;

High mT: Decays of top pairs and singleW bosons that produce one lepton and a neutrino

will tend to have mT of the lepton-E miss
T system (defined in Equation (4.1)) close to,

or below, the W mass at approximately 80 GeV. Using this information, a cut of

mT > 100 GeV can be expected to remove a significant proportion of SM events

corresponding to leptonic W or semi-leptonic2 tt̄ decays;

High m inc
eff

: As SUSY has not been observed by any previous analyses, it is expected that

most of the SUSY partners will be heavy (if they exist). The decay products from a

particle with high mass will tend to be produced at high pT, unless the mass difference

between the SUSY partners is small. In this analysis, cuts of m inc
eff > 1200 GeV and

m inc
eff > 800 GeV are used when setting model-independent limits. In the case of

specific SUSY model exclusion, the shape of m inc
eff is used and no explicit cut is applied.

It should be noted, however, that an implicit cut on this variable is always present

2An event in which a tt̄ pair decays such that one side only produces hadrons, while the other side
produces a lepton, Emiss

T
and a b-jet is said to be semi-leptonic.
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from the object selection detailed in Section 4.4 and any additional E miss
T and p jet

T

requirements;

meff has a significant Emiss
T

component: In order that the E miss
T in an event is predom-

inantly from real sources, such as neutrinos and potentially LSPs, it is required that the

E miss
T forms a significant fraction of the total transverse momentum in the event. Fake

E miss
T can be produced by mis-measurement of physics objects, predominantly jets, as

such mis-measurement would introduce a fake imbalance in the sum of the objects’

momenta in the event. However, the effect of this mis-measurement will be greater for

higher pT objects. Therefore, selections of E miss
T /meff−3 > 0.3 and E miss

T /meff−4 > 0.2

are used to reduce the effects of these mis-measurements. Here, meff−N is defined as

meff−N = E miss
T + p ℓ

T +
N
∑

i

p
jeti
T , (5.1)

where N is the specific number of jets required in the selection.

Two signal regions are used to account for different topologies that have the expected

properties of SUSY cascades. These signal regions correspond to selections with three jets

or at least four jets and are statistically independent so that they may be combined in the

simultaneous fit. The signal regions used for setting model-independent limits are called

h1l3jT and h1l4jT for the three and four jet selections respectively. In this notation the

T denotes a tight selection, meaning that an explicit m inc
eff cut has been applied. Further

selections are used for exclusion, called h1l3j and h1l4j, which are equivalent to the respective

tight selections, but do not apply the explicit m inc
eff cut. The tight selections are summarised

in Table 5.1.

5.3 Signal samples

In the event that this analysis does not observe a significant signal it is possible to set limits

on given models as a function of their free parameters. This is done by generating grids of

signal points on which the exclusion power of the analysis can be tested on a point-by-point
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Cut h1l3jT h1l4jT

Number of signal leptons Exactly 1

Number of pre-selected leptons Exactly 1

Emiss
T [GeV] > 250

mT [GeV] > 100

p
jet {1,2,3}
T [GeV] > {100, 25, 25} > {80, 80, 80}

pjet 4T [GeV] < 80 > 80

Emiss
T /meff−N Emiss

T /meff−3 > 0.3 Emiss
T /meff−4 > 0.2

m inc
eff [GeV] > 1200 > 800

Table 5.1: The selection of the signal enriched regions used in this analysis. These correspond
to tight selections, with an explicit m inc

eff cut. Loose selections will also be used where the
explicit m inc

eff cut is removed. The loose selections are otherwise equivalent to the h1l3jT and
h1l4jT selections, above, and are called h1l3j and h1l4j respectively.

basis. Two classes of SUSY model are tested in this analysis: the MSUGRA model, which

reduces the SUSY parameter space down to five free parameters by requiring the unification

of particle masses and couplings at the GUT scale; and a Simplified Model, which removes

the high energy scale SUSY parameters and adds parameters corresponding to observable

masses and couplings at the TeV scale.

5.3.1 Cross sections and associated uncertainties

The cross sections and relevant uncertainties associated with the SUSY signal points used

in this analysis are calculated with the NLL-fast [117] interpolation tool for models where

the squark and gluino masses are between 200 GeV and 2 TeV (100 GeV and 1 TeV for stop

or sbottom production). Prospino 2.1 [118] is used for all other processes.

Uncertainties arising from the calculation of the cross section can be large when consid-

ering SUSY models, as the potentially high mass of the particles can probe regions of the

PDFs that are not well constrained by current measurements. Therefore, two different sets

of PDFs are used when determining the signal cross sections and their uncertainties. The

PDFs that are used are the CTEQ6.6 [119] and MSTW2008 [120] sets. The factors entering the

uncertainty calculation are:
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Scale uncertainty: One must chose factorisation and renormalisation scales when per-

forming calculations in QCD in order to produce convergent results. The uncertainty

arising from this choice is assessed by calculating the cross section with both the renor-

malisation and factorisation scale set to twice and half of the mean mass of the SUSY

partners produced;

PDF uncertainty: Both the CTEQ6.6 and MSTW2008 PDF sets provide a large number of

uncertainties to cover the various experimental errors associated with the PDFs. Each

uncertainty is considered in turn and found to produce either an upward or downward

variation of the cross section. The uncertainty associated with the PDF is, therefore,

asymmetric and has two components, PDF+ and PDF−. Each of these components

is then calculated as the quadratic sum of the uncertainties that produce positive or

negative variations respectively;

Strong coupling uncertainty: In order to assess the uncertainty on the value of the strong

coupling (αs) used in the cross section calculations, the CTEQ6.6AS [121] variations are

implemented. The uncertainty on αs is taken to be half the difference from each of the

extreme variations of these parameters. Note that this uncertainty only applies to the

cross sections that are calculated using the CTEQ6.6 PDF set.

The total asymmetric uncertainties from the CTEQ6.6 and MSTW2008 PDF sets are then

individually defined as the quadratic sum of the different associated uncertainties

CTEQ+(−) =
√

CTEQ2
PDF+(−) + CTEQ2

scale+(−) + CTEQ2
αs+(−); (5.2)

MSTW+(−) =
√

MSTW2
PDF+(−) +MSTW2

scale+(−). (5.3)

The total cross section and its uncertainty are then calculated by finding the maximum cross

section in the positive direction (σ+) and the minimum cross section in the negative direction

(σ−) between the two PDF sets,
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σ+ = max[CTEQ + CTEQ+,MSTW+MSTW+]; (5.4)

σ− = min[CTEQ− CTEQ−,MSTW −MSTW−]. (5.5)

Using these, the cross section is then the mean,

σ =
σ+ + σ−

2
, (5.6)

and the uncertainty on the cross section is the symmetrised deviation,

∆σ =
σ+ − σ−
σ+ + σ−

. (5.7)

5.3.2 The MSUGRA grid

A common model that is used to test the exclusion power of a SUSY search is MSUGRA.

This model is produced by the requirement of the minimal addition of particles to the known

SM spectrum and the unification of SUSY partner masses and couplings at the GUT scale.

This is performed under the gravity-mediated SUSY breaking scenario and results in five

free parameters3.

The specific model tested in this analysis has three of these parameters fixed, such that

A0 = 0, tan(β) = 10 and µ > 0. The choice of these values is primarily to facilitate

comparisons of analyses between ATLAS and CMS, allowing both experiments to sample

from the same plane in parameter space. It should also be noted that the variation of these

parameters have been shown to have very small effects on the results of analyses similar

to that presented in this thesis [107]. Furthermore, values of high tan(β) tend to affect the

3The free parameters in MSUGRA are: the unified scalar mass (m0); the unified gaugino mass (m1/2);
the trilinear coupling (A0); the ratio of the vacuum expectation values of the two Higgs doublets (tanβ);
and the sign of the higgsino mass parameter (µ).
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SUSY partners of the third generation of SM particles, and dedicated analyses exist to search

for these scenarios.

Having set the parameters as described above the only free parameters that remain arem0

andm1/2. Within this space, a total of 863 points are generated withm0 = {100 : 4260} GeV

and m1/2 = {30 : 750} GeV, with between 10000 and 25000 events at each point. In order to

speed up the process of generating these points only 399 points are generated with the full

ATLAS simulation package [122], while 464 are generated using the ATLFAST2.0 [123] fast

simulation package. The main difference between the full and fast simulations is that the

fast simulation uses a parametrised showering for the calorimeters, while the full simulation

uses a full GEANT4 [97] simulation. Therefore, the fast simulation gives a good approximation

of the full simulation for most events. The distribution of the MSUGRA points across the

grid can be seen on the left side of Figure 5.2.

The mass spectra and branching ratios were generated using ISAJET7.80 [124]. Events

were then generated using HERWIG++2.4.2 [125] with the MRST2007LO* [126] PDF set. In

order to improve the suitability of the selection used in this analysis, events that were found

to contain no coloured particles were removed at event generation stage. The cross section

is plotted as a function of the grid parameter space on the left side of Figure 5.3 and the

distribution of the uncertainty is given on the left side of Figure 5.4.

5.3.3 The Simplified Model grid

In order to set limits on more general SUSY-like models, so called Simplified Models can be

considered. These models only consider one specific decay, with 100% branching ratio, from

a pair of SUSY partners. This scenario reduces the complexity of the model such that the

total cross sections depend only on the masses selected for the initial particles in the decay

chain. It should be noted, however, that the momenta of the SM particles that are produced

in the decay can be low if the selected Simplified Model spectrum has small mass differences

between the SUSY partners. In turn this can make Simplified Models a strong test case for

the sensitivity of an analysis to near-degenerate spectra.
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This analysis will set limits on a Simplified Model where two gluinos are produced. Each

of these gluinos then decay to two jets and the lightest chargino, which is assumed to be

pure Wino. The chargino then decays into a W boson and the LSP, which is assumed to

be the lightest neutralino and pure Bino. All other particles are assumed to be at masses

beyond the direct sensitivity of the LHC experiments4. This results in three free parameters

in the model: the mass of the gluino; the mass of the LSP; and the mass of the chargino. In

the grid considered by this analysis, the mass difference between the chargino and the LSP

is precisely half of the mass difference between the gluino and the LSP. This leaves only the

gluino and LSP masses as the free parameters, and points are generated in this plane as seen

on the right of Figure 5.2.

Events are generated for the Simplified Model grid using MadGraph5v1.3.27 [127], inter-

faced to PYTHIA6 [98] and using the CTEQ6L1 [61] PDF set, with an extra jet in the matrix

element. In order to propagate coloured particles from the matrix element into the hadro-

nisation processes, the MLM matching parameter is chosen to be the minimum of 50 GeV

and the mass of the lightest SUSY partner in the matrix element. The cross sections as a

function of gluino mass for this model are shown on the right side of Figure 5.3 and the

associated uncertainties are show on the right side of Figure 5.4.

4The additional particle masses are set to 4.5 TeV, to be precise.
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Figure 5.2: The distribution of points simulated in the MSUGRA m0-m1/2 plane (left) and
the Simplified Model mg̃-mLSP plane (right). In the MSUGRA grid, no points are generated
in the lower right region as such points do not produce EWSB. Also, the lack of points in
the top left region of the MSUGRA grid is due to the production of a charged LSP.
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Figure 5.3: The cross section of signal points simulated in the MSUGRA m0-m1/2 plane
(left) and the Simplified Model as a function of mg̃ (right). In the MSUGRA grid, no points
are generated in the lower right region as such points do not produce EWSB. Also, the lack
of points in the top left region of the MSUGRA grid is due to the production of a charged
LSP.
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Chapter 6

Background determination

6.1 Multijet backgrounds and the matrix method

The QCD rate at a hadron collider is often large when compared to the rate at which the

events of interest are produced. Therefore, it is impractical to generate sufficient numbers

of MC events to effectively represent processes that produce multiple jets. To account for

this the background contribution from such processes, which primarily include the faking of

leptons by jets and the production of real leptons from the decays of heavy flavour jets, are

determined using the observed data.

Two sets of events are generated, with differing lepton definitions. These datasets are

labelled ‘tight’ and ‘loose’, which apply or remove the ‘Isolation’ criteria given in Tables 4.6

and 4.7. A further ‘loose-not-tight’ sample can be derived that contains the events in the

loose sample that do not contribute to the tight sample.

The efficiency for fake and real leptons to pass the isolation cut (ǫfake and ǫreal respectively)

are then found using dedicated control samples. These efficiencies are used to determine the

number of fake and real leptons that pass this cut (N tight
fake and N tight

real respectively) in some

region of phase space, Ω:

65
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N tight = N tight
fake +N tight

real

= ǫfake(Ω)N
loose
fake + ǫreal(Ω)N

loose
real ; (6.1)

N loose−not−tight = (N loose
fake −N tight

fake ) + (N loose
real −N tight

real )

= (1− ǫfake(Ω))N
loose
fake + (1− ǫreal(Ω))N

loose
real , (6.2)

where N tight and N loose−not−tight are the total number of events in the tight and the loose-

not-tight samples respectively. The efficiencies of the isolation cut for real and fake leptons

are given by:

ǫreal =
N tight

real

N loose
real

; ǫfake =
N tight

fake

N loose
fake

, (6.3)

where N tight
real (fake) are the number of real (fake) leptons that pass the tight selection and

N loose
real (fake) are the number of real (fake) leptons that pass the loose selection.

In order to determine the contamination of fake leptons in the tight lepton selection, the

N tight
fake parameter must be extracted. This can be done by considering that the total number

of events in the loose or tight samples is just the sum of the fake and real events in those

samples. Doing so generates the following matrix equation:









N loose

N tight









=









1/ǫfake 1/ǫreal

1 1

















N tight
fake

N tight
real









. (6.4)

It is now possible solve for N tight
fake by inverting the matrix in Equation (6.4) and noting

that N loose = N loose−not−tight +N tight. Solving for N tight
fake leads to:

N tight
fake =

ǫfake
ǫreal − ǫfake

(

ǫrealN
loose−not−tight − (1− ǫreal)N

tight
)

. (6.5)
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It should be noted that this method is only valid if ǫreal and ǫfake are sufficiently different,

which is the case as shown in the discussion later in this Section.

Using Equation (6.5), N tight
fake can be calculated on an event-by-event basis by considering

whether or not the lepton in the event passes the isolation cut. In the case that ǫreal > ǫfake,

which is true if the isolation cut preferentially selects real leptons rather than fakes, then

an event with a lepton in the loose-not-tight selection picks up a positive weight, while an

event with a lepton in the tight selection picks up a negative weight. If a boolean variable,

δ(tight), is defined such that it has a value of 1 for events with a tight lepton and a value of

0 for events with a loose-not-tight lepton, then these weights can be written as

w tight
fake =

ǫfake
ǫreal − ǫfake

(ǫreal − δ(tight)) . (6.6)

The multijet contribution in each bin is established by histogramming the events in the loose

sample with these weights applied.

The efficiencies required to perform these calculations are derived in separate control

regions. For ǫreal, a selection is applied to events in a sample enhanced in Z → ℓℓ, with

an E miss
T < 30 GeV cut to suppress W+jets. This produces efficiencies of ǫ electronreal = (88 →

94.6)%± 0.2%, and ǫmuon
real = 97%± 0.1%. The value of ǫfake is derived in samples with loose

lepton selections where an additional jet is required in the event. The fake efficiencies are

found to be ǫ electronfake = (11 → 32)% ± 3% and ǫmuon
fake = 23% with a small uncertainty. For

the electron selection, an additional efficiency for events in which a b-tagged jet is present is

derived. The values of these efficiencies are provided in the package [128], which also gives

methods that can be used to derive the event-by-event weights. More information on the

matrix method can be found in [102] and [104].

Uncertainties on this method are taken in two parts: the statistical uncertainty from the

size of the loose sample; and the systematic uncertainty, which includes information on the

accuracy to which the efficiencies can be determined. The statistical uncertainty is defined

as the sum of the squares of the weights for a given bin, whereas the systematic uncertainty
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can be found by propagating the uncertainties on the efficiencies through Equation (6.6).

The distributions of the number of jets with pT > 25 GeV, for a selection with at least

one jet with pT > 50 GeV, E miss
T < 30 GeV and mT < 40 GeV in the electron and muon

channels are shown in Figure 6.1. These cuts are used to select a region that is expected to be

enhanced in multijet events compared to the other backgrounds. From these it can be seen

that the multijets determination technique provides a good agreement, within uncertainties,

between expectation and observation for this particular selection.
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Figure 6.1: The distributions of the number of jets with pT > 25 GeV for a selection
requiring at least one jet with pT > 50 GeV, E miss

T < 30 GeV and mT < 40 GeV in the
electron (left) and muon (right) channels. The hashed band shows the combined uncertainties
from MC statistics, the jet energy scale and the multijets background determination. These
uncertainties are assumed to be fully uncorrelated.

6.2 Dominant electroweak backgrounds

The search for SUSY in this analysis is designed to select events where a lepton is produced

in a decay chain with jets and significant E miss
T . The highest cross section processes that

satisfy these criteria, which are the dominant backgrounds to the search, are the production

of W+jets and top pairs (tt̄). Both of these can have topologies that are very similar to the

desired SUSY signal either by leptonic W decays, semi-leptonic tt̄ decays or fully leptonic

tt̄ decays where one lepton is not identified. Examples of such topologies are shown in
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Figure 6.2. These can be compared to the example signal topology given in Figure 5.1.
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Figure 6.2: Example Feynman diagrams for the production of a leptonically decaying W
boson in association with jets (left) and semi-leptonic top pair production (right).

The total rates of these processes are much lower than those that produce multijets.

This means that it is feasible to produce sufficient numbers of MC events to represent the

expectation in data. However, in order to reduce some contributions from detector effects,

such as the luminosity uncertainty, and to reduce the amount to which the analysis relies

on cross sections derived from theory, the normalisations of these samples are taken from a

pair of control regions and extrapolated to the signal regions. This also, potentially, allows

various uncertainties to be constrained by constructing the statistical model as outlined in

Chapter 7. In order to make use of this feature, the number of jets with pT > 25 GeV is

chosen as the discriminating shape. This jet counting distribution is particularly sensitive

to the separation of Alpgen MC samples into individual numbers of partons and so can

be expected to constrain uncertainties from theory relating to this, which are described in

Section 4.7.

The control region selection criteria for the W+jets enhanced region (WR) and the tt̄

enhanced region (TR) are given in Table 6.1, and are the same as those used in [101]. The

lower cuts on E miss
T and mT remove a large proportion of the multijet background, while the

upper cuts aim to prevent significant contamination from potential signals. This effectively

results in a selection close to the peak of the mT(W ) distribution. The m inc
eff and jet cuts

are used to select a region of phase space that is close to the signal regions, in terms of the
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overall energy scale of the event. A b-tagged jet requirement is used to separate the two

control regions, as tt̄ will generally be produced with two b-jets, and the rate for W+b-jets

is small compared to that of inclusive W+jets production.

Cut WR TR

Number of signal leptons Exactly 1

Number of pre-selected leptons Exactly 1

Number of signal jets At least 3

p jet
T [GeV] > {80, 25, 25}

mT [GeV] 40 < mT < 80

Emiss
T [GeV] 30 < Emiss

T < 120

m inc
eff [GeV] > 400

Number of b-tagged jets in 3 highest pT jets Exactly 0 At least 1

Table 6.1: The selection of the W+jets and tt̄ enhanced control regions (WR and TR
respectively) used in this analysis. Note that all cuts are common to the two regions apart
from the b-tagging requirements.

The distributions of the number of b-tagged jets in the three highest pT jets with the

combined WR and TR selection for the electron and muon channels are shown in Figure 6.3.

Note that the bin with zero b-tagged jets is expected to be dominated by W+jets events,

while the bins with one or more b-tagged jets are expected to predominantly contain tt̄

events.

6.3 Sub-dominant backgrounds

The additional, sub-dominant, backgrounds that are considered in this analysis, namely the

production of Z+jets, single tops and dibosons, are taken directly from their respective MC.

This means that they are not constrained in the fitting procedure and their normalisations

are propagated to all control and signal regions directly.
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Figure 6.3: The distributions of the number of b-tagged jets in the three highest pT jets
for the combined W+jets and tt̄ selections in the electron (left) and muon (right) channels.
The hashed band shows the combined uncertainties from MC statistics, the jet energy scale
and the multijets background determination. These uncertainties are assumed to be fully
uncorrelated.



Chapter 7

Constructing the statistical model

7.1 Introduction

Many analyses in particle physics wish to extract either a measurement of, or a limit on,

the strength of some signal. In particular, searches for signs of new physics, such as SUSY,

require comparisons to be made between predictions of rates expected from SM processes

and the observed data. Particular signal scenarios can also be tested by including predictions

from those scenarios in the statistical model. This poses three important questions:

1. How should the statistical model be constructed?

2. Are the data consistent with a particular theoretical model of new physics?

3. What limits can be set on the rates of any new theoretical model?

The first question will be addressed in this Section, while the tools required to answer the

latter two are covered in Appendices A.3 and A.4, respectively.

Most SUSY searches to date have constructed models based on the number of events

passing a set of cuts, for example [104]. Such analyses use background enhanced regions to

constrain the cross section of particular SM processes and then extrapolate these rates to a

background depleted (but potentially signal enhanced) region.
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The analysis presented here builds on those ideas, but constructs the statistical model

in a very different manner. Rather than just counting events passing particular cuts, this

analysis constructs histograms for a particular observable in that cut region. Each histogram

bin can be thought of as a counting experiment, but the use of histograms allows more

information to be included in the statistical model. In principle, this allows the uncertainties

on certain parameters of the statistical model, the inputs to which are either provided by

groups studying the performance of the detector or by theorists, to be measured as part of

the analysis.

Much of the following is described in detail in [129], but the essential points for building

the model are interpreted here. The notation is defined such that Roman characters cor-

respond to observable quantities, while Greek characters correspond to parameters of the

statistical model.

7.2 The HistFitter framework

To facilitate the construction of the statistical model, this analysis uses the HistFitter [130]

framework, the development of which was a major focus of my work. The model itself is

built using HistFactory [129], which is part of the RooStats [131] package. HistFitter

provides a means to generate the histograms that are fed into HistFactory, in an easily

configured way, and implements statistical tests on the resulting model.

The HistFitter framework provides three major extensions to HistFactory:

• Firstly, it is possible to use ROOT [132] TTree objects as inputs. These objects store

event data in a set of branches for each event. This makes it possible to apply a series

of cuts directly to these branches, rather than having to iterate over the data and apply

the cuts to each event. In applying cuts directly to the branches the calculation time

required to populate the necessary histograms is greatly reduced, compared to iterative

methods. Therefore, users can apply cuts that represent the final stages of analysis,

such as the definition of control and signal regions, without producing prohibitive
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computational times. This in turn allows the user to easily test the application of their

new statistical model on their dataset, with appropriate blinding criteria satisfied. The

execution speed is further increased by tracking the histograms that have already been

generated, so as not to waste CPU time re-generating unnecessary data;

• Secondly, the XML files that are used by HistFactory to set up the statistical model are

written within HistFitter, based on the users input configuration. These XML files can

be reasonably long and complex, in general, and the design of HistFitter attempts

to offset the details of these XML files by interpretting a configuration file, written in

Python. The use of a flexible object-oriented language, such as Python, means that

the code can interpret the objects that the user defines in their configuration as the

neccessary XML sequences without the user needing detailed knowledge of the XML itself.

Furthermore, during the analysis of the user’s configuration, it is possible to further

manipulate the data, such as to perform normalisations and extract floating point

values relating the relative scales of different histograms;

• Thirdly, it provides a simple integration with the statistical analysis tools within

RooStats. The TWorkspace object that is produced as the output of HistFactory

contains detailed information about the statistical model that the user has constructed.

This information must then be passed on to calculation tools in order to extract ex-

plicit information regarding the limits that can be set on the signal strength within the

statistical model, values that quantify the agreement with various hypotheses that are

to be tested, and so on. HistFitter is directly integrated with such calculation tools,

using C++, and allows the user to extract the desired quantified statistical information

from their model without having to implement their own analysis framework or to pass

their model into an additional tool.

As mentioned above, the usage of HistFitter requires the user to write a configuration

file in Python. This uses a set of classes that are provided within HistFitter that are both

designed to approximately mirror the XML schema in HistFactory and perform the necessary

manipulations to the data such as to produce the desired histograms and to extract the
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information required to populate the XML files. This is all managed by a singleton class that

tracks the histograms that have already been generated, so as not to duplicate CPU effort,

and which provides general controls that configure the general properties of the statistical

model, such as what information to initially setup the system to produce the histograms,

and communicate with the other Python objects as well as mediating the interface with the

C++ components.

The objects required to build a configuration file use a class heirarchy structure, down

which information is passed when a new object is added to the statistical model:

• The top level class is TopLevelXML, instances of which can be thought of as inter-

changeable with the statistical model itself. For example, a TopLevelXML object will

represent the background-only hypothesis;

• The next level down is the Measurement class. This provides information like the

parameter of interest to use, if any constraint terms or parameters are to be treated in

special ways. The Measurement object can be thought of as defining specific settings

for the statistical model, which may change for different measurements, in general;

• The third level is the ChannelXML class. This is the point at which the grouping of

parameters in the following Sections becomes apparent. A ChannelXML object will

represent, for example, a control or signal region and will then contain all of the

remaining information to define that channel, or region;

• Next is the Sample class. This is where the operations are performed to configure how

the histograms should be populated for a given sample;

• The Sample class also allows the application of Systematics objects, instances of the

lowest class in the heirarchy and definitions of the different systematics types.

The heirarchy method is very useful for constructing less verbose configuration files. For

example, a list of common samples may be added to the TopLevelXML object and their effect

will be applied to all ChannelXML objects that are known to that TopLevelXML object. It

is also possible to add objects at any level at any time, so a Sample may be added to a



7.3 Event counting and histograms 76

ChannelXML that is already known to a TopLevelXML object, but that Sample would only

be known to the ChannelXML to which it had been assigned. Another useful feature is that

objects can be cloned. This is particularly useful for TopLevelXML objects, as a represen-

tation of a common background-only statistical model can be constructed and then cloned.

The properties necessary to define other statistical models, such as a model-independent

statistical model, can then be added to the new TopLevelXML without having to start again

with adding all of the common definitions.

It is hoped that the details of the information that the user must enter into their config-

uration is relatively intuitive and represents the statistical model in terms of properties that

Physicists will tend to be familiar with, such as systematics, control regions, signal regions,

and so forth. Once the user has constructed their statistical model within the configuration

file, HistFitter is then run by entering a single command line statement, with various inputs

that determine which calculations to perform, such as limit setting and hypothesis testing,

allowing all of the analysis stages from control and signal region population to analysis of

the statistical model to be performed in one step. In addition to these features, HistFitter

can be easily modified to be executed on multiple CPU cores, for example in a batch farm,

by defining scripts that execute the model using unique sets of signal points. This can also

help to speed up the analysis for the user, particularly when processing large grids of signal

points, as is common in SUSY analyses.

7.3 Event counting and histograms

Let us begin the process of building a statistical model by considering a most basic counting

experiment, with one bin for the entire analysis and background expectations that are known

to perfect accuracy. First we will define a set of samples, s ∈ {sig, bkg1, ...}, representing each

of the expected background processes and the signal model that is being tested. Each sample

then has a nominal expected event count (νs). The expected event yield for all background

processes is fixed in the statistical model if we assume that all backgrounds present in the
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data are accounted for and known exactly. However, the number of signal events in the

observed data is not known a priori and so must be allowed to float in the statistical model.

This freedom is included by introducing the signal strength (µ) which gives the yield of the

signal sample in question relative to the theoretically predicted number of events. Using the

information that we have so far, we can write the expected number of events for the signal

plus background model as

ν = µνsig +
∑

s 6=sig

νs. (7.1)

To extend the single bin analysis to an analysis that makes use of a histogram, let us

introduce a set of bins, b ∈ {bin1, ...}. In this notation, the expected histogram is

νb = µνbsig +
∑

s 6=sig

νbs. (7.2)

Now that we have defined our statistical model, we can start to think of how the data will

relate to our expectation. If we only consider a single distribution, producing a particular

observed histogram (nb), then we must find the probability density function (pdf) of our

statistical model. A common choice for the pdf for counting experiments is the Poisson

distribution1. This choice is generally made for analyses that expect a fairly low event count

and for which the probability for an event to occur is low. Such a situation is characterised by

the law of rare events, where a large number of trials are used but the probability of any trial

giving the desired outcome is small, resulting in an intermediate number of expected events.

In this case the Poisson distribution can actually be considered as a limiting case of the

binomial distribution. The Poisson distribution is used in this case rather than the binomial

as it has a simpler function form and only requires knowledge of the expected number of

events, rather than the number of trials and the probability of a trial being a success as is

required when using the binomial distribution. To save space, the Poisson distribution is

1The Poisson distribution is defined such that, for an expected number of events ν, the probability of

observing n events is P(n |ν ) = νne−ν

n! .
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abbreviated to Pois(n |ν ).

When considering a model with multiple bins, we have to account for the fact that

the probability of observing a particular histogram is conditional on all of the bins having

particular values. Therefore, the resulting probability for observing a particular histogram

nb in our current model, given that we expect the histogram νb, is the product of the

probabilities of observing the particular count for each bin

P
(

nb|µ
)

=
∏

b

Pois
(

nb|νb
)

=
∏

b

Pois

(

nb

∣

∣

∣

∣

∣

µνbsig +
∑

s 6=sig

νbs

)

. (7.3)

7.4 Adding uncertainties

So far we have a model with only one free parameter, µ. In reality, we will not know the

nominal statistical model perfectly - there will be uncertainties originating from various

sources. Therefore, we must add further parameters to the model to account for these

uncertainties.

Certain parameters are constrained by previous measurements, which means that they

are free to float but are bounded by some pdf so that the statistical model is penalised if

a constrained parameter moves too far from its expectation. Measurements of calibrations

and efficiencies, as well as theoretical predictions, are known as ‘sources’ and have such

constraints. A particular experiment will measure the values of sources as auxiliary mea-

surements, a ∈ {ai, ..., aN}, with some uncertainty. However, the experiment is only run

once, and future experiments may observe different values of those auxiliary measurements.

Therefore, the true mean values of the sources, α ∈ {α1, ..., αN}, are not known a priori and

they must be extracted from the statistical model. If enough information is included in the

statistical model, then the data can be used to constrain the true value of each α and its

uncertainty (∆α).

Other parameters are ‘unconstrained’, and are allowed to float freely (within some pre-
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defined range).

The types of parameters used in this model are:

NormFactor: These are unconstrained normalisations of the MC samples, denoted φs(α),

relative to the number of events in the input nominal model. The signal strength, µ,

is a special case of such a parameter;

Luminosity: The luminosity, λs, enters the fit with a Gaussian constraint for any sample

that is normalised according to the direct theoretical predictions. In the case of the

nominal fit configuration, this is only the case for the signal sample. For other samples,

the nominal measured luminosity, L0 is used;

OverallSys: These parameters correspond to an overall shift up or down in the normali-

sation of the given histogram, with the symbol ηs(α). An ambiguity is immediately

evident in this situation - when the value of α is changed, what values should η take?

This is solved by defining an interpolation procedure, which says that if α is shifted

within the constraint term, then this is propagated into the value of η by defining

two exponential distributions, one in the positive direction from α = 0 and one in

the negative direction. The values of η are fixed at α = ±1 according to the relative

normalisations calculated from the input histograms, and then the appropriate value

of η can be found for any intermediate value of α;

HistoSys: These parameters correspond to systematics that have an effect on the shape

and overall normalisation of the histogram of interest, and are denoted σsb(α). The

input in this case is a pair of histograms that represent the distribution at one standard

deviation of the source from nominal. There is now a situation where an interpolation

must be used between the nominal and shifted histograms. This is performed by a

bin-by-bin piecewise linear interpolation, where two straight lines are used to extract

the values of σsb(α) on either side of the nominal value. Only one value of α is used

across all of the bins, as each systematic is represented by a single constraint, but each

bin may have a larger or smaller deviation at α = ±1 than its neighbour. Therefore

the shape of the histogram is allowed to change, or ‘morph’ in this process;
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NormHistoSys: As a HistoSys, but normalised according to the ratio between the total

number of events in the statistical model for the shifted histogram to the number of

events in the nominal histogram. In this way the component of uncertainty that affects

the overall cross section that the statistical model is sensitive to is factored out and

included in the normalisation parameters;

ShapeSys: Some parameters in the model will need to be constrained with bin-by-bin

scale factors, γb(α). In this case, a constraint parameter is defined for each bin. The

distribution is therefore allowed to morph but in an independent manner for each bin.

This removes any additional information that may allow the associated systematic to

be changed within the model. An example of such an effect is the uncertainty due to

the MC statistics. These are constrained by either Poisson or Gaussian distributions.

Generally, parameters of the types HistoSys and OverallSys are correlated either between all

samples, as is the case for experimental uncertainties, or between sub-sets of the samples,

for some theoretical uncertainties.

We can now extend Equation (7.2) to find the expected histogram with all uncertainty

parameters included,

νb(φ, α) =
∑

s

λs γb(α) φs ηs(α) σsb(α). (7.4)

We must also modify Equation (7.3) to account for the effect of the uncertainty parameters.

Now that we have parameters that quantify the uncertainties on various sources, we are

concerned with the probability of observing a given histogram in data and a set of auxiliary

measurements, given the sets of unconstrained and constrained parameters in the model,

P(nb, a|φ, α) =
∏

b

Pois(nb|νb) G(L0|λ,∆L)
∏

i

Pi(ai|αi). (7.5)

Where Pi defines the distribution used to constrain αi.
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7.5 Multiple channels

This analysis intends to take information from control and signal regions. Therefore, the

model must be adapted further to account for measurements in multiple channels, c ∈

{chan1, ...}. The final set of expected histograms is then given by

νcb(φ, α) =
∑

s

λcs γcb(α) φs ηcs(α) σcsb(α), (7.6)

and the probability of observing a set of histograms in a set of channels is

P(ncb, a|φ, α) =
∏

c

∏

b∈bc

Pois(ncb|νcb) G(L0|λ,∆L)
∏

i

Pi(ai|αi), (7.7)

where bc corresponds to the bins of the distribution characterising channel c.

Note that in the same way that some uncertainties are correlated across samples, it

is also possible to correlate parameters across channels. This is of particular importance

for the NormFactors affecting the W+jets and tt̄ samples as the normalisation is fitted

simultaneously in the relevant control regions. Therefore, the expected normalisations are

extracted while taking into account various uncertainties, the cross contamination between

W+jets and tt̄ in the two regions and the contamination from other samples. Furthermore, if

the signal regions are included in the simultaneous fit, then these background normalisation

values can be used to constrain the signal strength, µ.

7.6 Nominal model configuration

Now that we have the tools in place to construct an arbitrary model for a multi-channel

shape fit, we can apply this to the one-lepton SUSY search. In this we will have separate

normalisations for all of the SM processes considered, as well as the signal, and parameters

defined for the experimental and theoretical uncertainties discussed in Sections 4.6 and 4.7.
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The configuration of the nominal statistical model is described in Table 7.1. Note that the

uncertainty on the jet energy scale is treated as a ShapeSys as the methods used to estimate

this uncertainty contain implicit correlations, which may be unphysically manipulated if the

uncertainty was treated as a HistoSys.

We should also define the histograms that will be used to constrain the statistical model

in the control and signal regions:

• For the control regions (WR and TR) the number of jets with pT > 25 GeV will be

used. For both of these selections the histograms will use unit binning and count events

with jet counts of 3 through 9. Events which fall in the overflow of this distribution

will not be considered.

• For the loose signal regions (h1l3j and h1l4j) the m inc
eff distribution will be used. In

the case of h1l3j, the histogram used will have six bins covering the range 400 <

m inc
eff [GeV] < 1600, with the final bin also containing events that fall into the overflow.

For h1l4j, the histogram used will have four bins covering the range 800 < m inc
eff [GeV] <

1600, with the final bin also containing events that fall into the overflow.

Using the information above, relating to how the necessary nominal histograms should

be constructed, and the information in Table 7.1, which defines how to treat the different pa-

rameters in the model, an appropriate configuration can be built for input into HistFitter.

An outline of the HistFitter configuration files was given in Section 7.2.
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Parameter Type Samples Channels Constant?

Signal normalisation NormFactor Signal All No

W+jets normalisation NormFactor W+jets All No

tt̄ normalisation NormFactor tt̄ All No

Z+jets normalisation NormFactor Z+jets All Yes

Single top normalisation NormFactor Single top All Yes

Dibosons normalisation NormFactor Dibosons All Yes

Jet energy scale ShapeSys All — No

MC and multijets statistics ShapeSys All — No

W+jets kT scale NormHistoSys W+jets All No

tt̄ kT scale NormHistoSys tt̄ All No

W+jets pmin
T NormHistoSys W+jets CR, SR No

tt̄ pmin
T NormHistoSys tt̄ CR, SR No

Multijets systematic HistoSys Multijets All No

pW
T reweighting HistoSys W+jets All No

Emiss
T cell-out HistoSys All All No

Emiss
T pileup OverallSys All All No

Electron energy scale OverallSys All All No

Electron energy resolution OverallSys All All No

Muon ID resolution OverallSys All All No

Muon MS resolution OverallSys All All No

Trigger efficiency OverallSys All All No

Lepton efficiency OverallSys All All No

b-tagging efficiency OverallSys All WR & TR No

Signal cross section OverallSys Signal All No

Initial state radiation OverallSys Signal All No

Table 7.1: The parameter settings in the nominal fit configuration. Note that ShapeSys
cannot be shared between channels as it forms one independent parameter for each bin in
the statistical model. The pmin

T parameters are implemented in each of the CR and SR
independently.



Chapter 8

Results

8.1 Background-only fit

In order to test the ability of the analysis to constrain the parameters in the model, a

background-only fit is performed, according to the procedures laid out in Appendix A.1. This

uses the W+jets and tt̄ control regions, defined in Table 6.1, to isolate the corresponding

processes. A simultaneous fit to both of these regions is performed to extract the relative

normalisation of the W+jets and tt̄ samples in data relative to their expected normalisation

from MC. Furthermore, this fit is performed using the number of jets with pT > 25 GeV in

these regions, which adds information to the fit that can potentially be used to constrain

uncertainties in the model using the observed data.

After the fit has been performed in the control regions, the resulting values for the

parameters in the model are projected on to other, statistically independent regions of phase

space. If these regions are selected such that the signal contamination is expected to be

rather small, they can be used to check that the extracted parameters are valid in general,

rather than forcing the parameters in one region alone. This is important to allow the result

to be validated, and as such are referred to as validation regions, which are described in

Table 8.1. These attempt to produce selections that are dominated by W+jets or tt̄ events

while being closer in phase space to the signal regions than the control regions. This is

84
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performed by looking at similar selections to the control regions but with high E miss
T . An

additional selection is used to check the extrapolation of the control regions to high mT.

Cut WVR TVR HMTVR

Number of signal leptons Exactly 1

Number of pre-selected leptons Exactly 1

Number of signal jets At least 3

p jet
T [GeV] > {80, 25, 25}

m inc
eff [GeV] > 400

mT [GeV] 40 < mT < 80 > 80

Emiss
T [GeV] 120 < Emiss

T < 250 30 < Emiss
T < 250

Number of b-tagged jets in 3 highest pT jets Exactly 0 At least 1 —

Table 8.1: The selection of the W+jets, tt̄ and high mT validation regions (WVR, TVR and
HMTVR respectively) used in this analysis.

The final stage of the background-only fit involves projecting the parameters that have

been constrained in the control regions on to the signal regions, as defined in Table 5.1.

Clearly this should only be performed once a finalised model configuration has been obtained

as it is at this stage that the first signs of a signal may be expected to revealed.

The complete background-only fit result and correlation matrix are given in Appendix B.1.

8.1.1 Constraining parameters in control regions

The resulting event yields for the individual background processes in the control regions can

be seen in Table 8.2 and the number of jets with pT > 25 GeV in the WR and TR can

also be seen in Figure 8.1. Note that the expected yield of both W+jets and tt̄ events have

been decreased by the fit, relative to the MC input. One should take care when considering

these numbers as it is not only the normalisation factors that affect the yields, the effect of

all of the parameters in the model must be considered. In particular, correlations between

different parameters mean that the uncertainty on the yields for individual samples may be

different from the uncertainty on the overall expected yield.
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Selection WR TR

Observed events 20187 10427

Fitted total SM events 20188.70± 190.71 10425.76± 130.86

Fitted tt̄ events 3829.30± 687.55 8395.17± 521.00

Fitted W+jets events 13501.99± 1363.45 916.14± 231.87

Fitted Z+jets events 824.95± 82.95 46.55± 8.62

Fitted diboson events 119.14± 12.89 14.53± 1.85

Fitted single top events 320.53± 42.36 579.85± 46.33

Fitted multijets events 1592.79± 1287.59 473.52± 468.05

Expected SM events before fit 22182.28 10977.90

MC tt̄ events 4424.76 9038.14

MC W+jets events 14807.29 915.73

MC Z+jets events 835.96 43.18

MC diboson events 120.92 13.59

MC single top events 337.30 560.73

Data-driven multijets events 1656.06 406.53

Table 8.2: SM background yields in the WR and TR control regions. Nominal MC expecta-
tions (normalised to MC cross-sections) are given for comparison. The errors shown are the
statistical plus systematic uncertainties.
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Figure 8.1: The distribution of the number of jets with pT > 25 GeV in the tt̄ (top) and
W+jets control regions before (left) and after (right) the background-only fit has been per-
formed.
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8.1.2 Checking the fit in validation regions

Using the fit result obtained in the previous Section a series of cross checks were performed

to assess the accuracy of the fit in additional regions of phase space before studying the

signal regions. This was done by projecting the fit result onto the regions listed in Table 8.1.

The resulting expected yields from the fit for each sample in each validation region can be

seen in Table 8.3. These show that, even for measurements taken in statistically independent

regions from those used to constrain the fit, good agreement between the fitted yield and

the yield in the observed data is obtained.

This analysis also relies on the extrapolation of the result over variable shapes, so further

cross checks were made that the shapes of certain kinematic variables were also correctly

estimated in these validation regions. The distributions of E miss
T in the WVL1 and TVL1

regions and mT in the HMTV1 can be seen in Figure 8.2. These show good agreement in

all distributions after the fit, when the size of the errors on the background estimate are

considered.
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Selection WVL1 TVL1 HMTVL1

Observed events 5208 2413 34451

Fitted total SM events 5168.34± 1115.10 2547.27± 311.78 33811.55± 4206.86

Fitted tt̄ events 1187.77± 247.07 2125.54± 283.38 13541.30± 1732.62

Fitted W+jets events 3727.77± 1033.75 220.85± 65.38 15891.19± 3114.68

Fitted Z+jets events 54.81± 5.95 2.82± 0.52 1327.53± 82.37

Fitted diboson events 63.92± 7.22 7.13± 1.13 172.74± 11.18

Fitted single top events 118.74± 16.62 177.24± 18.67 1001.29± 61.31

Fitted multijets events 15.33± 85.00 13.69± 52.42 1877.51± 2111.29

Expected SM events before fit 5626.28 2678.48 36484.42

MC tt̄ events 1344.70 2255.24 14897.32

MC W+jets events 4024.07 226.11 17207.99

MC Z+jets events 55.00 2.68 1326.98

MC diboson events 64.21 6.85 172.57

MC single top events 122.97 173.91 1002.06

Data-driven multijets events 15.33 13.69 1877.51

Table 8.3: SM background yields in the WVL1, TVL1 and HMTVL1 validation regions.
Nominal MC expectations (normalised to MC cross-sections) are given for comparison. The
errors shown are the statistical plus systematic uncertainties.
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Figure 8.2: The distribution of the number of jets with pT > 25 GeV in the tt̄ (top), W+jets
(middle) and high mT validation regions before (left) and after (right) the background-only
fit has been performed.
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8.1.3 Searching for new physics in signal regions

With a fit that is under control and validated, we can now look into the signal regions to

search for potential signs of new physics. This is done, initially, by treating the signal region

in the same manner as the validation regions in the previous Section. In doing this, the

parameters that are constrained in the control regions are projected onto the signal regions

and the fitted event yields are extracted for the SM processes. These yields are shown in

Table 8.4. By comparing the fitted total SM yield with the observed yields in all of the loose

and tight signal regions, it is clear that there are no significant excesses seen by this analysis.

Indeed, all signal regions predict greater event yields than are observed. However, the size of

the total error on the background expectation is large and the observed yields are consistent

with the expected yields to within one standard deviation. It is also interesting to note that,

while the h1l4j and h1l4jT regions have similar fitted SM yields, the error is smaller for h1l4j

which is likely to be because this region uses shape information while h1l4jT only considers

the overall yield.

To check that the m inc
eff shape is well determined in the signal regions, the distributions

of m inc
eff are shown in the two loose signal regions in Figure 8.3. In both cases the agreement

between the expectation and observation is improved after the fit. However, it should be

noted that for these results no fitting is performed in the signal regions, only extrapolation

of model parameters. Therefore, we can conclude that, given the measurements of the

dominant background processes in the control regions, there is no discrepant signal shape in

this analysis.

The dominant systematic uncertainties in the signal regions are shown before and after

the fit in Appendix C.
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Selection h1l3j h1l4j h1l3jT h1l4jT

Observed events 82 6 3 6

Fitted total SM events 91.68± 20.40 7.25± 1.87 5.06± 1.89 7.14± 2.59

Fitted tt̄ events 40.15± 8.74 4.75± 1.37 1.37± 0.52 4.75± 1.86

Fitted W+jets events 40.59± 15.63 1.52± 0.52 2.51± 1.19 1.52± 0.62

Fitted Z+jets events 0.41± 0.08 0.00± 0.00 0.09± 0.03 0.00± 0.00

Fitted diboson events 3.25± 0.40 0.11± 0.03 0.33± 0.11 0.11± 0.04

Fitted single top events 5.10± 0.59 0.58± 0.14 0.48± 0.17 0.58± 0.20

Fitted multijets events 2.19± 3.12 0.29± 0.35 0.29± 0.37 0.17± 0.30

Expected SM events before fit 102.21 8.21 5.52 8.10

MC tt̄ events 47.57 5.58 1.63 5.58

MC W+jets events 43.70 1.66 2.71 1.66

MC Z+jets events 0.41 0.00 0.09 0.00

MC diboson events 3.25 0.11 0.33 0.11

MC single top events 5.10 0.58 0.48 0.58

Data-driven multijets events 2.19 0.29 0.29 0.17

Table 8.4: SM background yields in the h1l3j, h1l4j, h1l3jT and h1l4jT signal regions.
Nominal MC expectations (normalised to MC cross-sections) are given for comparison. The
errors shown are the statistical plus systematic uncertainties.
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Figure 8.3: The m inc
eff distribution in the h1l3j (top) and h1l4j (bottom) signal regions before

(left) and after (right) the background-only fit has been performed.
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8.2 Setting model independent limits

Now that the yields in all of the control, validation and signal regions have been checked, and

no signal found, we can investigate the properties of the signals that may still be present

in the analysis, but statistically hidden. This is first performed in a model independent

manner, according to Appendix A.4. A series of hypothesis tests are performed on a dummy

signal, implanted as a single event in the tight signal regions (h1l3jT and h1l4jT). These

hypothesis tests are evaluated under the CLs metric, which is defined as the ratio of the signal

plus background p-value to the background-only p-value. This choice penalises scenarios to

which the analysis has little sensitivity, and so prevents such points from being excluded

through statistical fluctuations. The strength of this dummy signal is allowed to fluctuate

over a range that crosses the 95% CLs limit. Therefore, the point at which the signal strength

crosses this limit is the maximum number of events that are still allowed from any theoretical

model in that region (at the 95% CLs confidence level).

The results of these scans are shown in Figure 8.4. One can interpret these graphs such

that any point on the CLs line that falls below 0.05 is excluded with 95% confidence level

according to CLs. The green and yellow bands give, respectively, the one and two standard

deviation uncertainty bands on the CLs value. Therefore the width of the bands across the

0.05 p-value line give the one and two standard deviation uncertainties on the CLs 95%

confidence level exclusion.

The values of these 95% confidence level results are shown in Table 8.5. In generating

these results 5000 MC toys were produced per each signal strength value that was tested.

The interpretation of these limits in terms of a 95% confidence level limit on the efficiency

times cross section (ǫσ) for any possible theoretical model is also given. Here the efficiency

is defined as the fraction of the total cross section of a process to which the given signal

region is sensitive. The values on the table mean that any model with an ǫσ value greater

than about 1 fb−1 would be excluded at the 95% confidence level by this analysis.

The fit result and correlation matrix for this model configuration are given in Ap-
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pendix B.2.

In order to compare general results with those presented in this thesis, a sample of

efficiencies for the MSUGRA grid are provided in Table 8.6. The statistical uncertainty

on each measurement and the uncertainty from the jet energy scale are also shown for

comparison. Note that the tight signal regions are used in this Section, and the resulting

exclusion may not be comparable with the results presented in the next Section.
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Figure 8.4: The distribution of p-values for the CLs, CLs+b and CLb hypotheses in the h1l3jT
(top) and h1l4jT (bottom) signal regions. In order to avoid false exclusion of models with low
expected signal event yields, the CLs value is considered for model independent exclusion.
All signal yield values where the points lie below the 0.05 line (red) are excluded at 95%
confidence level.
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Signal channel 〈ǫσ〉 95
obs[fb] S 95

obs S 95
exp

h1l3jT 1.04 4.89 6.14+2.45
−1.40

h1l4jT 1.51 7.10 7.57+3.33
−1.74

Table 8.5: 95% CL upper limits on the visible cross-section (〈ǫσ〉 95obs) and on the observed
(S 95

obs) and expected (S 95
exp) number of signal events for the various signal regions.

m0 [GeV] m1/2 [GeV] ǫ(h1l3jT) ǫ(h1l4jT) σ [fb]

340 300 0.0074± 0.0009± 0.0010 0.0107± 0.0010± 0.0022 1150

340 540 0.0184± 0.0014± 0.0010 0.0230± 0.0015± 0.0023 21.8

1060 420 0.0102± 0.0010± 0.0004 0.0515± 0.0023± 0.0031 18.5

1860 480 0.0109± 0.0010± 0.0005 0.0538± 0.0023± 0.0035 1.51

2580 420 0.0022± 0.0004± 0.0007 0.0098± 0.0010± 0.0019 225

Table 8.6: The efficiencies and cross sections for a selection of points from the MSUGRA
grid. The error on the efficiency is shown as the statistical uncertainty and the systematic
uncertainty on the jet energy scale.
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8.3 Exclusion fit

Tests were also performed on specific SUSY models using grids of signal points, according

to the procedures given in Appendix A.3. A hypothesis test is performed at each point on

the grid to extract the CLs value and uncertainty bands. For these tests, the signal strength

is fixed to unit value, as the cross section of the point being tested is known. Therefore,

each signal point corresponds to a single central CLs value and its standard deviation in

the positive and negative directions. Any given point is excluded at 95% confidence level if

CLs < 0.05. Lines are then drawn on the grid to represent the region of excluded points and

the range of the boundary of that region corresponding to a shift of one standard deviation

on the CLs value. This can be interpretted as any point lying within the boundary of the

central value being excluded at least at 95% confidence level, while any point outside this

curve is not excluded. The same arguements apply for the uncertainty range. These results

are produced using the asymptotic approximation.

An example fit result and correlation matrix for the MSUGRA model point with m0 =

580 GeV and m1/2 = 240 GeV is show in Appendix B.3.

8.3.1 The MSUGRA plane

The first specific model that will be tested is MSUGRA, which was described in 5.3.2, and

the CLs exclusion grid is shown in Figure 8.5. This shows an observed exclusion which is

at consistently higher masses compared to the expected exclusion, which corresponds to the

under-fluctuations in data compared to expectations as observed in Table 8.4. In terms of

model parameters, for m1/2 < 300 GeV points with m0 < 3500 GeV are excluded, while for

m0 < 800 GeV points with m1/2 < 500 GeV are excluded. This corresponds to exclusions

of squark masses below about 1100 GeV and gluino masses below about 800 GeV. For

equal squark and gluino masses, points with masses below about 1200 GeV are excluded.

Theoretical limits are reached corresponding to a charged LSP at low m0 and high m1/2,

and a the failure to break electroweak symmetry at high m0 and low m1/2.
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8.3.2 The Simplified Model plane

A Simplified Model has also been studied in this analysis, and was described in Section 5.3.3.

As this grid is represented by a parametrised model, in the sense that the cross sections are

determined by the measurable quantities rather than some underlying physics, it is also of

interest to study the sensitivity of the analysis to a floating cross section at each point. This,

along with the 95% confidence level CLs exclusion contours are shown in Figure 8.6.

The colour gradient represents the cross section at each point that would be excluded

if it could float, much in the same way as the model independent limits were derived in

Section 8.2. From this it can be seen that very low cross sections, down to 20 fb, are

excluded in the bulk of the grid while the cross section must be higher in order to be excluded

in regions where the gluino mass becomes close to the LSP mass, where the excluded cross

section rises towards 100 pb. It should be noted that the generated cross sections fall quickly

as a function of gluino mass, as was shown in Figure 5.3.

In terms of the exclusion contour, gluino masses out to just beyond 900 GeV are excluded

at the 95% confidence level, for low LSP masses. In such scenarios, the phase space available

for the decay products is larger than cases there the LSP mass and the gluino mass are

similar. Therefore the decay products will be produced with more kinetic energy, and so

higher transverse momentum. The analysis presented here applies high pT cuts to the selected

objects and so is most sensitive to these scenarios with large mass differences. Theoretical

scenarios with small mass differences would tend to result in final states with low pT objects,

for which the efficiency of this analysis is small. Therefore, this analysis has little sensitivity

close to the diagonal where mg̃ ∼ mLSP.
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8.4 Improvements due to statistical treatment

Now that the main results of this analysis have been obtained using the statistical model

described in Chapter 7, it is instructive to see what effect the construction of this model has

on the analysis. This can be done by building similar statistical models, but without the

constraints from kinematic shapes in particular selections. Two of such less sophisticated

statistical models are considered: the first uses single bins in all of the control and signal

regions; the second uses the nominal (binned) control regions, with constraints from the

number of jets with pT > 25 GeV, but keeps a single bin for each of the signal regions. The

resulting normalisations of the different samples in the fit for the MSUGRA SUSY model

point with m0 = 580 GeV and m1/2 = 240 GeV are shown in Table 8.7.

From Table 8.7 it can be seen that the nominal configuration gives the most precise

measurement for all of the unconstrained normalisations by up to a factor of two. The

signal normalisation is improved when moving from the single bin signal regions, while the

background normalisations are improved when the single bin control regions are replaced with

kinematic constraints. Throughout this process the central value of all of the normalisation

parameters remain consistent, within errors. It is important to note that the measurement of

the background normalisations is not affected by the choice of a binned or shape-dependent

signal region.

Normalisation Single bin CR & SR Single bin SR Nominal

Signal 0.0± 4.1× 10−2 0.0± 4.8× 10−2 0.0± 2.6× 10−2

W+jets 8.6× 10−1 ± 3.1× 10−1 9.1× 10−1 ± 1.8× 10−1 9.1× 10−1 ± 1.8× 10−1

tt̄ 9.2× 10−1 ± 1.9× 10−1 9.1× 10−1 ± 1.0× 10−1 9.1× 10−1 ± 1.0× 10−1

Table 8.7: Comparison of the resulting normalisation parameters for different statistical
model configurations, defined in the text. The values are shown for a simultaneous fit to the
control and signal regions with the MSUGRA theoretical model point with m0 = 580 GeV
and m1/2 = 240 GeV.
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Chapter 9

Pileup in the ATLAS detector

9.1 Pileup at the LHC

The LHC is the highest luminosity hadron collider that has ever been built, with a maximum

instantaneous luminosity of 2× 1033 cm−2s−1 up to the Summer of 2011. While allowing the

sensitivity of physics studies to increase at a high rate, this also means that processes with

a very large cross section can occur multiple times per BC. Such additional interactions are

termed ‘pileup’ and the effects are classified as in-time and out-of-time.

9.1.1 In-time pileup

In-time pileup effects occur in the same BC as the triggered event. These correspond to the

additional tracks and calorimeter deposits resulting from multiple interactions between the

bunches. Such detector signatures can be reconstructed as jets and so can effect the number

of jets and the number of vertices in an event.

Many ATLAS analyses have jet counting cuts and can be affected if jets from the pileup

interactions are selected. For example, an event that would not have been accepted by the

analysis can pass the event selection by including pileup jets. Similarly, in events that require

an isolated lepton that lepton may overlap with a pileup jet and again the selection efficiency

103
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would be modified due to the additional interactions.

9.1.2 Out-of-time pileup

The finite response time of the ATLAS sub-detectors means that it can be possible for signals

to span more than one BC. This can lead to, for example, changes in the energy scale of jets

from out-of-time deposits in the calorimeters.

9.2 Luminosity measurement with ATLAS

Many aspects of the ATLAS physics program rely on accurate measurement of the luminosity

delivered by the LHC. The luminosity is extracted by ATLAS using dedicated detectors and

algorithms according to [135]. In general, the instantaneous luminosity (L) is given by

L =
〈µ〉nbfr
σinel

, (9.1)

where 〈µ〉 is the average number of inelastic interactions per BC, nb is the number of colliding

bunches, fr corresponds to the machine revolution frequency1, and σinel is the total inelastic

pp cross section.

However, the LHC operates at an energy that has not been previously studied. This

means that σinel is only known from theoretical predictions, at least in the early phases of

ATLAS data-taking. To remove theoretical assumptions in the luminosity calculation, it is

possible to re-define the luminosity in terms of the average number of visible interactions

per BC, 〈µvis〉 ≡ ǫ〈µ〉, and the total visible pp inelastic cross section, σvis
inel ≡ ǫσinel. These

efficiencies cancel when calculating the luminosity, which reduces to

L =
〈µvis〉nbfr
σvis
inel

. (9.2)

1fr = 11.25 kHz at the LHC
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Therefore, σinel can be used as a calibration constant and the luminosity can then be calcu-

lated by determining 〈µvis〉. Measurements of σvis
inel are provided by van der Meer scans [136],

while the measurement of 〈µvis〉 is performed by integrating counts of interactions observed

over a LB.

9.3 Evolution of luminosity and pileup

After the calibrated luminosity has been determined for a given LB it is then possible to esti-

mate the absolute value of 〈µ〉. This requires assuming some value for σinel, which is taken to

be the calculation from PYTHIA6 [98], corresponding to σinel = 71.5 mb. This agrees well with

the measured total inelastic cross section of σinel = 69.4 ± 2.4 (exp.) ± 6.9 (extr.) mb [137].

The 〈µ〉 value can then be found by evaluating

〈µ〉 = Lσinel
nbfr

= 6.36× 10−30cm2s
L
nb

. (9.3)

Note that 〈µ〉 can be extracted in various ways, depending on how nb is defined. If nb is the

total number of interacting BCs, then the average number of interactions per LB and per

BCID (〈µ〉LB,BCID) is obtained. Instead, if nb = 1 and the value of L is measured for a given

BCID, then the average number of interactions per LB (〈µ〉LB) is obtained for that specific

BCID.

Due to continual development of the LHC machine properties, the peak instantaneous

luminosity observed by ATLAS tends to increase with time, see for example [138]. This may

also correspond to an increase in 〈µ〉, depending on the particular changes made to the LHC.

For example, if the luminosity of individual bunches is increased then 〈µ〉 will also increase,

assuming that the number of bunches in the machine remains constant. However, if nb is

increased then 〈µ〉 will decrease, assuming that the total luminosity remains constant, which

would mean decreasing the luminosity per bunch. Some example detector conditions for

Runs during 2010 and 2011 are shown in Table 9.1.
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Run Number Date Lmax(cm−2s−1) nb 〈µ〉max
LB,BCID

167776 28/10/2010 1.81× 1032 348 3.31

179710 15/04/2011 2.30× 1032 214 6.84

186721 02/08/2011 1.96× 1033 1317 9.47

Table 9.1: Typical luminosity dependent properties for a selection of runs in 2010 and
2011 [139].

9.4 Pileup in Monte Carlo

The ATLAS MC simulation includes pileup effects by overlaying a set of minimum bias

events according to the methods described in Section 4.2. This method is sufficient for

analyses that use a stable dataset, in a period where the machine is not active. However,

as was shown in Section 9.3, the pileup conditions in ATLAS tend to change with time. A

given MC production can take months to complete and so it is not efficient to produce a

new set of MC samples every time the pileup conditions change. Therefore, each production

is performed with a nominal setting for the 〈µ〉 distribution. This is used as a sample from

which Poisson distributions can be derived in bins of 〈µ〉 to find the number of pileup events

to use in the overlay. The MC samples can then be reweighted at a later stage such that

the 〈µ〉 distributions agree in data and MC. In this way the correct pileup conditions are

included in the MC and conditions that are not relevant for the data are excluded.

9.4.1 Pileup reweighting

For the 1.04 fb−1 analyses, the pileup conditions in MC were reweighted to mimic data using

the bin-by-bin ratio of the 〈µ〉LB,BCID distrubtion in data to the 〈µ〉 distribution in MC.

These distributions are shown on the left of Figure 9.1. In this process the normalisation

is corrected for the difference in bin widths between data and MC, so that the MC cross

section of the process is recovered after the reweighting procedure is applied. This creates

a lookup table where the necessary pileup weight can be extracted using the MC 〈µ〉 value

used to simulate a given event. The set of weights obtained for the 1.04 fb−1 dataset and

the mc10b production are shown in Table 9.2.
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This technique results in the loss of a large number of MC events, as can be seen from

the large number of zero and close to zero weights that are produced. This can be important

for studies that have low event counts in certain regions and may become limited by the

statistical error due to the low number of events in MC. In order to investigate the effect of the

weights produced in this method, an additional comparison between the 〈µ〉LB distribution

in data and the 〈µ〉 distribution in MC is used in a similar way to the 〈µ〉LB,BCID reweighting.

As can be seen in Figure 9.1, the tail of the 〈µ〉LB distribution in data has entries at higher

values than the 〈µ〉LB,BCID distribution. This produces more non-zero weights but there is

still a significant loss of MC events due to near zero weights. The comparison of the weights

produced in this case are also shown in Table 9.2.
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Figure 9.1: The 〈µ〉LB,BCID (left) and 〈µ〉LB (right) distributions in data compared to the 〈µ〉
distribution in MC. The normalisation in data accounts for the binning in MC.

9.5 Estimating the actual number of interactions

As already mentioned, the number of interactions produced in a given BC is a Poisson

process with mean 〈µ〉. Therefore, it is possible to use the distributions given in Figure 9.1

to estimate the distribution of the actual number of interactions (Nint) for a given dataset.

This is performed by generating a set of Poisson distributions, each with a mean 〈µ〉 and a
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MC 〈µ〉 〈µ〉LB,BCID Weight 〈µ〉LB Weight

1 0.00 0.01

2 0.00 0.27

3 0.26 0.84

4 3.12 3.10

5 4.71 4.38

6 3.17 2.66

7 1.37 1.46

8 0.13 0.47

9 0.00 0.11

10 0.00 0.02

Table 9.2: Weights obtained from the 〈µ〉LB,BCID and 〈µ〉LB pileup reweighting methods for
each MC 〈µ〉 bin.

relative normalisation given by the fraction of luminosity at that 〈µ〉 value. The distribution

of 〈µ〉 is denoted f(〈µ〉). The individual Poisson distributions produced at each value of

〈µ〉 are convolved by addition and renormalised to produce a probability density function,

f(Nint). The function f(Nint) can then be used to find the likelihood of a given event having

a certain number of interactions. Mathematically, this technique corresponds to

f(Nint) =

∑

〈µ〉

{

f(〈µ〉)× 〈µ〉Ninte−〈µ〉

Nint!

}

∑

〈µ〉

f(〈µ〉)
. (9.4)

It is possible to generate f(Nint) in both observed data and MC, where 〈µ〉LB,BCID is

used in the case of data. The corresponding distributions are shown in Figure 9.2 for the

Egamma data stream, using an integrated luminosity of 1.9 fb−1. It is also possible to use

these distributions to reweight the MC samples so that their Nint distributions match the

data estimate, as the exact value of Nint is known in MC. The weights obtained from this

method are shown in Figure 9.2.
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Figure 9.2: The estimated number of interactions in data and MC using an integrated
luminosity of 1.9 fb−1 (left) and the associated weights (right).

9.6 Effects of pileup reweighting on analyses

The reweighting procedures described in Sections 9.4.1 and 9.5 may affect physics analyses

that use MC as each method produces different sets of weights as can be seen in Table 9.2

and Figure 9.2. As a test case, the impact of the choice of reweighting procedure on the

1.04 fb−1 SUSY search with one lepton plus jets and missing transverse momentum [104]

was studied. In this analysis, a W+jets control region (WR) and a tt̄ control region (TR)

were used to estimate the dominant background contributions. These backgrounds were

then extrapolated into loose (L) and tight (T) signal regions.

This study only considers the effect on the regions that require three jets, although four

jet regions were also used in the main analysis. The control and signal regions are defined

in Table 9.3. In the case of the WR and TR, the two regions are separated such that the

WR vetos any b-tagged jets while the TR requires at least one b-tagged jet. An additional

control region is used in this analysis that will be defined as the W+jets plus tt̄ control

region (WR+TR), in which no b-jet selection is applied. The object definitions and event

selection used in this analysis are documented in [104].
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Cut
Signal Regions Control Regions

3jL 3jT WR TR

Number of Leptons Exactly 1

Lepton pT [GeV] > 25(20) for electrons (muons)

Veto lepton pT [GeV] > 20(10) for electrons (muons)

Number of jets ≥ 3

Leading jet pT [GeV] 60 80 60

Subsequent jets pT [GeV] 25 25 25

Number of b-tagged jets - Exactly 0 ≥ 1

∆φ(~p jet
T , ~pmiss

T ) [> 0.2 (mod.π)] for all 3 jets

mT [GeV] > 100 40 < mT < 80

Emiss
T [GeV] > 125 > 240 30 < Emiss

T < 80

Emiss
T /meff > 0.25 > 0.15 -

meff [GeV] > 500 > 600 > 500

Table 9.3: Control region and signal region definitions for the SUSY search with 1 lepton,
jets and E miss

T .

9.6.1 Expected event counts

The expected number of events in each control and signal region for the different reweighting

procedures are shown for the electron channel in Table 9.4 and for the muon channel in

Table 9.5.

Region
Expected Electron Channel Events

〈µ〉LB,BCID Weights 〈µ〉LB Weights Nint Weights

3jWR 664.65± 2.05% 665.22± 1.98% 673.60± 1.69%

3jTR 194.99± 2.91% 194.73± 2.78% 192.13± 2.13%

3jL 87.22± 4.39% 86.79± 4.22% 84.47± 3.56%

3jT 11.77± 13.89% 11.46± 13.46% 10.34± 11.01%

Table 9.4: Expected numbers of events and the associated statistical uncertainty in the
various three jet control and signal regions in the electron channel for each of the pileup
reweighting schemes.

The central values of the expected numbers of events in the different control and signal

regions show only a few percent variation between the different pileup reweighting procedures

in the control regions, with the Nint method giving the largest difference. The effect of the

choice of reweighting procedure is more pronounced in the signal regions, but the statistical
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Region
Expected Muon Channel Events

〈µ〉LB,BCID Weights 〈µ〉LB Weights Nint Weights

3jWR 549.58± 3.09% 548.64± 2.97% 543.36± 2.14%

3jTR 139.74± 3.89% 139.87± 3.75% 141.09± 2.90%

3jL 66.58± 4.83% 67.57± 4.66% 71.09± 3.93%

3jT 8.36± 13.95% 8.57± 13.57% 8.97± 11.71%

Table 9.5: Expected numbers of events and the associated statistical uncertainty in the
various three jet control and signal regions in the muon channel for each of the pileup
reweighting schemes.

uncertainty on the expected number of background events is large, so it is not possible

to draw any clear conclusions. However, the relative uncertainties are very similar for the

〈µ〉LB,BCID and 〈µ〉LB methods but rather smaller for the Nint method. Therefore, the Nint

method may be beneficial for studies that suffer from low numbers of MC events. However,

the 〈µ〉LB and Nint procedures only take into account in-time pileup as they contain no

information linking different BCIDs. This does not seem to be a large effect, as evident from

the small variations in the expected event counts between the different methods.

It should be noted that further corrections are required to account for out-of-time pileup

effects on the calorimeter response. This is included in the calculation of the jet energy scale,

for example, and is not studied in detail here.

9.7 Pileup effects on acceptance

The choice of reweighting procedure is not the only way that pileup can effect the expecta-

tions of such an analysis. Pileup will tend to increase the number of jets in an event. For

analyses that require jet selections this may cause an event to pass these cuts that would

have failed if no pileup was present. The result of this is that the acceptance in certain

kinematic regions may depend on 〈µ〉. In the case of new physics searches, any pileup con-

tamination may be detrimental, as additional events may enter the analysis. If this results

in extra events being accepted into the control regions, then the backgrounds may be over

estimated and new physics signals masked. If, on the other hand, extra events are accepted
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into the signal regions, false positive signals may be produced which are in fact due to pileup

rather than a real new physics process.

The effects of pileup on the acceptance can be studied by considering the distribution of

vertex multiplicity2 (Nvtx). If this distribution is measured using a broad selection and then

compared to a tighter selection, with additional cuts added, any modification in the shape

of the Nvtx distribution may suggest that the acceptance is affected by pileup. Indeed the

ratio of the Nvtx distribution in the tight region to that in the loose region can be thought

of as the acceptance of the analysis as a function of Nvtx. Ideally, an analysis should not be

sensitive to the number of vertices in a given event, as generally analyses are only concerned

with one high pT process per event. Therefore, if the acceptance is not flat as a function

of Nvtx then vertices that are of no interest to the analysis will have an affect on the event

selection. These acceptance distribtions are shown for the WR and TR with the three jet

selection applied in Figure 9.3. The normalisation for the acceptance is taken from the

WR+TR without a jet selection applied.

Clearly, from these distributions, pileup has an effect on the acceptance of the one lepton

SUSY search. However, the effect is no so evident in the TR as for the WR. The lack of Nvtx

dependence on the TR acceptance is likely to be because tt̄ events produce multiple jets in

the high pT process of interest. Therefore, any additional pileup jets may affect the overall

jet multiplicity but will not cause extra events to pass the selection. There is some evidence

for a downward slope in acceptance, which may be due to additional pileup jets overlapping

with the lepton and causing the event to fail the lepton isolation criteria. However, the

acceptance in the TR is still rather consistent with being flat, so this is not likely to be a

large effect.

In the case of the WR, on the other hand, the acceptance depends strongly on the value

of Nvtx. The cross section for W production in association with n jets is much higher than

the cross section for W production with n+1 jets. Therefore, it may be the case that events

with, for example,W production with two associated jets in the high pT process are accepted

2In this analysis, the vertex multiplicity is defined as the number of vertices that have at least two
associated tracks.
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Figure 9.3: The acceptance as a function of Nvtx in the WR (left) and TR (right) for the
electron (top) and muon (bottom) channels with a three jet selection. The normalisation is
obtained from the WR+TR without a jet selection applied.

due to one of the pileup jets passing the necessary cuts.

Note that the high pT process alone is equivalent to the Nvtx = 1 bin and so selections

that are not affected by pileup should have the acceptance of the high pT process in all bins.

9.8 Controlling pileup

Events entering the analysis by accepting pileup jets is clearly not favourable. To remove

these pileup jets, we can consider a variable that compares the transverse momentum of

tracks that are associated with a jet and the highest sum pT vertex (the primary vertex)
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with the total transverse momentum of tracks associated with the jet. This variable is called

the jet vertex fraction, jvf , and is defined for a particular jet as

j jet
vf =

∑

i∈tracks

p i
T(jet && primary vertex)

∑

i∈tracks

p i
T(jet)

. (9.5)
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Figure 9.4: Highest (left) and third highest (right) pT jet jvf distributions in the WR (top)
and TR (bottom) for the electron channel. The hashed band shows the uncertainty on the
background estimate due to MC statistics.

Figure 9.4 gives example distributions of jvf . Clearly this variable is peaked at one for

jets that are fully associated with the primary vertex. It then falls to lower values as jets
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start to contain contributions from tracks that are associated with other vertices. There is

another peak at 0 from jets that have no association with the primary vertex at all. It is

therefore likely that jets with jvf values of one are associated with the high pT process of

interest, while jets with jvf values of zero are pileup jets. The jets with values of jvf between

zero and one have an ambiguous nature and may or may not be due to pileup. However, it

is more likely that jets with lower jvf values are due to pileup, or at least contain significant

contamination from pileup tracks, than those with higher values. The jvf distribution reaches

approximately the same height in the zero and 0.75 bins and so the pileup contribution for

jvf > 0.75 is likely to be low.

There is an additional peak at negative one. This is from jets that have no tracks

associated with them and so the jvf cannot be evaluated. This includes, by definition, all

jets that fall outside the acceptance of the inner tracker, having |η| > 2.5. The 1.04 fb−1 one

lepton SUSY search included jets in the range |η| < 2.8. Therefore, to keep jets that fall

outside of the acceptance of the tracker in the analysis, the cut applied to remove jets from

pileup is |jvf | > 0.75.

This |jvf | > 0.75 cut is only applied to the jets after the overlap criteria, described

in Section 4.4, have been satisfied and the event cleaning has been performed. Jets with

|jvf | > 0.75 are termed ‘signal’ jets and are used to satisfy the jet counting selection and for

the calculation of kinematic variables.

As can be seen in Figure 9.4, the MC over predicts the jvf by up to 40% for values

close to zero when compared to the observed data. Therefore, the MC can be expected to

contain more pileup jets than the data. However, the agreement is generally much better for

values of jvf close to one, which is the jvf value assigned to most jets that enter the event

selection. The meff and E miss
T distributions are shown, before and after the jvf cut is applied,

for events passing the three jet selection in Figure 9.5 to check any potential effects of the

mis-modelling of the jvf distribution at low values. The differences between the meff and

E miss
T distributions before and after the jvf cut is applied are minimal and so it seems to be

a viable method by which the pileup contribution to the analysis may be controlled.
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Figure 9.5: meff (top) and E miss
T (bottom) distributions without (left) and with (right) the

jvf cut applied in the electron channel with a 3 jet selection.

9.8.1 Acceptance with a vertex fraction cut applied

The acceptance of the WR and TR is re-assessed with the |jvf | > 0.75 cut applied in Fig-

ure 9.6. Again, the normalisation is taken from the combined WR+TR without jet cuts.

These distributions are significantly flatter than those in Figure 9.3. This indicates that,

indeed, the effect of pileup on the event selection in these kinematic regions is well controlled

by only including jets with |jvf | > 0.75. In addition to this control on the variation of the

acceptance, it is also important to note that the acceptance remains at about 0.4% in the

WR before and after the |jvf | > 0.75 cut is applied. The TR still shows some evidence for
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a downward trend in acceptance as Nvtx increases. However, the shape of the acceptance

in the TR as a function of Nvtx is similar both with and without the jvf cut applied. This

may indicate that there is some residual pileup effect that is not removed by the jvf cut, for

example jets overlapping with the lepton.
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Figure 9.6: The acceptance as a function of Nvtx in the WR (left) and TR (right) for the
electron (top) and muon (bottom) channels with a three jet selection and the application
of a |jvf | > 0.75 cut on the selected jets.The normalisation is obtained from the WR+TR
without a jet selection applied.



Chapter 10

Monitoring the SCT Tx optical links

10.1 The SCT data acquisition system

Each sub-detector of ATLAS has its own DAQ system, which is used to communicate with

the detector. This can be either controlled by the central ATLAS DAQ, for example during

data-taking, or each sub-detector can have independent control over its own DAQ system,

so that system tests and calibrations can be performed. This Chapter is concerned with the

communication of the SCT DAQ system between crates located away from the detector and

the on-detector components. The SCT DAQ is described in detail in [140].

The SCT, which was introduced in Section 3.4.1, forms the intermediate layer of the

ATLAS ID and is used to track the trajectory of particles before they reach the calorimeter.

There are 4088 on-detector modules, each with 768 strips on each side. This results in over

six million read-out channels. The SCT is made up of four barrel layers and 18 end-cap

discs (nine on each side of the detector). It provides measurements of charged particles in

the range |η| < 2.5.

Being located within 610 mm of the beam pipe means that the SCT must survive in a

harsh radiation environment, while being able to read out physics data efficiently. Over its 10

year operational lifetime, the SCT can expect to receive an ionising dose of 100 kGy Si and a

118



10.1 The SCT data acquisition system 119

non-ionising dose of 2× 1014 1 MeV neutrons/cm2 equivalent. This requires the selection of

specific radiation-hard semiconductor components. Furthermore, the SCT resides in a strong

magnetic field, and any components selected to communicate with the detector must be able

to handle fast signals, provide low electrical noise and have a minimal material budget. For

these reasons, among others, optical electronics devices are used to transmit information to

and from the SCT.

10.1.1 Components of the SCT DAQ

A schematic of the SCT DAQ system is shown in Figure 10.1.
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Figure 10.1: Block diagram of the SCT DAQ hardware showing connections between the
main components. Based on [140].

These various components can be grouped into three main sections, which form a crate.

The SCT DAQ consists of eight crates in total. The components of a single crate are listed

below:

1. The 16 read-out driver (ROD) cards control the on-detector module configuration,

trigger propagation and data formatting. They also provide the means by which the

detector can be monitored and calibrated. Field programmable gate arrays (FPGAs)

are used to perform time critical operations - specifically formatting, building, and

routing the event data. An additional FPGA controls the ROD setup, module con-

figuration and trigger distribution. The FPGAs themselves are configured by digital
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signal processors (DSPs), each ROD having one “master” (MDSP) and four “slaves”

(SDSPs). Once configured, the FPGAs handle the data independently.

2. The 16 back of crate (BOC) cards provide the communication path between the off-

detector hardware and the detector modules. They distribute the trigger, clock and

control to the on-detector modules via an optical transmission path (Tx) and also

receive data from the on-detector modules via an optical reception path (Rx). The

BOCs are also used to send event data, received from the on-detector modules, to the

ROD for formatting and then transmits this formatted data onward to the ATLAS

central DAQ.

3. Timing, trigger and control (TTC) interface modules (TIMs) interface the clock and

trigger signals from the ATLAS central TTC system with the RODs and associated

BOCs. This provides synchronisation with the ATLAS 40 MHz clock which, in turn,

is synchronised with the LHC 40 MHz clock. However, the phase of the LHC clock

may have shifted by the time it reaches the SCT and so the readout must be tuned

to maximise efficiency. The TIMs also allow the ATLAS central DAQ to control the

triggers used and to configure the system, for example by setting up the detector to

measure physics information. If a ROD becomes busy and unable to process informa-

tion at the necessary rate, the TIM will request that the central DAQ stops sending

triggers to that ROD.

10.1.2 Data transmission

Information is sent to and from the on-detector modules using optical links, these are gen-

erally termed Tx and Rx links, respectively. A summary of the optical system is given in

Figure 10.2.

For the Tx, which this Chapter focuses on, the electronic data from the TTC is converted

to optical light by driving an array of 12 vertical cavity surface emission lasers (VCSELs).

Each VCSEL is coupled to an optical fibre, down which the signal travels. The light is

converted back into an electrical signal by one p-i-n (PIN) diode per on-detector module
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Figure 10.2: Schematic of the ATLAS SCT optical links system architecture. The top half
corresponds to the Rx pathway while the bottom corresponds to the Tx pathway. Based
on [141].

and separated into the 40 MHz clock and the 40 Mbit/s control data stream. If a link fails

it is possible to re-route the data between adjacent modules, so that the system can still

operate in the limit of few optical failures. This redundancy has limitations from the SCT

geometry and cannot operate if adjacent links fail. If a link cannot be recovered it is possible

to replace the corresponding VCSEL array in the BOC, when access to the counting room

is allowed.

The Rx system consists of two VCSELs per module, each usually corresponding to one

side of the on-detector module. The light is passed down an optical fibre, and received by

an array of 12 PIN diodes on a given BOC card. The electrical signal produced by these

diodes is interpreted and sent to the ROD for formatting. A redundancy system also exists

for the Rx such that in the case of one link failing on a module the data from both sides can

be read out of the working link.

10.2 Motivation for monitoring the optical system

It is clear that a functional optical communication system is vital to the operation of the SCT.

However, numerous link failures were identified soon after installation. These corresponded
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to, for example, fibre breaks during assembly and electrostatic discharge (ESD) damage to

the VCSELs during production. The effects of ESD damage may not be immediate. For this

reason, and to check that there are no other long term effects that may be dangerous to the

system, it is wise to monitor any changes in the system over time.

It is possible to monitor both the Rx and Tx systems, however this study will only show

the case of the Tx system. This is because it turns out that the Tx failure rates are much

higher than the Rx and it is possible to replace failed Tx VCSEL arrays.

10.3 Monitoring the SCT Tx system

The monitoring of the Tx system is based on measurements of the current produced by

the PIN diode (IPIN) for each Tx link. These values can be accessed from the detector

control system (DCS) database, which is regularly updated. This section will begin by

describing the methods used to access the IPIN values and the general form of the IPIN

distribution. These IPIN distributions will be used to give a convenient definition of a failed

link. The global evolution of the system, individual channels and the failure rates will then

be studied. Statistical analysis of the failure rates will be used to predict the mean time to

failure (MTTF) that would be expected for any given link. Finally a search for correlations

between environmental conditions and the failures will be undertaken.

Studies are shown for the period September 18th 2009 to October 14th 2010 as the VCSEL

array replacement rate over this time is low. Further studies would be required to separate

old and new arrays for more recent scans. However, there is enough information in scans

over this period to draw some interesting conclusions.

10.3.1 Extracting the PIN currents

The IPIN values are accessed daily from the DCS database. As the values are updated

throughout the day, it is necessary to chose how to extract the IPIN in the most meaningful
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way. The maximum IPIN for the day is used in order to prevent any false errors being picked

up by the system being temporary turned off.

Before any further analysis, the IPIN must be corrected for the base-line current across the

diode. This is measured by a reference scan, performed in September 2009, with the diodes

powered but without light incident on them. These reference values, known as pedestal

currents (Iped), are subtracted from the measured IPIN. This allows a threshold cut to be

used to define failures. Without the Iped subtraction, failed links could be misidentified as

functional. The distributions of Iped, IPIN and Iped − IPIN are shown in Figure 10.3 for the

scan taken on October 13th 2010.
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Figure 10.3: The Iped, IPIN and IPIN − Iped distributions for the scan taken on October 13th

2010. Points to the left of the red line, in the range IPIN− Iped < 0.05 mA, would be defined
as potential failures.
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10.3.2 Defining a failure

This distribution of IPIN − Iped in Figure 10.3 shows a clear peak around zero, which can be

expected to contain failed links. Using the daily structure of IPIN−Iped, a well placed cut can

be used to define a population of links with IPIN < 0.05 mA as failed links. This covers all

of the peak population close to zero and some of the associated tail, to avoid false-negative

conclusions. Any true failures will be consistently in this population. Therefore, if a link

drops into this population but leaves the population at some later time, then that link may

have low light levels and fluctuate into the failure populations but otherwise be a working

link. If the link remains in the failure population, then a strong case can be put forward

that a consistently failed link is actually terminal.

10.3.3 Global evolution

Now that it is possible to monitor the daily IPIN−Iped distribution, comparisons can be made

between distributions over many days. This will eventually provide a system for the long

term monitoring of the optical links. One interesting distribution to consider is the evolution

of the mean IPIN − Iped (〈IPIN − Iped〉) over time. This shows the overall performance of the

system and can be used to monitor any global changes such as the SCT being turned off or

any power surges. An example of a long term 〈IPIN − Iped〉 monitoring plot can be seen in

Figure 10.4.

At early dates, up until the start of 2010, the 〈IPIN−Iped〉 rises from 0.33 mA to 0.42 mA.

This is likely to be related to darkening of high order transverse modes of the VCSELs. As

the total power output is constant, then the darkening of these modes results in more power

being available for lower order modes, which have better coupling to the optical fibre, hence

the light received by the PIN diode gets brighter over time.

The clear gap between 2009 and 2010 corresponds to the winter shutdown, over which

the entire SCT system was turned off. There are also shorter periods where the DAQ system

was off and the 〈IPIN − Iped〉 drops to zero.
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Figure 10.4: The long term 〈IPIN − Iped〉 between September 18th 2009 and October 14th

2010.

Small spikes exist throughout the distribution, corresponding to days when calibration

scans were performed. During such scans the optimal settings for the DAQ system are

investigated, involving tuning the driving current of the VSCELs to optimise gain and noise.

It is therefore probable that the intensity of the light sent down the fibre is temporarily

increased. This is not a problem for the monitoring system as any failed channels will

remain with an IPIN − Iped value close to zero despite these scans. There is one large spike

in September 2010 that corresponds to a power surge in ATLAS.

The final feature of note is the gradual decrease during 2010. It is likely that the increasing

number of dead channels in the system contributes to this, in the case where a significant

number of failures are present. If the IPIN−Iped drops close to zero for enough links then the

〈IPIN − Iped〉 could be significantly decreased. This is exacerbated when VCSEL arrays are

replaced, as the whole set of 12 new VCSELs will tend to be installed with low IPIN values,

before going through the brightening phase.



10.3 Monitoring the SCT Tx system 126

10.3.4 Evolution of individual channels

As well as monitoring the system as a whole, it is interesting to look at the evolution of

particular links. Any features that occur in the global distributions can be verified against

these individual channel distributions. Example distributions without a failure can be seen

in Figure 10.5, while distributions that contain a failure are shown in Figure 10.6.

It is clear from these plots that categorising optical links is not an easy task. Taking the

distributions without failures, in Figure 10.5 as an example, some links are rather stable,

such as 20220170200240. Other links, such as 20220270300177 and 20220330200009 show

evidence for brightening but not darkening, while 20220130000654 and 20220240100538 go

through phases of both brightening and darkening. It should also be noted that, while all of

the links in Figure 10.5 show no signs of failure themselves, they can be affected by VCSEL

array replacements. For example 20220270300078 shows a sudden drop in IPIN in late July,

which is likely to correspond to a replacement. As many models go through brightening

phases, it is likely that a replacement VCSEL will tend to have lower IPIN values than the

original VCSEL.

The brightening phase could explain the global rise in 〈IPIN − Iped〉 for early times in

Figure 10.4. Similarly, the darkening phase seen by some modules and the fact that re-

placements tend to have lower IPIN could explain, at least in part, the decrease in global

〈IPIN − Iped〉 at later times.

The most interesting potential categorisation would be to find modules that show signs of

pre-failure. In certain failure scenarios, a pre-failure darkening may be expected, for example.

However, from Figure 10.6, there are no clear signs that may be used to predict the failure

of a given link. Some links, like 20220380200091 and 20220270300055 brighten and then go

through a stable phase before suddenly failing. Other links, such as 20220330200680 and

202202810100025 do show some darkening, but not in a consistent manner that could be used

to predict the failure, particularly when compared to links with no failures in Figure 10.5.

Finally, some links that fail show erratic behaviour, as is the case for 20220990291319 and
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20220270300241, but it is unclear if this can be associated with the failure of a particular

link.

10.3.5 Failure rates

The monitoring of the rate at which optical links fail is clearly an important factor in the

long term maintenance of the system. It is possible to use the threshold failure definition to

find the number of failed links on each day. These daily failures can be combined into a rate

monitoring method, either by looking at the number of failures per some period of time or

by the cumulative number of failures. The failure rate per week is shown in Figure 10.7.
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Figure 10.7: The optical link failure rate per week between September 18th 2009 and October
14th 2010.

From the evolution of the failure rate it is clear that the SCT Tx system has gone through

two different phases over this period of time. Throughout 2009 and early 2010 the system

was quite stable, with very few failures. However, from May 2010 the failure rate began to

increase at a considerable rate. Over the course of the following three months the failure
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rate peaked at 20 links per week. This is clearly not a sustainable rate for a system of 4088

links that is expected to be in operation for the most part of 10 years. Fortunately the

redundancy system can operate to reduce the stress from these failures in the short term.

In addition to this, a long term phase of replacement of arrays, in which links that could

no longer use the redundancy were present, was established. However, this is an expensive

process and relies on enough replacement arrays being available. Therefore, it is of interest

to know how the failure rates are expected to evolve.

The long term evolution of the failure rates can be monitored by the cumulative number

of deaths observed in the system. This is only trivially valid for periods where the number

of replacements are small, as introducing new modules will affect the observed shape of this

distribution and so change the predicted lifetime of the modules. The period discussed in

this Chapter is chosen for that particular reason and so replacement rate is sufficiently small

for replacements to be a negligible effect. In the future it must be monitored by splitting

the failures into individual streams according to the type of array installed.

Predicting the long term failure rate requires implementing some model that can be used

to describe the failure process. The cumulative number of failures of the system is considered

over time and is represented by a log-normal distribution. The log-normal distribution is a

common choice for analysing VCSEL lifetime data, for example [142], as it has emprically

been seen to give a good description of the data in such studies. This assumes that the

total number of failures is sufficiently large to constrain the input log-normal distribution.

The log-normal pdf is related to the normal distribution by a transform of variables onto

logarithmic coordinates and is given by

f(x|µ, σ) = 1

xσ
√
2π
e−

(ln(x)−µ)2

2σ2 ; x > 0, (10.1)

where µ is known as the location parameter and σ is the scale parameter. These are related

to the mean and standard deviation, here referred to as m and s for ease of notation, by
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m = eµ+σ2/2; (10.2)

s =
√

(eσ2 − 1)e2µ+σ2 . (10.3)

The parameters of the log-normal model describing the individual link failures can be

extracted by fitting the model to the observed cumulative distribution of failures. This

requires knowing the cumulative distribution of failures expected if the probability of each

link failure is described by a log-normal distribution. The log-normal cumulative distribution

is given by

F (x|µ, σ) = N

2
erfc

[

− ln(x)− µ

σ
√
2

]

, (10.4)

where N is the number of links in the SCT and erfc defines the complementary error function

erfc[x] =
2√
π

∫ ∞

x

e−t2dt. (10.5)

The observed cumulative distribution and the result of the fit are shown in Figure 10.8.

This also gives the projected cumulative distribution of the Tx link failures in the case where

the redundancy works for all failures and no replacements are required. Note that these

assumptions mean that, in reality, the failure rate will deviate from this prediction when new

VCSEL arrays are introduced into the system. In any case, it is interesting to find how long

a given module can be expected to be used before it will fail. To remove the discontinuities

from shut down periods the cumulative distribution only includes measurements from days

where the SCT was active.

The fit result corresponds to a MTTF for a given module of approximately 650 active

days, with a standard deviation of 164 days. These values indicate that a large proportion of

the links will need to be replaced within two years of active running. The SCT is expected
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Figure 10.8: The cumulative link failures between September 18th 2009 and October 14th

2010 (left) and the projection of the fit for 2000 days of active running (right).

to run for up to 10 years, with occasional periods of shut down during that time. Therefore,

it is clear that preparations should be made for a large scale replacement of the off-detector

VCSEL arrays. Note that each array consists of 12 links and so the current population of

VCSELs will be rapidly depleted.

In order to make well informed decisions relating to the production of replacement VC-

SELs it was important to know if there were any clear causes of the failures. This was

investigated by searching for correlations between the environment and the failure rates of

the links.

10.3.6 Locations of the failures

One potential source of correlations between link failures is the locations in which they have

been installed. Any positive correlations between location and failure may point towards an

environmental cause. It is also of interest to consider the batches in which the VCSELs were

produced. A correlation in batch between failures may indicate that the cause of the failures

originates in their production. Due to the SCT geometry, different numbers of VCSELs can

be active on a given array. Correlations between the number of active channels on an array

may give indications towards problems in the operation of the VCSELs that may contribute

towards the failures.
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A set of different hypothesis tests were performed in order to search for these correla-

tions. These hypothesis tests looked for correlations due to on-detector location, off-detector

crate location, production batch and number of active channels on the array. Quantitative

evaluation of the correlations were performed by defining a null hypothesis of flat channel

failure probability. This hypothesis was tested using a χ2 method, which involves predicting

the χ2 pdf corresponding to the difference between the hypothesised model and the observed

distribution of failures. The χ2 value for a given histogram involves calculating the sum of

deviations over bins

χ2 =
∑

i∈bins

(

ni − νi
σi

)2

, (10.6)

where the index i gives the location of the bin, ni is the observed number of failures in that

bin, νi is the predicted number of failures in that bin and σi is the error on the prediction

in that bin. The value of νi is determined by the number of channels in a given location

scaled by the fraction of the total number of powered links that have failed in the system.

The error on this is assumed to be Poisson distributed, such that σi =
√
νi. The p-value is

extracted for each hypothesis according to the χ2 distribution expected for the number of

degrees of freedom of that particular hypothesis.

The observed failure rates and corresponding predictions for each of these tests are given

in Figure 10.9.

None of the tested distributions have large p-values, and so the even failure rate hypothesis

is rejected. This means that the failures are not evenly distributed throughout the system and

as such it is likely that there is some affect that depends on location that contributes to the

failure rates. These results imply that the evolution of failure rates, predicted in Figure 10.8,

samples failures from more than one population of links. These different populations will have

different failure rates and so have different mean failure times. Also, it appears that there

may be some underlying cause to the failures. However, it is hard to say conclusively that

any particular scenario contributes exclusively to the link failures. Each distribution shows
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Figure 10.9: Failure rates as functions of on-detector location (top-left), off-detector crate
location (top-right), production batch (bottom-left) and number of active channels on the
array (bottom left). The rates are measured between September 18th 2009 and October 14th

2010.

a small p-value, and many distributions are correlated by eg. the mapping of off-detector

crates to on-detector modules. An important hint, which can be investigated further, is that

the end-cap crates (4, 5, 6 and 7) tend to have experienced more failures than predicted,

while the barrel crates (0, 1, 2 and 3) have experienced fewer than expected. Measuring

other quantities that change according to crate location may result in a positive correlation.

10.3.7 Humidity effects

One example of an environmental condition that may vary from crate to crate is the humidity.

To investigate if this is a potential contributing factor to the failure rates, hand-held humidity

probes were used to measure the relative amount of moisture in the air at each crate. The

results from these measurements taken close to the VCSEL arrays can be seen in Figure 10.10.
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Figure 10.10: The optical link failure rate per crate with the measured humidity at the back
of the crate for October 6th 2010.

This indicates that crates that have higher failure rates also have higher humidity, by

two to three per cent. Humidity damage may cause dark lines to form due to depletion of

the Ga in the GaAs layers within the VCSELs. These can grow and may cause the VCSEL

to fail [143]. As a result of this apparent correlation between humidity and failure rate,

new productions of VCSELs that were installed from the Summer of 2011 have humidity

protection.
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Chapter 11

Conclusions

11.1 Conclusions of the search for supersymmetry

The SUSY search presented in this thesis showed that it is possible to gain better precision

in a SUSY search by building the statistical model using binned kinematic shape information

in a set of control and signal regions. This statistical model was used to constrain nuisance

parameters and extract the signal strength for either particular theoretical models or in a

model-independent sense. The control regions were selected in such a way that the dominant

processes were either W+jets or tt̄, which allowed these backgrounds to be estimated in a

partially data-driven manner. The results of these background estimates were then used to

constrain the expected number of events in the signal regions.

Limits were set at the 95% confidence level by using a profile log-likelihood ratio test

statistic and the CLs metric. Two grids of signal points were considered.

In the MSUGRA case, regions of the slice in parameter space (tan β = 10, A0 = 0, µ > 0)

considered with mq̃ = mg̃ < 1200 GeV were found to be excluded. For the grid as a whole,

squark masses below 1100 GeV and gluino masses below 800 GeV are excluded.

For the Simplified SUSY Model, gluino masses below 900 GeV are excluded for LSP

masses below 250 GeV. Low cross sections, down to 20 fb, are excluded in the bulk of the
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grid while large cross sections, above 100 pb, are required to exclude points where the LSP

mass is close to the gluino mass.

Model-independent limits were also set. These found that any theoretical model with an

observable cross section of 〈ǫσ〉 > 1 fb is excluded at the 95% confidence level in the tight

signal regions, with explicit m inc
eff cuts.

11.1.1 Context of results

Various results from ATLAS and CMS were released for their full 2011 datasets. The results

from the official ATLAS one lepton analysis [101], in which the author participated, as well

as those presented in this thesis, improved dramatically on the results of mid-2011 [107]. Of

course a large reason for this improvement is the increased size of the dataset, but it is also

interesting to compare the improvement with respect to the other SUSY analyses.

The analysis presented in this thesis excludes comparable, but slightly lower, values of

m1/2 with respect to the ATLAS analyses with no leptons with many jets [144] and no

leptons with moderate jet selections [145] at high m0 in the MSUGRA grid. However, the

analysis in this thesis excludes higher values of m1/2 at low m0 when compared to the no

lepton with multiple jets search. The analysis with no leptons and moderate jet selections

excludes larger values of m1/2 than the analysis presented in this thesis.

The CMS collaboration released three SUSY searches with one lepton and jets in the

final state for their full 2011 dataset: a neural network based analysis [146]; a template

based analysis [147]; and an analysis that uses the lepton spectrum and lepton projection

methods [148]. The analysis presented in this thesis performs similarly or better than all of

the CMS analyses at values of m0 < 1600 GeV for both expected and observed limits on

m1/2. At values of m0 above 1600 GeV, the analysis presented here excludes higher values

of m1/2 than all of the individual CMS analyses with one lepton and jets in the final state.

Squark and gluino masses at around 1 TeV are being probed by SUSY searches at the

LHC. This makes it particularly hard to create a natural SUSY model as a minimal ex-
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tension to the SM while fulfilling the role of the Higgs in EWSB. So called ‘naturalness’

arguments insist that if the amount of fine-tuning of the SUSY parameters is required to

be low, then SUSY can be expected to exist only in particular regions of parameter space,

see for example [149]. Taking the most likely values of the Higgs mass into account, the

favoured LSP has a small higgsino component and the squarks are heavy. This corresponds

to MSUGRA points with m0 > 2000 GeV and m1/2 > 250 GeV. Current experimental limits

from the LHC enter into this region but do not cover all points. However, DM searches using

underground experiments to measure the DM-nucleon cross section also exclude points in

this favoured region. This means that the favoured parameter space for SUSY has already

been squeezed, though anticipated increases in the luminosity and energy of the LHC are

required to probe much of the remaining phenomenologically interesting space.

11.1.2 Potential extensions

The analysis presented in this thesis considered high pT electrons and muons. This was

mostly driven by requirements of using a leptonic trigger. However, high pT requirements

on objects mean that the analysis loses efficiency for scenarios where the mass differences

of SUSY particles in the cascades are small. For this reason, the Simplified SUSY Model

results presented here are much more sensitive to the bulk of parameter space than to the

diagonal with mLSP ∼ mg̃. One possible way of increasing sensitivity towards the diagonal

is to include low pT lepton acceptance by, for example, using a E miss
T trigger. Additional

control and signal regions can be added to the simultaneous fit in this analysis to broaden

sensitivity. A low pT lepton study was included in [101] and was indeed found to have

increased sensitivity towards the diagonal.

Another extension would be to include additional leptonic regions. For example, if two

leptons are included then a control region can be formed for the Z+jets background estimate

and the pZ
T spectrum can be measured. The inclusion of binned information from the pZ

T

spectrum could remove the requirement of the pW
T reweighting scheme that was used in this

analysis. This would also allow further regions of signal parameter space to be explored by
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increasing sensitivity to theoretical models with neutralinos in the cascade.

In generating the analysis for this thesis, and for the official single lepton ATLAS SUSY

search, a tool for generating and analysing generic binned statistical models was created.

This means that future ATLAS analyses will be able to easily implement the shape-based

analysis that this thesis has demonstrated.

11.2 Conclusions of the pileup study

A study was presented that investigated the effects of pileup on the 1.04 fb−1 ATLAS SUSY

search with one lepton. Two aspects of these effects were looked into. The first effect resulted

from the need to reweight the number of interactions in the MC samples to the distribution of

the number of interactions observed in data. The direct effect of the additional interactions

on the selections involved in the analysis was also studied.

It was shown that pre-simulation of the number of interactions requires a reweighting

function to be applied to the MC samples after the final observed dataset has been produced.

This reweighting function has a large number of zero weights, which means that a large

proportion of MC events are thrown away - increasing the statistical uncertainty from the

MC samples. The Nint reweighting scheme was introduced as a means of estimating the

actual number of events in each event by convoluting a set of Poisson distributions with mean

values given by the 〈µ〉LB,BCID in each bin. The Nint scheme showed the lowest statistical

uncertainty, with only a small effect on the central value of the expected number of events.

The direct impact of pileup on the analysis was assessed by considering how the accep-

tance changed with the number of vertices in theW+jets an tt̄ control regions. It was shown

that the original jet definition resulted in an increasing acceptance with number of vertices

in the W+jets control region, while the tt̄ control region was rather flat. The increasing

acceptance in the W+jets control region was attributed to additional events passing the jet

selection as jets from pileup were being counted. The jet vertex fraction was introduced to

assign jets to be from pileup if less than 75% of their track pT was from the highest sum pT
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vertex. By applying this jet vertex fraction cut to the jets in the final stage of the analysis

it was shown that the rise in acceptance in the W+jets control region could be controlled.

11.3 Conclusions of the optical links monitoring

In order for ATLAS to produce high quality results it is necessary to maintain good per-

formance for all of the component detectors. This involves monitoring the performance of

the ability of these detectors to communicate information to and from the detector. In the

case of the SCT this communication is performed by converting electrical signals into light,

sending the light down a fibre, and then converting the light back to an electrical signal.

The results of the monitoring of this system were presented, based on a search for failures

of these links. It was shown that a population of failed links could be found by counting links

that fell below a threshold of IPIN − Iped < 0.05 mA. This threshold was used to identify

failed links and the time that they failed. By accumulating information about these failures

over time it was then possible to investigate the evolution of these failures. The future failure

rate was predicted by performing a fit to a log-normal distribution and the mean time to

failure was found to be about 650 days for a given link. This meant that a large number

of links would have to be replaced in the relatively short term, compared to the expected

lifetime of the SCT.

An investigation was then performed to search for correlations between the failures and

their environment. Initially a statistical test was performed against a hypothesis of equal

failure likelihood across all links in the system. This was found to be an unlikely scenario

for the failures, which was interpreted as there being some environmental dependence of the

failure rates. By measuring the humidity in different regions of the off-detector components

of the SCT, a reasonable correlation between distribution of failures and the humidity was

observed. Therefore, future productions of the lasers that send light to the on-detector

modules will be made with humidity protection.
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Appendix A

Statistical techniques

A.1 Performing the fit

Having constructed the desired statistical model, for example as described in Chapter 7,

the initial fit is then performed within RooFit [150]. This fit maximises the likelihood cor-

responding to the probability constructed in Equation (7.7). The likelihood has the same

functional form as Equation (7.7), but rather than asking ‘If I fix the statistical model pa-

rameters to certain values, at what rate in a set of experiments will I measure this particular

histogram’ we ask ‘If I observe this particular histogram, what are the set of statistcal model

parameters that are most likely to reproduce my result’. This is equivalent to the transfor-

mation P(ncb, a|φ, α) → L(φ, α|ncb, a). The total number of events in the statistical model

are also allowed to vary according to the relevant Poisson distribution during the fitting

process.

The statistical model can have a large number of parameters, but we are essentially only

interested in one - the signal strength µ, which is defined as the parameter of interest. All of

the other parameters are necessary to build the statistical model but their result is not what

we are interested in when the fit has been performed - all parameters apart from µ are defined

as nuisance parameters, which will be denoted θ. In this formulation, the likelihood becomes

L(µ, θ|ncb, a), or to write this with the measured parameters implicitly fixed, L(µ, θ).
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The best-fit values for the statistical model parameters are obtained by maximising this

likelihood function, or rather minimising the negative logarithm of the likelihood. This is

done in such a way as to handle correlations between the model parameters and propagate

the uncertainties through the fit. The resulting best fit parameters are known as maximum

likelihood estimators, and are denoted µ̂ and θ̂. It is possible to extract the fitted yields of

the different SM processes, and the errors on these values, in order to test the performance

of this method in various regions of phase space.

A.2 The profile log-likelihood ratio test statistic

We now wish to evaluate the agreement between the observed data and various constructions

of our statistical model. This involves evaluating what is known as a test statistic for the

fit to observed data and then finding the pdf that this quantity would be expected to follow

for a large number of experiments. Therefore, the test statistic pdf will allow us to evaluate

the probability that a future experiment will observe a value of the test statistic that is less

consistent with the model via a random process, rather than the model being false. If the

resulting probability from this test is low then it is likely that the model that has been tested

is incorrect. This is known as hypothesis testing and will be discussed further in the next

Section.

The test statistic used in this analysis is known as the profile log-likelihood ratio. This

is derived from the profile likelihood ratio,

λ(µ) =
L
(

µ,
ˆ̂
θ (µ)

)

L
(

µ̂, θ̂
) , (A.1)

where
ˆ̂
θ(µ) is the set of maximum likelihood estimators for any value of µ, called conditional

maximum likelihood estimators. The value of µ̂ is forced to be positive within the statistical

model, so that only physical regions are tested. Note that the profile likelihood ratio is unity

when the tested signal strength, µ, is the same as the best fit to µ as a free parameter, while
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the ratio tends to zero if the tested value of µ is far from the best fit with free µ.

The profile log-likelihood, qµ, follows:

qµ =















−2 lnλ(µ) µ̂ ≤ µ;

0 µ̂ > µ,

(A.2)

where the negative two is used here so that one unit of
√
qµ corresponds to a one standard

deviation shift of µ away from µ̂. The property of the profile log-likelihood representing one

unit of standard deviation follows from the Wald approximation [151] for a single parameter

of interest

−2 lnλ(µ) =
(µ− µ̂)2

σ2
+O

(

1/
√
N
)

. (A.3)

Note that this approximation is only valid in the limit of large N , where N is the number

of observed events in the statistical model.

In attempting to exclude particular theoretical models, the requirement of µ̂ ≤ µ is made

so that particular signal values are only tested if the tested signal strength must be reduced

to be consistent with the statistical model. For this reason, the test statistic is referred to

as being ‘one-sided’.

Having determined the form of the test statistic, we must find how our model would

expect that test statistic to be distributed for a set of independent future measurements.

Let us define the distribution of this test statistic as f(qµ|µ′,
ˆ̂
θ(µ′)). Note that this requires

defining the assumed signal strength, µ′, which is unity when testing a nominal theoretical

model, zero when testing the background-only hypothesis, or can float to investigate model-

independent cross sections. The value of µ is now the distinct hypothesised signal strength

that is being tested. The form of this distribution can either be found numerically by using

MC toy experiments or, in the limit of large numbers of observed events, by using analytical

solutions.
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A.2.1 Finding the test statistic distribution using toy Monte Carlo

The most general way to produce f(qµ|µ′,
ˆ̂
θ(µ′)) is to generate a large (O(1000)) set of

pseudo-experiments, known as toy MC. Each of these pseudo-experiments represents a pos-

sible future experiment, given a fixed value of the assumed signal strength. The values of

ˆ̂
θ(µ′) are be taken from a fit to the observed data, with the fixed signal strength µ′. The

auxiliary measurements, a, for each pseudo-experiment are drawn from the resulting pdf for

each parameter,
ˆ̂
θ(µ′). Each pseudo-experiment is treated as the observed data were in the

previous Section in order to generate a set of qµ values from which f(qµ|µ′,
ˆ̂
θ(µ′)) is built.

A.2.2 The asymptotic approximation

In the limit of a large observed dataset, it is possible to find an approximate form for

f(qµ|µ′,
ˆ̂
θ(µ′)) analytically. This makes use of both the Wald approximation, Equation (A.3)

and the results of Wilks [152], which say that the profile log-likelihood ratio has the form

of a χ2 distribution with one degree of freedom. Therefore, f(qµ|µ′,
ˆ̂
θ(µ′)) is independent of

the nuisance parameters and takes the form described in [153],

f(qµ|µ′) = Φ

(

µ′ − µ

σ

)

δ(qµ) +
1

2
√

2πqµ
exp

[

−1

2

(

√
qµ −

µ− µ′

σ

)2
]

, (A.4)

where Φ corresponds to the Gaussian cumulative distribution.

In order to use this equation the variance of µ̂, denoted σ, must be evaluated. This is

done by calculating the profile likelihood ratio for the dataset that returns the true parameter

values, known as the Asimov dataset. Essentially this corresponds to a set of histograms with

one event in each bin that is weighted to correspond to the exact value of the input model

in that bin. The variance on µ̂ is extracted from this dataset by evaluating the covariance

matrix numerically according to [153].

We are actually interested in the cumulative distributions that are derived from these
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probability distributions. The rate at which a series of future experiments would be expected

to observe values of the test statistic that are less compatible with the model corresponds to

the integral of the test statistic distribution from the observed value of qµ to infinity in the

direction away from the mean of the distribution. This is known as a one-sided hypothesis

test, which will be discussed in more detail in the next Section. Suffice it to say that the

probability that a future experiment will agree less well with the current observation is

the value of the cumulative distribution subtracted from one. The cumulative distribution

corresponding to the pdf in Equation (A.4) is

F (qµ|µ′) = Φ

(

√
qµ −

µ− µ′

σ

)

. (A.5)

A.3 Testing specific hypotheses

Now that the test statistic distribution has been determined, we can come to the second

question posed in Section 7.1. This is done by performing a hypothesis test. The signal

strength parameter is set to some non-zero value and the integral of the test statistic dis-

tribution from the observed value to either infinity or negative infinity is calculated. The

choice of the side of the distribution to integrate over is defined such that the final integral

is less than a half. This corresponds to the probability that a future experiment will make

an observation that agrees less well with the model than the current observation, and is

known as a p-value. Therefore, a low p-value means that the chance of a future experiment

measuring worse agreement with the model is low and so either the model is not true or the

current experiment was just very unlucky.

Let us now define a hypothesis, where the specific signal model is assumed to be true, so

µ = 1. We shall refer to the p-value result of the test on this hypothesis as ps+b as this tests

the signal plus background hypothesis. The result of the hypothesis test is then
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ps+b =

∫ ∞

q1,obs

f
(

q1|µ′ = 1,
ˆ̂
θ(1, obs)

)

dq1. (A.6)

If a particular model has a p-value less than 0.05 it is said to be excluded at the 95%

confidence level. This means that there is less than a one in twenty chance that the model

will be found by any future experiment.

The ps+b metric for evaluating a particular hypothesis works well for signal models where

large numbers of events are expected, if that model is true. However, consider the case

where only only a very small fraction of the total expected events are from signal. As we are

considering a 95% confidence level exclusion, downward statistical fluctuations in the data

will mean that every one in twenty points tested with this property will be excluded, despite

having no experimental sensitivity.

To prevent such cases of false exclusion, we can consider penalising model points for

which the experimental sensitivities are low. First we define a measure that the observation

is consistent with the background-only hypothesis, given that we observe a particular q1,obs

value

pb = 1−
∫ ∞

q1,obs

f(q1|µ′ = 0,
ˆ̂
θ(0, obs))dq1. (A.7)

The hypothesis test defined in Equation (A.6) can then be modified by a comparison between

the probability that the signal plus background hypothesis is valid and the probability that

the background-only hypothesis is not valid. This results in

CLs =
ps+b

1− pb
. (A.8)

The results of this analysis are presented according to this CLs value, rather than ps+b to

ensure that it is protected from potential false exclusions. However, it should be noted that

CLs is not a true p-value, but will always give conservative results compared to ps+b as
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1− pb < 1.

Note that the above equations correspond to cumulative distributions. Therefore, in the

asymptotic limit we can write ps+b = 1−F (q1|µ′ = 1) and 1− pb = 1−F (q1|µ′ = 0). These

correspond to important simplifications of Equation (A.5)

ps+b = 1− F (q1|µ′ = 1) = 1− Φ (
√
q1) , (A.9)

and

1− pb = 1− F (q1|µ′ = 0) = 1− Φ

(√
q1 −

1

σ

)

= Φ

(

1

σ
−√

q1

)

. (A.10)

Using the Wald approximation, and noting that the Asimov dataset gives µ̂ = µ′, it is

possible to determine an estimate of σ in terms of the test statistic qµ. Setting µ̂ = µ′ in

Equation (A.3), with qµ = −2 ln(λ) we have

qA,µ =
(µ− µ′)2

σ2
A

, (A.11)

where the subscript, A, shows that the Asimov dataset has been used. For the case where a

background-only sample is assumed, this gives

σ2
A,µ =

µ2

qµ,A
. (A.12)

Setting the hypothesis µ = 1 in this allows the denominator of CLs to be simplified even

further to

1− pb = Φ
(√

q1,A −√
q1
)

, (A.13)

so that, in the asymptotic limit, CLs can be written as
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CLs ≃
1− Φ

(√
q1
)

Φ
(√

q1,A −√
q1
) . (A.14)

A.3.1 Testing grids of signal points

In physics analyses that sample from large parameter spaces, such as SUSY, it is common to

quantify the sensitivity of a particular analysis by sampling a grid of points corresponding

to a 2D slice through that parameter space. Examples of such grids were introduced in

Section 5.3. The hypothesis testing procedure is then repeated for all of the points on the

grid and, in the case of this analysis, the CLs value for each point is obtained. These points

are then grouped if they have CLs < 0.05. A line is then drawn around all of the points

that are excluded at the 95% confidence level according to CLs to represent the boundary

between excluded regions of phase space and regions of phase space to which the analysis

does not have sufficient sensitivity for exclusion.

A.4 Setting model-independent upper limits

Finally we can address the third question posed in Section 7.1. As well as testing the

analysis against specific models, it is also of interest to determine what other values of µ′ are

still allowed by the analysis, assuming that data are consistent with the background-only

hypothesis. This can be done using a technique called hypothesis test inversion. Rather than

testing a single specific value of the signal strength, for example µ = 1 as in the previous

Section, it is possible to scan across values of µ and perform a hypothesis test at each

point. Now, instead of asking the question ‘What is the chance that a future experiment will

observe a value of qµ that is less consistent with the model when compared to our current

observation?’, we ask ‘What range of values of µ are unlikely to be observed by a future

experiment?’. The procedure is similar to the hypothesis testing, but a set of CLs values are

produced. It is then possible to interpolate between these values, provided the set is large

enough, and find the point at which the CLs value for µ crosses the 0.05 line. All values of
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µ that are greater than that found by the line-crossing are then said to be excluded.

A.5 Finding the median exclusion and error bands

Having either determined the observed exclusion range for a specific model or the observed

model-independent excluded values of µ, it is then appropriate to compare these to the

exclusion expected from the background-only model. As was the case for finding the test

statistic distribution, it is possible to extract the expected exclusion either from MC toys,

or from analytical approximations.

A.5.1 Expected limits from toys

When generating the expected limits from toys, a set of pseudo-experiments are produced

according to the background-only hypothesis, with µ = 0 and
ˆ̂
θ(0, obs). Let us call this new

dataset {data′}. The procedures for hypothesis testing and limit setting are then repeated

on {data′}, by replacing the observed dataset with these pseudo-experiments.

First, the values of
ˆ̂
θ(µ, data′) are found. These conditional maximum likelihood esti-

mators are then used to form the test statistic distributions f
(

qµ|µ, ˆ̂θ(µ, data′)
)

. The CLs

results for each data′ are then extracted and histogrammed. The median of this histogram

gives the median expected limit for that particular test, while the CLs values that give the

thresholds for integrals giving one-sided 1σ and 2σ deviations give the CLs values at 1σ and

2σ, respectively.

For the case of hypothesis tests over grids of theoretical model points, the median ex-

pected 95% confidence level band is defined as containing all of the points for which the

median expected CLs value is less than 0.05. Usually the 95% confidence level 1σ bands are

also shown. These correspond to the points where the 1σ CLs threshold on the respective

side of the distribution is less than 0.05.

The model independent upper limits are treated in a similar way. The 95% confidence
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level median expected limit in this case is the value of µ for which the median expected CLs

value is less than 0.05. Also, the 1σ uncertainty on this expected limit is given by the value

of µ for which the 1σ CLs threshold on the relevant side of the distribution is less than 0.05.

A.5.2 Expected limits using asymptotic approximations

In cases where the asymptotic approximation is used, the median expected 95% confidence

level limit and its error bands can be estimated analytically. This is performed using the Asi-

mov dataset, which, as mentioned before, is the dataset that gives the best representation of

the model in hand. Replacing the observed data with the Asimov dataset in Equation (A.14)

gives

CLexp
s ∼

1− Φ
(√

qµ,A
)

Φ
(√

qµ,A −√
qµ,A

) = 2
(

1− Φ
(√

qµ,A
))

, (A.15)

where Φ(0) = 0.5 has been used.

The expected nσ fluctuations are found by noting that the Wald approximation suggests

that a unit shift in
√
qµ corresponds to a shift of σ from the nominal value of µ. Therefore,

we can shift the value of
√
qµ by n and then replace the observed test statistic with that

found by the Asimov dataset. In this way the expected uncertainty bands can be found by

CLexp+n
s ∼

1− Φ
(√

qµ,A + n
)

Φ (−n) . (A.16)



Appendix B

Fit results

B.1 Background-only fit result

The result of the background-only fit is shown below and the corresponding correlation

matrix is given in Figure B.1. These results are discussed in Section 8.1.

RooFitResult: minimized FCN value: -203247, estimated distance to minimum: 0.00104409

covariance matrix quality: Full, accurate covariance matrix

Status : MIGRAD=0 HESSE=0

Floating Parameter FinalValue +/- Error

-------------------- --------------------------

alpha_BT 2.4615e-01 +/- 6.97e-01

alpha_EER 1.0859e-04 +/- 9.91e-01

alpha_EES -2.3763e-03 +/- 9.93e-01

alpha_KtScaleTTbar 3.5910e-01 +/- 6.69e-01

alpha_KtScaleWjets 6.5999e-02 +/- 6.29e-01

alpha_LE 3.8683e-03 +/- 9.92e-01

alpha_MC 2.2215e-02 +/- 9.44e-01

alpha_MID -1.3405e-03 +/- 9.92e-01

alpha_MMS 4.0567e-03 +/- 9.91e-01

alpha_MP 3.5709e-03 +/- 9.84e-01

alpha_PtMinTTbarC -1.8822e-01 +/- 9.49e-01

alpha_PtMinWjetsC 2.5358e-02 +/- 8.24e-01

alpha_QCDNorm_TR_nJet 1.1084e-01 +/- 8.49e-01

alpha_QCDNorm_WR_nJet -5.5061e-02 +/- 7.81e-01

alpha_TE 2.8065e-02 +/- 5.25e-01

alpha_WP 1.9047e-02 +/- 1.03e+00

gamma_JT_bin_0 1.0439e+00 +/- 6.59e-02

gamma_JT_bin_1 1.0160e+00 +/- 7.26e-02

gamma_JT_bin_2 9.6195e-01 +/- 6.86e-02
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gamma_JT_bin_3 9.5805e-01 +/- 8.12e-02

gamma_JT_bin_4 8.5036e-01 +/- 9.77e-02

gamma_JT_bin_5 8.9481e-01 +/- 1.42e-01

gamma_JT_bin_6 1.0974e+00 +/- 2.30e-01

gamma_JW_bin_0 9.9309e-01 +/- 1.25e-01

gamma_JW_bin_1 9.8123e-01 +/- 1.01e-01

gamma_JW_bin_2 1.0027e+00 +/- 8.84e-02

gamma_JW_bin_3 9.6587e-01 +/- 9.32e-02

gamma_JW_bin_4 9.8607e-01 +/- 1.18e-01

gamma_JW_bin_5 9.7519e-01 +/- 1.70e-01

gamma_JW_bin_6 1.1283e+00 +/- 2.16e-01
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Figure B.1: Correlation matrix for the background-only fit.
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B.2 Model-independent limit fit results

The results of the model-independent limit fits with the h1l3jT and h1l4jT selections are

shown below and the corresponding correlation matrices are given in Figures B.2 and B.3.

These results are discussed in Section 8.2.

RooFitResult: minimized FCN value: -190829, estimated distance to minimum: 0.00659437

covariance matrix quality: Full, accurate covariance matrix

Status : MIGRAD=0 HESSE=0

Floating Parameter FinalValue +/- Error

-------------------- --------------------------

alpha_BT 2.5446e-01 +/- 7.03e-01

alpha_EER 1.1453e-05 +/- 9.88e-01

alpha_EES 9.5699e-05 +/- 9.95e-01

alpha_KtScaleTTbar 3.9130e-01 +/- 6.66e-01

alpha_KtScaleWjets 9.7145e-02 +/- 9.57e-01

alpha_LE 3.6261e-03 +/- 9.92e-01

alpha_MC 1.0111e-02 +/- 1.00e+00

alpha_MID -8.5997e-04 +/- 9.93e-01

alpha_MMS 4.7803e-03 +/- 1.01e+00

alpha_MP -1.4339e-02 +/- 1.04e+00

alpha_PtMinTTbar3T -4.1176e-02 +/- 9.98e-01

alpha_PtMinTTbarC -1.6874e-01 +/- 9.48e-01

alpha_PtMinWjets3T -1.1593e-01 +/- 9.99e-01

alpha_PtMinWjetsC 5.0948e-02 +/- 8.48e-01

alpha_QCDNorm_TR_nJet 1.5196e-01 +/- 8.50e-01

alpha_QCDNorm_WR_nJet 3.3165e-02 +/- 7.79e-01

alpha_QCDNorm_h1l3jT_cuts -1.1867e-01 +/- 9.85e-01

alpha_TE 6.7338e-02 +/- 6.94e-01

alpha_WP -1.2831e-01 +/- 1.04e+00

gamma_J3T_bin_0 9.2702e-01 +/- 2.29e-01

gamma_JT_bin_0 1.0451e+00 +/- 6.58e-02

gamma_JT_bin_1 1.0175e+00 +/- 7.27e-02

gamma_JT_bin_2 9.6396e-01 +/- 6.84e-02

gamma_JT_bin_3 9.6090e-01 +/- 8.09e-02

gamma_JT_bin_4 8.5400e-01 +/- 9.76e-02

gamma_JT_bin_5 9.0103e-01 +/- 1.43e-01

gamma_JT_bin_6 1.1056e+00 +/- 2.31e-01

gamma_JW_bin_0 9.9861e-01 +/- 1.23e-01

gamma_JW_bin_1 9.8315e-01 +/- 1.01e-01

gamma_JW_bin_2 1.0031e+00 +/- 8.89e-02

gamma_JW_bin_3 9.6600e-01 +/- 9.33e-02

gamma_JW_bin_4 9.8783e-01 +/- 1.18e-01

gamma_JW_bin_5 9.7918e-01 +/- 1.71e-01

gamma_JW_bin_6 1.1292e+00 +/- 2.17e-01

gamma_stat_TR_nJet_bin_0 1.0007e+00 +/- 1.09e-02

gamma_stat_TR_nJet_bin_1 1.0002e+00 +/- 1.11e-02

gamma_stat_TR_nJet_bin_2 9.9996e-01 +/- 6.87e-03

gamma_stat_TR_nJet_bin_3 9.9996e-01 +/- 8.69e-03

gamma_stat_TR_nJet_bin_4 9.9964e-01 +/- 1.47e-02

gamma_stat_TR_nJet_bin_5 9.9918e-01 +/- 2.83e-02
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gamma_stat_TR_nJet_bin_6 1.0026e+00 +/- 5.08e-02

gamma_stat_WR_nJet_bin_0 1.0000e+00 +/- 7.20e-03

gamma_stat_WR_nJet_bin_1 9.9998e-01 +/- 8.22e-03

gamma_stat_WR_nJet_bin_2 1.0001e+00 +/- 1.05e-02

gamma_stat_WR_nJet_bin_3 9.9991e-01 +/- 1.36e-02

gamma_stat_WR_nJet_bin_4 9.9984e-01 +/- 3.00e-02

gamma_stat_WR_nJet_bin_5 9.9998e-01 +/- 3.60e-02

gamma_stat_WR_nJet_bin_6 1.0079e+00 +/- 6.65e-02

gamma_stat_h1l3jT_cuts_bin_0 9.4090e-01 +/- 2.01e-01

mu_TTbar 9.1488e-01 +/- 1.05e-01

mu_Wjets 9.1881e-01 +/- 1.81e-01

mu_h1l3jT 1.5065e-08 +/- 1.64e+00
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Figure B.2: Correlation matrix for the model-independent limit fit with the h1l3jT selection.
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RooFitResult: minimized FCN value: -190830, estimated distance to minimum: 0.000380879

covariance matrix quality: Full, accurate covariance matrix

Status : MIGRAD=0 HESSE=0

Floating Parameter FinalValue +/- Error

-------------------- --------------------------

alpha_BT 2.4021e-01 +/- 6.99e-01

alpha_EER 2.9898e-04 +/- 9.89e-01

alpha_EES 3.0615e-04 +/- 9.99e-01

alpha_KtScaleTTbar 3.9772e-01 +/- 6.61e-01

alpha_KtScaleWjets 7.2748e-02 +/- 7.98e-01

alpha_LE 2.4498e-03 +/- 9.92e-01

alpha_MC 1.5738e-02 +/- 9.11e-01

alpha_MID -1.0779e-03 +/- 9.92e-01

alpha_MMS -3.9024e-04 +/- 9.92e-01

alpha_MP -1.2086e-03 +/- 9.86e-01

alpha_PtMinTTbar4T -6.4591e-02 +/- 9.87e-01

alpha_PtMinTTbarC -1.7184e-01 +/- 9.47e-01

alpha_PtMinWjets4T -9.7636e-03 +/- 9.94e-01

alpha_PtMinWjetsC 2.0784e-02 +/- 8.23e-01

alpha_QCDNorm_TR_nJet 1.2610e-01 +/- 8.50e-01

alpha_QCDNorm_WR_nJet -1.4293e-02 +/- 7.77e-01

alpha_QCDNorm_h1l4jT_cuts -3.6581e-02 +/- 9.88e-01

alpha_TE 2.3278e-02 +/- 4.88e-01

alpha_WP 2.0755e-02 +/- 1.03e+00

gamma_J4T_bin_0 9.4566e-01 +/- 2.60e-01

gamma_JT_bin_0 1.0444e+00 +/- 6.58e-02

gamma_JT_bin_1 1.0167e+00 +/- 7.25e-02

gamma_JT_bin_2 9.6351e-01 +/- 6.82e-02

gamma_JT_bin_3 9.6077e-01 +/- 8.07e-02

gamma_JT_bin_4 8.5436e-01 +/- 9.72e-02

gamma_JT_bin_5 9.0149e-01 +/- 1.42e-01

gamma_JT_bin_6 1.1052e+00 +/- 2.30e-01

gamma_JW_bin_0 9.9551e-01 +/- 1.23e-01

gamma_JW_bin_1 9.8272e-01 +/- 9.99e-02

gamma_JW_bin_2 1.0033e+00 +/- 8.77e-02

gamma_JW_bin_3 9.6594e-01 +/- 9.28e-02

gamma_JW_bin_4 9.8754e-01 +/- 1.17e-01

gamma_JW_bin_5 9.7898e-01 +/- 1.70e-01

gamma_JW_bin_6 1.1311e+00 +/- 2.16e-01

gamma_stat_TR_nJet_bin_0 1.0007e+00 +/- 1.09e-02

gamma_stat_TR_nJet_bin_1 1.0002e+00 +/- 1.11e-02

gamma_stat_TR_nJet_bin_2 9.9992e-01 +/- 6.87e-03

gamma_stat_TR_nJet_bin_3 9.9992e-01 +/- 8.69e-03

gamma_stat_TR_nJet_bin_4 9.9957e-01 +/- 1.47e-02

gamma_stat_TR_nJet_bin_5 9.9909e-01 +/- 2.83e-02

gamma_stat_TR_nJet_bin_6 1.0023e+00 +/- 5.08e-02

gamma_stat_WR_nJet_bin_0 9.9998e-01 +/- 7.19e-03

gamma_stat_WR_nJet_bin_1 9.9993e-01 +/- 8.21e-03

gamma_stat_WR_nJet_bin_2 1.0000e+00 +/- 1.05e-02

gamma_stat_WR_nJet_bin_3 9.9984e-01 +/- 1.36e-02

gamma_stat_WR_nJet_bin_4 9.9968e-01 +/- 3.00e-02

gamma_stat_WR_nJet_bin_5 9.9979e-01 +/- 3.60e-02

gamma_stat_WR_nJet_bin_6 1.0078e+00 +/- 6.65e-02

gamma_stat_h1l4jT_cuts_bin_0 9.8783e-01 +/- 1.40e-01

mu_TTbar 9.1765e-01 +/- 1.05e-01

mu_Wjets 9.1952e-01 +/- 1.80e-01

mu_h1l4jT 7.5731e-09 +/- 4.36e+00
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Figure B.3: Correlation matrix for the model-independent limit fit with the h1l4jT selection.
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B.3 Exclusion fit result

An example exclusion fit result for the MSUGRA theoretical model point withm0 = 580 GeV

and m1/2 = 240 GeV is shown below and the corresponding correlation matrix is given in

Figure B.4. These results are discussed in Section 8.3.

RooFitResult: minimized FCN value: -181623, estimated distance to minimum: 0.00679677

covariance matrix quality: Full, accurate covariance matrix

Status : MIGRAD=0 HESSE=0

Floating Parameter FinalValue +/- Error

-------------------- --------------------------

Lumi 9.9998e-01 +/- 3.90e-02

alpha_BT 2.2737e-01 +/- 6.93e-01

alpha_EER 3.8757e-05 +/- 1.00e+00

alpha_EES 9.4243e-03 +/- 1.02e+00

alpha_KtScaleTTbar 5.0391e-01 +/- 6.20e-01

alpha_KtScaleWjets 6.7077e-02 +/- 7.42e-01

alpha_LE 8.5663e-04 +/- 9.92e-01

alpha_MC -5.9905e-03 +/- 9.54e-01

alpha_MID -6.4042e-04 +/- 9.94e-01

alpha_MMS -7.6948e-03 +/- 9.82e-01

alpha_MP -3.5517e-03 +/- 1.02e+00

alpha_PtMinTTbar3 -8.1134e-02 +/- 9.66e-01

alpha_PtMinTTbar4 -8.2784e-02 +/- 9.76e-01

alpha_PtMinTTbarC -1.4722e-01 +/- 9.39e-01

alpha_PtMinWjets3 -1.2979e-01 +/- 9.36e-01

alpha_PtMinWjets4 -1.0446e-02 +/- 9.94e-01

alpha_PtMinWjetsC 4.6094e-02 +/- 8.48e-01

alpha_QCDNorm_TR_nJet 1.6994e-01 +/- 8.47e-01

alpha_QCDNorm_WR_nJet 1.0636e-01 +/- 7.59e-01

alpha_QCDNorm_h1l3j_meffInc -4.0334e-01 +/- 1.01e+00

alpha_QCDNorm_h1l4j_meffInc -1.4825e-01 +/- 9.55e-01

alpha_TE 6.6355e-02 +/- 6.98e-01

alpha_WP -1.3458e-01 +/- 9.10e-01

alpha_XSS -3.2719e-09 +/- 9.94e-01

gamma_J3_bin_0 8.4248e-01 +/- 2.94e-01

gamma_J3_bin_1 1.0038e+00 +/- 7.44e-02

gamma_J3_bin_2 9.9652e-01 +/- 7.54e-02

gamma_J3_bin_3 1.0488e+00 +/- 2.03e-01

gamma_J3_bin_4 9.8156e-01 +/- 1.32e-01

gamma_J3_bin_5 9.6255e-01 +/- 3.24e-01

gamma_J4_bin_0 9.5453e-01 +/- 4.05e-01

gamma_J4_bin_1 1.0207e+00 +/- 1.65e-01

gamma_J4_bin_2 1.0000e+00 +/- 1.11e-02

gamma_J4_bin_3 9.3845e-01 +/- 2.50e-01

gamma_JT_bin_0 1.0456e+00 +/- 6.53e-02

gamma_JT_bin_1 1.0179e+00 +/- 7.21e-02

gamma_JT_bin_2 9.6761e-01 +/- 6.73e-02

gamma_JT_bin_3 9.6877e-01 +/- 7.90e-02

gamma_JT_bin_4 8.6706e-01 +/- 9.49e-02

gamma_JT_bin_5 9.2247e-01 +/- 1.38e-01
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gamma_JT_bin_6 1.1371e+00 +/- 2.44e-01

gamma_JW_bin_0 1.0033e+00 +/- 1.19e-01

gamma_JW_bin_1 9.8284e-01 +/- 9.76e-02

gamma_JW_bin_2 1.0011e+00 +/- 8.56e-02

gamma_JW_bin_3 9.6433e-01 +/- 9.03e-02

gamma_JW_bin_4 9.9188e-01 +/- 1.13e-01

gamma_JW_bin_5 9.8899e-01 +/- 1.64e-01

gamma_JW_bin_6 1.1174e+00 +/- 1.99e-01

gamma_stat_TR_nJet_bin_0 1.0007e+00 +/- 1.09e-02

gamma_stat_TR_nJet_bin_1 1.0002e+00 +/- 1.11e-02

gamma_stat_TR_nJet_bin_2 9.9996e-01 +/- 6.88e-03

gamma_stat_TR_nJet_bin_3 9.9997e-01 +/- 8.71e-03

gamma_stat_TR_nJet_bin_4 9.9961e-01 +/- 1.55e-02

gamma_stat_TR_nJet_bin_5 9.9903e-01 +/- 3.10e-02

gamma_stat_TR_nJet_bin_6 1.0042e+00 +/- 6.61e-02

gamma_stat_WR_nJet_bin_0 1.0000e+00 +/- 7.20e-03

gamma_stat_WR_nJet_bin_1 9.9998e-01 +/- 8.22e-03

gamma_stat_WR_nJet_bin_2 1.0001e+00 +/- 1.05e-02

gamma_stat_WR_nJet_bin_3 9.9990e-01 +/- 1.37e-02

gamma_stat_WR_nJet_bin_4 9.9989e-01 +/- 3.02e-02

gamma_stat_WR_nJet_bin_5 1.0000e+00 +/- 4.07e-02

gamma_stat_WR_nJet_bin_6 1.0160e+00 +/- 8.44e-02

gamma_stat_h1l3j_meffInc_bin_0 9.4288e-01 +/- 1.88e-01

gamma_stat_h1l3j_meffInc_bin_1 1.0042e+00 +/- 7.66e-02

gamma_stat_h1l3j_meffInc_bin_2 9.9584e-01 +/- 8.26e-02

gamma_stat_h1l3j_meffInc_bin_3 1.0162e+00 +/- 1.30e-01

gamma_stat_h1l3j_meffInc_bin_4 9.4587e-01 +/- 2.06e-01

gamma_stat_h1l3j_meffInc_bin_5 9.8608e-01 +/- 2.24e-01

gamma_stat_h1l4j_meffInc_bin_0 9.7187e-01 +/- 3.47e-01

gamma_stat_h1l4j_meffInc_bin_1 1.0243e+00 +/- 1.77e-01

gamma_stat_h1l4j_meffInc_bin_2 9.9161e-01 +/- 1.77e-01

gamma_stat_h1l4j_meffInc_bin_3 9.7944e-01 +/- 1.43e-01

mu_SIG 1.7209e-08 +/- 2.61e-02

mu_TTbar 9.1313e-01 +/- 1.02e-01

mu_Wjets 9.0765e-01 +/- 1.77e-01
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Figure B.4: Correlation matrix for the exclusion fit for the MUSGRA theoretical model
point with m0 = 580 GeV and m1/2 = 240 GeV.



Appendix C

Signal region systematics

The systematics in the signal regions before and after the background-only fit to the control

regions has been performed is shown in Tables C.1 and C.2 respectively. Note that only

the systematics that have an effect greater than one per cent in any region are shown.

The uncertainties that relate to the signal regions only (the jet energy scale and statistical

uncertainties) are calculated from the input variables without fitting as relative uncertainties.

As the total expected number of background events changes after the fit has been performed

(relative to the expected yields before the fit) the absolute values of these uncertainties must

also change, while the relative values of the uncertainties remain constant.

162



C Signal region systematics 163

Signal channel h1l3j h1l4j h1l3jT h1l4jT

Expected number of events 102.21 8.21 5.52 8.10

Total statistical (
√
Nobs) ±9.06 ±2.45 ±1.73 ±2.45

Total background systematic ±21.81 ±2.01 ±2.04 ±2.87

W+jets yield ±0.04 ±0.00 ±0.00 ±0.00

tt̄ yield ±0.05 ±0.01 ±0.00 ±0.01

Jet energy scale bin 0 ±1.89 ±0.81 ±1.27 ±2.42

Jet energy scale bin 1 ±4.73 ±0.74 — —

Jet energy scale bin 2 ±10.86 ±0.32 — —

Jet energy scale bin 3 ±1.43 ±0.54 — —

Jet energy scale bin 4 ±0.29 — — —

Jet energy scale bin 5 ±1.14 — — —

MC and multijets statistics bin 0 ±1.35 ±0.51 ±1.23 ±1.19

MC and multijets statistics bin 1 ±3.03 ±0.72 — —

MC and multijets statistics bin 2 ±3.11 ±0.32 — —

MC and multijets statistics bin 3 ±1.74 ±0.75 — —

MC and multijets statistics bin 4 ±0.77 — — —

MC and multijets statistics bin 5 ±0.98 — — —

Multijets systematic ±3.11 ±0.34 ±0.36 ±0.30

pW
T reweighting ±13.75 ±0.04 ±0.76 ±0.04

W+jets kT scale ±0.44 ±0.20 ±0.06 ±0.20

tt̄ kT scale ±0.67 ±0.01 ±0.07 ±0.01

W+jets pmin
T ±8.30 ±0.13 ±0.51 ±0.13

tt̄ pmin
T ±5.71 ±0.89 ±0.20 ±0.89

Table C.1: Breakdown of the dominant systematic uncertainties on background estimates in
the various signal regions. Note that the individual uncertainties can be correlated, and do
not necessarily add up quadratically to the total background uncertainty.
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Signal channel h1l3j h1l4j h1l3jT h1l4jT

Expected number of events 91.68 7.25 5.06 7.14

Total statistical (
√
Nobs) ±9.06 ±2.45 ±1.73 ±2.45

Total background systematic ±20.46 ±1.87 ±1.89 ±2.59

W+jets yield ±8.09 ±0.30 ±0.50 ±0.30

tt̄ yield ±4.60 ±0.54 ±0.16 ±0.54

Jet energy scale bin 0 ±1.69 ±0.71 ±1.16 ±2.13

Jet energy scale bin 1 ±4.23 ±0.66 — —

Jet energy scale bin 2 ±9.73 ±0.28 — —

Jet energy scale bin 3 ±1.29 ±0.47 — —

Jet energy scale bin 4 ±0.27 — — —

Jet energy scale bin 5 ±1.04 — — —

MC and multijets statistics bin 0 ±1.22 ±0.45 ±1.13 ±1.05

MC and multijets statistics bin 1 ±2.72 ±0.64 — —

MC and multijets statistics bin 2 ±2.79 ±0.28 — —

MC and multijets statistics bin 3 ±1.57 ±0.67 — —

MC and multijets statistics bin 4 ±0.72 — — —

MC and multijets statistics bin 5 ±0.89 — — —

Multijets systematic ±3.11 ±0.34 ±0.36 ±0.30

pW
T reweighting ±13.16 ±0.02 ±0.73 ±0.04

W+jets kT scale ±0.22 ±0.11 ±0.04 ±0.11

tt̄ kT scale ±3.68 ±0.37 ±0.14 ±0.37

W+jets pmin
T ±7.73 ±0.12 ±0.48 ±0.12

tt̄ pmin
T ±4.83 ±0.76 ±0.17 ±0.76

Table C.2: Breakdown of the dominant systematic uncertainties on background estimates in
the various signal regions. Note that the individual uncertainties can be correlated, and do
not necessarily add up quadratically to the total background uncertainty.



Glossary of abbreviations

BC Bunch crossing

BCID Bunch crossing identifier

BOC Back of crate

CSC Cathode Strip Chamber

DAQ Data acquisition

DCS Detector control system

DM Dark matter

DSP Digital signal processor

ECal Electromagnetic calorimeter

EF Event filter (trigger)

EMEC Electromagnetic end-cap (calorimeter)

ESD Electrostatic discharge

EWSB Electroweak symmetry breaking

FCal Forward calorimeter

FPGA Field programmable gate array

GRL Good runs list

GUT Grand Unified Theory

HCal Hadronic calorimeter

HEC Hadronic end-cap (calorimeter)

HT High threshold (TRT hit)

ID Inner detector

ISR Initial state radiation
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L1 Level one (trigger)

L2 Level two (trigger)

LAr Liquid argon

LB Luminosity block

LEP Large Electron-Positron collider

LHC Large Hadron Collider

Linac Linear accelerator

LT Low threshold (TRT hit)

MC Monte Carlo (simulation)

MDSP Master digital signal processor

MDT Monitored Drift Tube

MS Muon spectrometer

MSSM Minimally Supersymmetric Standard Model

MSUGRA Minimal Super-Gravity

MTTF Mean time to failure

PDF Parton distribution function

pdf Probability distribution function

PIN p-i-n (diode)

PS Proton Synchrotron

QCD Quantum Chromodynamics

ROD Read-out driver

RoI Region of interest

RPC Resistive Plate Chamber

Rx Reception path

SCT Semiconductor Tracker

SDSP Slave digital signal processor

SPS Super Proton Synchrotron

SM Standard Model (of particle physics)
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SUSY Supersymmetry or supersymmetric

TDAQ Trigger and data acquisition system

TIM TTC interface module

TileCal Tile calorimeter

TGC Thin Gap Chamber

TR tt̄ control region

TRT Transition Radiation Tracker

TTC Trigger, timing and control

Tx Transmission path

VCSEL Vertical cavity surface emitting laser

WLCG Worldwide LHC Computing Grid

WR W+jets control region
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