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Abstract

This thesis demonstrates that supersymmetry can be discovered with the ATLAS

experiment even if nature conspires to choose one of two rather difficult cases.

In the first case where baryon-number is weakly violated, the lightest supersym-

metric particle decays into three quarks. This leads to events with a very large

multiplicity of jets which presents a difficult combinatorical problem at a hadronic

collider. The distinctive property of the second class of model – anomaly-mediation

– is the near degeneracy of the super-partners of the SU(2) weak bosons. The

heavier charged wino decays producing its invisible neutral partner, the presence of

which must be inferred from the apparent non-conservation of transverse momen-

tum, as well as secondary particle(s) with low transverse momentum which must be

extracted from a large background.

Monte-Carlo simulations are employed to show that for the models examined not

only can the distinctive signature of the model can be extracted, but that a variety

of measurements (such as of sparticle masses) can also be made.

The final two chapters present an investigation into part of the experimental hard-

ware which will be vital for these analyses. Beam tests of ATLAS semiconductor

tracker modules demonstrate that this sub-detector can be expected to perform to

its specification, providing the good spatial resolution and efficiency with low noise,

even after the equivalent of ten years of irradiation.

iii



Declaration

This dissertation is the result of my own work, except where explicit reference is

made to the work of others, and has not been submitted for another qualification

to this or any other university.

Alan Barr

iv



Acknowledgements

I would like to thank the Particle Physics and Astronomy Research Council for

providing financial support during this degree (under PPARC student grant number

PPA/S/S/1999/02797).

For various parts of the analyses, I have made use of the ATLAS physics analysis

framework and tools which are the result of collaboration-wide efforts.

I take this opportunity to thank collaborators and others who have given direc-

tion and technical help during the work on this thesis; in particular Ben Allanach,

Janet Carter, Lars Eklund, Jose Enrique Garcia, James Hetherington, John Hill,

Christopher Lester, Gareth Moorhead, Peter Richardson, David Robinson, Mar-

cel Vos, Bryan Webber, Steve Wotton and especially my supervisor, Andy Parker,

have all made very valuable contributions. I owe a special thanks to Claire for her

constructive criticism and artistic consultancy.

This thesis is dedicated to my parents.

Publications

Much of the work in this thesis has already been published. The work on R-Partity

violating supersymmetry signatures (chapter 4) was published in two JHEP pa-

pers [1, 2]. The study of anomaly mediated supersymmetry breaking (chapter 3) is

available as [3, 4].

Much of the testbeam analysis, described in chapter 6 has been made available

in [5–7], or will be published in future ATLAS notes.

v



Happy is the man that findeth wisdom,
and the man that getteth understanding.

For the merchandise of it is better
than the merchandise of silver,
and the gain thereof than fine gold.

Proverbs 3:13-14

vi



Contents

I Introduction 1

1 Theory and motivation 3

1.1 The standard model . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.1.1 Particles and interactions . . . . . . . . . . . . . . . . . . . . 4

1.1.2 The description of mass . . . . . . . . . . . . . . . . . . . . . 6

1.1.3 The Higgs mass and the technical hierarchy problem . . . . . 7

1.2 Supersymmetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2.2 Grand unified theories . . . . . . . . . . . . . . . . . . . . . . 13

1.2.3 The minimal supersymmetric standard model . . . . . . . . . 15

1.2.4 R-parity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.2.5 Supersymmetry breaking . . . . . . . . . . . . . . . . . . . . . 22

1.2.6 An experimental perspective on theoretical models . . . . . . 23

1.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2 ATLAS 27

2.1 The LHC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2 Physics goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3 Detector geometry and terminology . . . . . . . . . . . . . . . . . . . 31

2.4 Inner detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.4.1 Pixel detector . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.4.2 Semiconductor tracker . . . . . . . . . . . . . . . . . . . . . . 37

vii



Contents

2.4.3 Transition radiation tracker . . . . . . . . . . . . . . . . . . . 38

2.5 Calorimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.5.1 Electromagnetic calorimetry . . . . . . . . . . . . . . . . . . . 41

2.5.2 Hadronic calorimetry . . . . . . . . . . . . . . . . . . . . . . . 41

2.6 Muon spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.6.1 Precision chambers . . . . . . . . . . . . . . . . . . . . . . . . 45

2.6.2 Trigger chambers . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.7 Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.8 Comment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

II Simulations of supersymmetry models at ATLAS 51

3 Anomaly mediated supersymmetry 53

3.1 Anomaly mediated supersymmetry . . . . . . . . . . . . . . . . . . . 54

3.2 Benchmark points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.3 LHC reach for mAMSB . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.3.1 Event simulation . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.3.2 Optimisation of cuts . . . . . . . . . . . . . . . . . . . . . . . 63

3.3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.4 Distinguishing wino-like LSPs . . . . . . . . . . . . . . . . . . . . . . 70

3.4.1 Definition of points . . . . . . . . . . . . . . . . . . . . . . . . 73

3.4.2 The underlying event . . . . . . . . . . . . . . . . . . . . . . . 74

3.4.3 Event and track selection . . . . . . . . . . . . . . . . . . . . . 78

3.4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

3.5 Other constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

3.5.1 Cosmological relic density . . . . . . . . . . . . . . . . . . . . 86

3.5.2 Muon g − 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

3.5.3 B → Xsγ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

viii



Contents

4 Baryon-violating RPV SUSY 95

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.2 Analysis Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.3 Standard Model Background . . . . . . . . . . . . . . . . . . . . . . . 101

4.4 Detection of the χ̃0
1 and χ̃0

2 . . . . . . . . . . . . . . . . . . . . . . . . 102

4.5 Detection of the l̃R and q̃L . . . . . . . . . . . . . . . . . . . . . . . . 109

4.6 Other values of λ′′cds . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

4.7 Extracting the Flavour Structure . . . . . . . . . . . . . . . . . . . . 115

4.7.1 Vertex Tagging . . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.7.2 Flavour Discrimination from Muons . . . . . . . . . . . . . . . 120

4.7.3 Statistical Significance . . . . . . . . . . . . . . . . . . . . . . 121

4.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

III Beam tests of ATLAS silicon modules 125

5 Silicon detectors and the SCT 127

5.1 Semiconductor Detectors . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.1.1 Radiation Damage . . . . . . . . . . . . . . . . . . . . . . . . 130

5.2 The ATLAS SCT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.2.1 Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.2.2 Readout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

5.3 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6 SCT module beam tests 137

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6.2 The beam test environment . . . . . . . . . . . . . . . . . . . . . . . 138

6.2.1 Devices Under Test . . . . . . . . . . . . . . . . . . . . . . . . 139

6.2.2 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

6.3 Analysis Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

ix



Contents

6.3.1 Track-finding and alignment . . . . . . . . . . . . . . . . . . . 142

6.3.2 DST production . . . . . . . . . . . . . . . . . . . . . . . . . . 142

6.3.3 Efficiency algorithm . . . . . . . . . . . . . . . . . . . . . . . . 143

6.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.4.1 Residuals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.4.2 Module Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . 147

6.4.3 Charge collection as a function of bias . . . . . . . . . . . . . 149

6.4.4 Noise occupancy . . . . . . . . . . . . . . . . . . . . . . . . . 153

6.4.5 Signal to noise ratio . . . . . . . . . . . . . . . . . . . . . . . 154

6.4.6 Pulse-Shape Analysis . . . . . . . . . . . . . . . . . . . . . . . 155

6.4.7 Magnetic field and non-normal incident tracks . . . . . . . . . 162

6.4.8 Edge measurements . . . . . . . . . . . . . . . . . . . . . . . . 162

6.4.9 Gap measurements . . . . . . . . . . . . . . . . . . . . . . . . 167

6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

7 Conclusions 173

A Abbreviations 175

B The Higgs mechanism 177

C Simulation of particle tracks 181

C.1 Low pT electron identification . . . . . . . . . . . . . . . . . . . . . . 181

C.2 Low pT muon identification . . . . . . . . . . . . . . . . . . . . . . . 182

D The variable mT2 and its generalisation 185

D.1 The properties of mT2 . . . . . . . . . . . . . . . . . . . . . . . . . . 185

D.2 Generalisations of mT2 . . . . . . . . . . . . . . . . . . . . . . . . . . 190

D.3 Uncertainties in p/T and mχ̃0
1

. . . . . . . . . . . . . . . . . . . . . . . 193

x



List of Figures

1.1 Masses of standard model particles . . . . . . . . . . . . . . . . . . . 8

1.2 Global electroweak fit vs. Higgs mass . . . . . . . . . . . . . . . . . . 9

1.3 Higgs mass loop corrections . . . . . . . . . . . . . . . . . . . . . . . 9

1.4 Gauge coupling unification with and without N = 1 supersymmetry . 14

1.5 Massless N = 1 supermultiplets . . . . . . . . . . . . . . . . . . . . . 16

1.6 R-parity violating proton decay . . . . . . . . . . . . . . . . . . . . . 20

1.7 Example sparticle spectra . . . . . . . . . . . . . . . . . . . . . . . . 22

2.1 Development of proton–(anti-)proton colliders . . . . . . . . . . . . . 28

2.2 The LHC above and below ground . . . . . . . . . . . . . . . . . . . 29

2.3 Event display h→ ZZ → µ+µ−e+e− . . . . . . . . . . . . . . . . . . 34

2.4 The ATLAS inner detector . . . . . . . . . . . . . . . . . . . . . . . . 36

2.5 Diagram of the ATLAS calorimeters . . . . . . . . . . . . . . . . . . . 40

2.6 Jet energy resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.7 Magnetic field map in the transition region . . . . . . . . . . . . . . . 44

2.8 Side view of one quadrant of the muon spectrometer . . . . . . . . . . 45

2.9 Proton–proton cross-sections . . . . . . . . . . . . . . . . . . . . . . . 47

3.1 Part of the SPS-9 sparticle spectrum . . . . . . . . . . . . . . . . . . 56

3.2 Part of the Point d’Aix sparticle spectrum . . . . . . . . . . . . . . . 57

3.3 AMSB key sparticle masses . . . . . . . . . . . . . . . . . . . . . . . 59

3.4 χ̃+
1 lifetime and branching ratios . . . . . . . . . . . . . . . . . . . . . 61

3.5 Background cross-sections . . . . . . . . . . . . . . . . . . . . . . . . 65

xi



Figures

3.6 The no- one- and two- lepton channels . . . . . . . . . . . . . . . . . 67

3.7 The three lepton- and inclusive channels . . . . . . . . . . . . . . . . 68

3.8 The number of χ̃+
1 s decaying in the inner detector . . . . . . . . . . . 70

3.9 Transverse momentum distribution of charged tracks at
√
s = 1800 GeV 76

3.10 Transverse momentum distribution of charged tracks in jet events at√
s = 1800 GeV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.11 pT distribution of χ̃+
1 SM daughters . . . . . . . . . . . . . . . . . . . 78

3.12 The number of tracks surviving subsequent cuts . . . . . . . . . . . . 79

3.13 mT2 −mχ̃0
1

distributions for SPS-250 and A-200 . . . . . . . . . . . . 81

3.14 mT2 −mχ̃0
1

distributions for SPS-300 and A-250 . . . . . . . . . . . . 82

3.15 The sensitivity of mT4 −mχ̃0
1

to ∆Mχ̃1 . . . . . . . . . . . . . . . . . 84

3.16 Sensitivity of mTX to the underlying event . . . . . . . . . . . . . . . 85

3.17 CMB anisotropy power-band data . . . . . . . . . . . . . . . . . . . . 87

3.18 The cosmological relic dark matter from AMSB . . . . . . . . . . . . 87

3.19 Feynman diagrams for aSUSY
µ . . . . . . . . . . . . . . . . . . . . . . . 89

3.20 The AMSB contribution to gµ . . . . . . . . . . . . . . . . . . . . . . 90

3.21 Feynman diagram of leading contributions to b→ sγ. . . . . . . . . . 91

3.22 Branching ratio (B → Xsγ) . . . . . . . . . . . . . . . . . . . . . . . 92

4.1 χ̃0
1 lifetime and branching ratio . . . . . . . . . . . . . . . . . . . . . 97

4.2 Part of the sparticle spectrum at the RPV point . . . . . . . . . . . . 98

4.3 The dilepton edge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.4 The q̃L to χ̃0
2 to l̃R to χ̃0

1 decay chain . . . . . . . . . . . . . . . . . . 103

4.5 The jet energy rescaling function . . . . . . . . . . . . . . . . . . . . 104

4.6 Three-jet invariant mass distributions . . . . . . . . . . . . . . . . . . 105

4.7 Sideband-subtraction method . . . . . . . . . . . . . . . . . . . . . . 106

4.8 Reconstructed χ̃0
1 and χ̃0

2 masses . . . . . . . . . . . . . . . . . . . . . 108

4.9 Slices through fig. 4.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.10 cMSSM parameter space for sequential chains . . . . . . . . . . . . . 110

xii



Figures

4.11 Reconstructed χ̃0
1 and χ̃0

2 masses . . . . . . . . . . . . . . . . . . . . . 111

4.12 Reconstructed slepton and squark masses . . . . . . . . . . . . . . . . 112

4.13 Limits of applicability in λ′′ . . . . . . . . . . . . . . . . . . . . . . . 115

4.14 The neutralino lifetime . . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.15 Vertex tagging frequency . . . . . . . . . . . . . . . . . . . . . . . . . 118

4.16 Non-isolated muon frequency . . . . . . . . . . . . . . . . . . . . . . . 120

5.1 Cross section of a silicon detector . . . . . . . . . . . . . . . . . . . . 129

5.2 SCT barrel module . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.3 SCT readout architecture . . . . . . . . . . . . . . . . . . . . . . . . 134

6.1 Testbeam setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.2 Efficiency versus TDC . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.3 Residual distributions for modules 0029 and 0020* . . . . . . . . . . . 146

6.4 Landau distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.5 Sample S-curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

6.6 Median charge collection . . . . . . . . . . . . . . . . . . . . . . . . . 150

6.7 Signal to Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.8 Efficiency and noise occupancy near the working point . . . . . . . . 156

6.9 Pulse shapes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

6.10 Dimensions for 1-d model . . . . . . . . . . . . . . . . . . . . . . . . 160

6.11 The numbering convention for strips . . . . . . . . . . . . . . . . . . 163

6.12 The beam edge and gap positions . . . . . . . . . . . . . . . . . . . . 163

6.13 Residuals and effieciency near the edge . . . . . . . . . . . . . . . . . 164

6.14 Systematic effects at the edge of the detector . . . . . . . . . . . . . . 165

6.15 Diagram of the corner of a module . . . . . . . . . . . . . . . . . . . 168

6.16 Efficiency through the gap . . . . . . . . . . . . . . . . . . . . . . . . 169

6.17 Measured width of the gap between detectors . . . . . . . . . . . . . 170

6.18 Geometry of the overlap . . . . . . . . . . . . . . . . . . . . . . . . . 170

xiii



Figures

6.19 Measured asymmetry in the gap between detectors . . . . . . . . . . 171

B.1 Diagrams leading to vector boson effective masses . . . . . . . . . . . 179

D.1 Minimising the maximum of two functions . . . . . . . . . . . . . . . 187

D.2 mTX −mχ̃0
1

distributions . . . . . . . . . . . . . . . . . . . . . . . . . 191

xiv



List of Tables

1.1 Gauge quantum numbers of the Standard Model fermions . . . . . . . 5

1.2 MSSM chiral supermultiplets . . . . . . . . . . . . . . . . . . . . . . 16

1.3 MSSM gauge supermultiplets . . . . . . . . . . . . . . . . . . . . . . 17

2.1 LHC parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.2 Summary of the ATLAS subdetectors . . . . . . . . . . . . . . . . . . 33

2.3 Jet resolution fit parameters . . . . . . . . . . . . . . . . . . . . . . . 42

2.4 Trigger overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.1 Allowed values for each of the cuts . . . . . . . . . . . . . . . . . . . 66

3.2 The values of the cuts which maximised the significance at SPS-9 . . 68

3.3 The expected number of signal, and background events and the sig-
nificance at SPS-9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.4 Properties of the χ̃+
1 at the points under study . . . . . . . . . . . . . 75

3.5 Event and track cuts . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.6 Cosmological relic annihilation channels . . . . . . . . . . . . . . . . . 88

4.1 Masses of selected particles (GeV) for the model investigated. . . . . 98

4.2 χ̃0
2 branching ratios . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

4.3 B-tagging efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.4 Chi-squared for flavour tagging . . . . . . . . . . . . . . . . . . . . . 122

6.1 Modules in the August 2001 beam test . . . . . . . . . . . . . . . . . 140

6.2 Bad channels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

xv



6.3 Median charge and signal to noise . . . . . . . . . . . . . . . . . . . . 152

6.4 Peaking times and delays from the fitted pulse shapes . . . . . . . . . 159

C.1 Pion misidentification efficiency . . . . . . . . . . . . . . . . . . . . . 182

C.2 Correction factor applied to επ . . . . . . . . . . . . . . . . . . . . . . 182

C.3 Muon identification efficiency . . . . . . . . . . . . . . . . . . . . . . 183

xvi



Part I

Introduction

1





Chapter 1

Theory and motivation

Something yet of doubt remains . . .
How Nature, wise and frugal, could commit
Such disproportions

The goal of particle physicists is to describe the most fundamental constituents of

the universe and the way in which they interact with one another. The standard

model (SM) is the name given to the best current mathematical description of these

subatomic particles and of the forces between them. The result of decades of theo-

retical and experimental research, it has been extremely successful at explaining and

predicting the results a wide range of experiments, in some cases with extraordinary

precision.

There are, however, good reasons to suppose that the SM is not the last word in

our understanding of matter and forces. One notable shortcoming is that it does

not include the gravitational force. This precludes it from describing interactions at

arbitrarily high energies, far beyond the reach of our current particle accelerators.

The huge difference in the strengths of the electroweak and gravitational forces leads

to two vastly different length scales in the universe – the scale of the atoms and that

of the stars. The disparity in scales which baffled and inspired Milton hundreds of

3



Chapter 1 Theory and motivation

years ago continues to cause anxiety to many theorists todaya. The unexpectedly

small mass of the Higgs particle is one such problem, and is presented in this chapter

as part of the motivation for introducing supersymmetry to the standard model.

1.1 The standard model

1.1.1 Particles and interactions

The SM describes all matter and interactions in terms of fundamental point-like

particles. These have no spatial extension but do carry internal angular momentum

which is characterised by the spin quantum number, s. The matter component of

the theory consists of particles which have s = 1
2
. The forces between the matter

particles are mediated by other particles which have integer spin.

The fundamental fermions can be divided into two types, according to whether

or not they can interact via the strong nuclear force. Those which respond to the

strong force are known as quarks, and are confined by it in more complicated objects

known as hadrons. The other basic fermions, the leptons, have only weak-nuclear

or electromagnetic charges, and so can exist as free particles.

Each of the three SM forces is associated with the local symmetry operations of a

particular Lie group. The quanta of the forces are spin-1 particles known as gauge

bosons.

The strong force, which holds the nucleus together, is described by the theory of

aParticipants at the Strings 2000 [8] conference were invited to pose what they thought were
the important unsolved problems in fundamental physics. One of the ten questions selected was:
What physics explains the enormous disparity between the gravitational scale and the typical mass
scale of the elementary particles? Another was: Is Nature supersymmetric, and if so, how is
supersymmetry broken?
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families colorL,R T 3
L YL T 3

R YR Q = T 3 + Y(
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d

)
,

(
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)
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(
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b

)
3, 3̄

1
2

−1
2

1
6
1
6

0

0

2
3

−1
3

2
3

−1
3(
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e−

)
,

(
νµ
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)
,

(
ντ

τ−

)
1,1

1
2

−1
2

−1
2

−1
2

0

0

0

−1

0

−1

Table 1.1: Gauge quantum numbers of the standard model fermions.
T is the weak isospin, and T 3 its third component. Y is the SU(1)Y
hypercharge, and Q is the electric charge. The subscripts denote left
and right handed Weyl spinors.

quantum chromodynamics (QCD). Each quark is a ‘colour’ triplet under the QCD

gauge group, SU(3)C . The vector bosons which mediate this force are known as

gluons, and form the octet representation. Since SU(3) is a non-Abelian group the

gluons themselves have colour charges. The interactions between these force carriers

leads to a rich and complex phenomenology.

The other two forces – electromagnetism and the weak force – can be described in

terms of the SU(2)L and U(1)Y groups of the unbroken weak and electromagnetic

forces, and the corresponding charges of the fermions: weak isospin and hypercharge.

The various charge quantum numbers of the quarks and leptons are given in table 1.1.

It is notable that there are three families of quarks and leptons, which transform

identically under the gauge groups, but which have different masses. Ordinary

matter consists only of the lighest two quarks (u and d) and the lighest charged

lepton (the electron). The origin of the SM family structure remains mysterious,

but clues may be found at the LHC (see sec. 4.7).
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Chapter 1 Theory and motivation

1.1.2 The description of mass

Since almost all observed particles are massive (see fig. 1.1), in order to complete

the description of the particles and interactions given in sec. 1.1 one must add a

mechanism for mass generation. Adding gauge boson mass terms by hand destroys

the gauge symmetry of the lagrangian, and results in non-renormalizable theories.

A method of giving mass to vector bosons while maintaining gauge invariance at

high energy was described by Higgs [9], Rout and Englert [10]. They considered a

pair of real scalar fields, (ϕ1, ϕ2), with a potential, V (ϕ2
1 +ϕ2

2), that has a degenerate

minimum. These scalar fields are coupled to a real vector field, Aµ. By considering

small oscillations about a vacuum solution:

ϕ1 = 0, ϕ2 = ϕ0, with V ′(ϕ2
0) = 0, V ′′(φ2

0) > 0, (1.1)

it can be shownb that the vector bosons receive an effective mass, µ = eϕ0, where e

is the coupling constant.

In becoming massive, the vector boson acquires a longitudinal degree of freedom

which is taken from the scalar fields. The remaining degree of freedom produces a

massive scalar excitation in ∆ϕ2 which represents the physical Higgs boson, h.

In the SM, it is through the Higgs mechanism that the electroweak bosons (W±

and Z0) obtain their masses. The gauge group SU(2) × U(1), has gauge bosons

W i
µ, (i = 1, 2, 3), and Bµ, and coupling constants g and g′ for the SU(2) and the

U(1) parts respectively. The self-interactions of a complex scalar doublet field (the

Higgs field), Φ ≡
(
φ+

φ0

)
, cause spontaneous symmetry breaking, after which the

bSee appendix B for mathematical details.
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new mass eigenstates are linear combinations of the original gauge eigenstates:

W± = (W 1 ∓ iW 2)/
√

2, Z = −B sin θW +W 3 cos θW (1.2)

with θW ≡ tan−1(g′/g). The masses of the gauge bosons are also linked by cos θW =

MW/MZ at tree level.

The masses of the SM fermions are generated from Yukawa couplings to the Higgs

doublet field, with the values of each coupling proportional to the mass. Since the

mass eigenstates of the quarks are not the same as the weak eigenstates, charged

weak interactions can cause transitions between generations. The same mixing ma-

trix introduces a single complex phase which violates the combined symmetry CP,

in which particles are exchanged for their anti-particles and the spacial coordinates

are inverted.

It is worth noting that there is also now also good experimental evidence [11–13]

that neutrinos have small ( <∼ few eV), but non-zero masses, which allow them to

oscillate between different flavour eigenstates. However the mechanism by which

neutrinos gain mass remains unclear. Neutrino masses can be incorporated into the

SM in the same way as the other fermions, but alternative schemes existc.

1.1.3 The Higgs mass and the technical hierarchy problem

The Higgs boson is the only particle in the SM which has not yet been experimentally

observedd.

The bare mass of a Higgs boson depends on the curvature of the scalar potential at

cA particularly interesting example from the point of view of supersymmetry phenomenology
is from lepton-number R-parity violating couplings, such as in [14].

dSearches at LEP for a Standard Model Higgs boson are not definitive [15].
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Chapter 1 Theory and motivation

Figure 1.1: Mass values for SM particles, with their uncertainties. A
lower limit is shown for the SM Higgs particle. Approximate upper
limits on the neutrino masses are shown based on the direct limit on the
mass of the electron neutrino. The photon is assumed to be massless.

its vacuum minimum, which is a parameter (rather than a prediction) of the SM.

There are however bounds on the renormalized mass. By imposing the condition

that the S-matrix to be unitary for the elastic scattering process W+W− → W+W−,

the renormalized Higgs mass must be less than (8π
√

2
3GF

)
1
2 ≈ 1000 GeV [17]. Indeed

global fits to electroweak data, which are sensitive to the logarithm of the Higgs

mass through radiative corrections, tend to favour a light Higgs (see fig. 1.2).

A problem arises because there are large radiative corrections to mbare
h , through loop

diagrams, such as those shown in fig. 1.3. These corrections when summed result

in divergences which grow quadratically with the cut-off scale, Λ. A fermion with

mass mf and coupling λf to the Higgs field gives a contribution,

δM2
HF =

|λf |2

16π2

[
−2Λ2 + 6m2

f ln(Λ/mf ) + · · ·
]

(1.3)

to the square of the Higgs mass through diagrams such as fig. 1.3a. For a scalar

8
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Figure 1.2: The electroweak precision fit ∆χ2 = χ2−χ2
min as a function

of the SM Higgs mass. The band represents the theoretical uncertainty
from missing higher order corrections. The vertical band shows the
region excluded by direct searches at 95% confidence. The dashed line
was obtained using an alternative calculation of the QED coupling,
α(MZ). From [16].

Figure 1.3: 1-loop diagrams contributing to the effective Higgs (mass)2,
from (a) fermion loop; (b) gauge boson loop; (c) scalar loop.
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Chapter 1 Theory and motivation

loop, such as fig. 1.3(b), there is a similar correction,

δM2
HS =

λs
16π2

[
Λ2 − 2m2

s ln(Λ/ms) + · · ·
]
. (1.4)

If the SM is considered to be the ultimate theory of the universe, then this divergence

is not necessarily a problem. However there are good reasons to suppose that the

SM will not be the last word in our understanding of the fundamental interactions.

For example, the omission of gravity from the theory will become important as one

approaches the Planck scale MPl =
√

h̄c
GN
∼ 1019 GeV. While the Planck energy

regime is far from being realised by any experiment, it places a limit on the validity

of the SM, changing its status to that of an effective field theory, valid only below a

certain energy level.

Setting the cut-off Λ of the integrals to the Planck scale forces the natural scale

of the Higgs mass-squared to huge values around M2
Pl. In order to end up with a

physical mass-squared near the electroweak scale, ∼ (100 GeV)2, as demanded by

the arguments at the start of this section, one must fix the bare mass extremely

precisely to about one part in 1016. Even if Λ, the scale at which new physics enters,

is reduced to the unification scale at about 1015 GeV (see sec. 1.2.2), a striking

cancellation is required over twelve orders of magnitude. This need for extreme

fine-tuning is known as the technical hierarchy problem.

It is however possible to avoid such delicate and artificial parameter fixing. Notice

that sign of the term quadratic in Λ is opposite in eq. 1.3 as compared to eq. 1.4.

This is because the Feynmann rules require a factor of -1 for each fermion loop

in the diagram. The cancellation introduces the possibility that the dangerous

divergencese can be systematically cancelled, provided that each of the SM fermions

eThere are remaining divergences, but they are logarithmic in Λ, and so are much easier to
explain in terms of small numerical factors.

10



1.2 Supersymmetry Chapter 1

are accompanied by two complex scalars with λs = |λf |2.

Such companions and couplings are an essential consequence of models which respect

a special symmetry principle – supersymmetry – which is the subject of sec. 1.2.

1.2 Supersymmetry

The theory of supersymmetry hypothesises a relationship between particles which

have integer and half-integer spins. It predicts that particles should come in multi-

plets containing an equal number of fermionic and bosonic degrees of freedom.

This section promotes the main motivations for extending the Standard Model to

include supersymmetry. For a more detailed theoretical description of the super-

symetry algebra, and of supersymmetric field theory, the reader is directed to-

wards the pedagogical introductions upon which much of the following discussion is

based [18–24].

1.2.1 Overview

Physicists are already familiar with theories which have the same properties after

such operations as translation in time or space, or rotations in space. Modern physics

also makes use of symmetry under the relativistic Lorentz boosts, and gauge trans-

formations. Supersymmetry is an extension to these existing symmetry principles,

and predicts exact relationships between particles with different spins.

To make a stronger statement, it is one of very few extensions available. This was

shown by Coleman and Mandula [25,26], who considered the possible symmetries of

the scattering matrix. They proved that a theory which describes a finite number of

point particles types, which obeys the Lorentz transformations, and in which parti-
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Chapter 1 Theory and motivation

cles scatter in a physically sensible manner, may only have internal symmetries (like

gauge symmetries), and the symmetries of the Poincaré group (i.e. Lorentz boosts,

translations and rotations). This restriction is known as the Coleman-Mandula ‘no-

go’ theorem.

The only known extension [26] of the allowed symmetries is the possibility of adding

operators which relate bosons to fermions – the supersymmetry generating operators,

Q. Aficionados favour the argument that since nature has chosen to respect gauge

and Lorentz symmetries there is every reason to believe that the supersymmetry

should also be physically relevant.

The supersymmetry (SUSY) generating operators change the spin of a single particle

state by ±1
2
, and in doing so transform bosonic states into fermionic states and vice

versa. Symmetry under these operations means that for every bosonic degree of

freedom in the theory, there must be a corresponding fermionic degree of freedom.

Such theories will then naturally provide the companions required to cancel the

divergences in the Higgs mass, which were described in sec. 1.1.3.

In the simplest case there is only one distinct copy of the SUSY generators, Q, Q†,

and each particle state is accompanied by exactly one other state with spin differing

by a half. The more general cases with N ≥ 2 typically contain super-partners

of fermions with opposite chirality, so are difficult to reconcile with the V-A weak

couplings in the SM. Hence only simple (N = 1) supersymmetry can be physically

relevant at low scales.

It is theoretically appealing that if SUSY exists, it is intimately connected with the

structure of space-time, as can be seen from the anticommutation equations of the

generating operators,

{Qa, Q
†
b} = 2(σµ)abPµ, {Qa, Qb} = 0, (1.5)
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where Q and Q† are two-component complex spinor operators, Pµ is the four-

momentum operator, and the components of σ = (1,−→σ ) are the identity and the

Pauli 2 × 2 matrices. The SUSY generator, Qα and its hermitian conjugate Q†α,

commute with the momentum operators,

[P µ, Q] = [P µ, Q†] = 0 (1.6)

while under Lorentz transformations they transforms as Weyl spinors.

The supersymmetry generator Q, can be assumed to commute with the generators

of the SU(3)×SU(2)×U(1) gauge groupf. The guage interactions and charges of the

superpartners will then precisely cancel the unwanted quadratic Higgs divergences

discussed in sec. 1.1.3.

1.2.2 Grand unified theories

There is another piece of circumstantial evidence in favour of SUSY which is related

to the hope that all three SM forces might eventually be described in terms of a

single grand unified theory (GUT).

The aim of a GUT is to embed the SU(3)×SU(2)×U(1) gauge groups in a simple

group, which is spontaneously broken at some high scale. Above that scale the

couplings will be equal, while below it each will run according to its renormalisation

group equation (RGE). These differential equations describe how the value of the

gauge couplings change depending on the scale at which they they are observed.

From a low-energy perspective a GUT enthusiast would hope to observe all three

of the SM gauge couplings tend towards a single point somewhere between the

fThe commutator must be a one-dimensional representation of the gauge group. Since SU(3)
and SU(2) have no non-trivial one-dimensional representation, Q must in any case commute with
the generators of these groups.

13



Chapter 1 Theory and motivation

(a)

(b)

Figure 1.4: The running of the SU(3), SU(2) and U(1) gauge couplings
(a) without and (b) with N = 1 supersymmetry, according to one
loop renormalization group equations. α1 ≡ (5/3)αY , where αY is the
hypercharge coupling in the conventional normalisation. The bands
reflect contemporary experimental uncertainties. From [27].
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electroweak and Planck scales.

The running of the couplings depends on the particles which are accessable at any

particular scale and so will be affected by the addition of new particles. Supporters

of supersymmetry therefore consider it a great success that the effect of adding SUSY

particles near the electroweak scale is a significant improvement to the unification

of the couplings, as shown in fig. 1.4.

1.2.3 The minimal supersymmetric standard model

If supersymmetry is physically relevant then all known particles should have super-

partners, known as ‘sparticles’. This section describes the smallest particle content

for a supersymmetric theory in which the SM can be embedded, known as the

minimal supersymmetric standard model (MSSM).

It is natural to ask if any of the particles of the SM might already be superpartners

of one another. The only SM particles with spin differing by a half and with the

same gauge quantum numbers are the Higgs boson and the neutrino. However

if these were related by a supersymmetry transformation the SUSY equivalent of

the SM Yukawa interactions would violate lepton number. So in constructing a

supersymmetric extension of the SM each known particle must exist in a multiplet

alongside a new ‘sparticle’ partner.

It is most convenient to describe the MSSM in terms of its interaction eigenstates,

and at a high energy scale where supersymmetry breaking is small. The particles can

be then treated as approximately massless. At low energies, both the SM particles

and their SUSY partners will aquire mass through the supersymmetric version of

the Higgs mechanism. In sec. 1.2.5 some of the consequences of SUSY breaking are

summarised.
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Figure 1.5: The massless N = 1 supermultiplets. The blobs repre-
sent individual supermultiplets, each of which has two components with
spins differing by one half. Supermultiplets can be constructed by the
application of the generator operators Q and Q†.

Particles spin 0 spin 1
2

SU(3), SU(2), U(1)

squarks, quarks Q (ũL d̃L) (uL dL) (3, 2, 1
6
)

(× 3 families) ū ũ∗R u†R (3̄, 1, -2
3
)

d̄ d̃∗R d†R (3̄, 1, 1
3
)

sleptons, leptons L (ν̃ ẽL) (ν eL) (1, 2, -1
2
)

(× 3 families) ē ẽ∗R e†R (1̄, 1, 1)

Higgs, Higgsinos Hu (H+
u H0

u) (H̃+
u H̃0

u) (1, 2, +1
2
)

Hd (H0
d H

−
d ) (H̃+

d H̃0
d) (1, 2, -1

2
)

Table 1.2: The MSSM chiral supermultiplets, each of which contains
both a spin-zero (scalar) and spin-half (Weyl spinor) component. The
Higgs fields are given a subscript label depending on whether they give
mass to u-type or d-type quarks.

The possible massless multiplets for N = 1 SUSY are shown in fig. 1.5. Into this

framework must be placed the SM fermions, vector gauge bosons, and a fundamental

scalar particle – the Higgs boson. Only two types of such supermultiplet are required

to contain all of the standard model particles, these are the chiral and the gauge
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Particles spin 1
2

spin 1 SU(3), SU(2), U(1)

gluino, gluon g̃ g (8, 1, 0)

wino, W bosons W̃±, W̃ 0 W±, W 0 (1, 3, 0)

bino, B bosons B̃0 B0 (1, 1, 0)

Table 1.3: The MSSM gauge supermultiplets, each of which contains
both a spin-half (Weyl spinor) and a spin-one (vector) component.

multiplets.

The SM fermions are placed in chiral multiplets (table 1.2), each of which contains

both a spin-zero and a spin-half component. There is another possibility – putting

the quarks and leptons in gauge supermultiplets – but this would introduce new

vector fields, and therefore additional gauge groups.

Massive quarks and leptons are constructed from pairs of Weyl spinors with opposite

chirality. This means that in a supersymmetric theory, every massive quark and

lepton must be accompanied by a pair of scalar partners, which are known as known

as squarks and sleptons respectively. Supersymmetric partners of known particles

are denoted by placing a tilde over the corresponding particle, for example ẽ− for a

selectron.

Though the scalar partners of the SM fermions are often given the labels ‘right’ and

‘left’ they obviously have no ‘handedness’ themselves. Instead the label refers to the

helicity of their respective fermion partners, so for example the ‘right up squark’ is

the scalar partner of the uR Weyl fermion. The exception to this nomenclature is

the third generation of quarks and leptons, which, because of their large Yukawa

couplings have larger left-right mixing. Thus the stops, sbottoms and staus are

more usually denoted with subscripts 1 and 2 to denote the lighter and heavier state

respectively.
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The gauge supermultiplets are the SUSY equivalent of the SM gauge bosons – the

minimal additional fields necessary to create a theory which is both supersymmetric

and gauge invariant. The MSSM gauge multiplets are listed in table 1.3. In addition

to a vector boson, each gauge multiplet contains a spin-half partner, known as a

gaugino. Those corresponding to unbroken SU(3) × SU(2) × U(1) are called the

gluinos, winos and bino respectively.

Any Higgs bosons must belong to a chiral supermultiplet, since only they contain

scalars. A single Higgs doublet φ is sufficient for the SM, as both φ and its complex

conjugate field φ∗ can also be used when writing a lagrangian density, to give mass to

the quarks of different hypercharge. However a supersymmetric lagrangian densty

must not contain terms with both φ, and φ∗, and so a second Higgs doublet is

required, with the opposite hypercharge in order to give mass to both up-type and

down-type quarks. Another way of seeing this is that the charged W bosons must

have supersymmetric partners after spontaneous electroweak symmetry breaking,

which would be impossible with only a single Higgs isodoublet. A more technical

discussion of a third reason is given in [19].

The new Higgs doublet leads to additional massive scalar bosons. A pair of complex

doublets has eight degrees of freedom. After electroweak symmetry breaking removes

three degrees of freedom, there remain five physical Higgs bosons: a charged pair of

scalars, H±, a pair of neutral scalars H, h, and a neutral pseudoscalar A. Their spin-

half partners, the Higgsinos, mix with the winos and binos to form mass eigenstates:

the charged Higgsinos and winos create two ‘charginos’ (χ̃±1,2). The two neutral

Higgsinos, the neutral wino and the bino also mix, to form four electrically uncharged

‘neutralinos’ (χ̃0
1,2,3,4).
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1.2.4 R-parity

The MSSM as described in the previous section does not distinguish between quark/lepton

fields and Higgs fields. As a result baryon- and lepton-number violating interactions

are not excluded.

The superpotential, from which the supersymmetric lagrangian density is constructed,

can contain the gauge-invariant and renormalizable terms:

WRPV =
1

2
λijkLiLjĒk + λ′ijkLiQjD̄k +

1

2
λ′′ijkŪiD̄jD̄k + κiLiHu (1.7)

which is expressed in terms of superfields, each of which contains both partners in

the super-multiplet. For example L2 is the muon isodoublet superfield, containing

the left-handed muon, its neutrino, and both of their scalar superpartners. Hu,

L and Q are isodoublets while Ū and D̄ are isosinglets. Gauge indices have been

suppressed and i, j, k are familiy indicies.

The first three terms in eq. 1.7 are Yukawa couplings between the matter superfields.

The last term is the mixing term between the Higgs and lepton doublets. When

contracted through the appropriate gauge matrices, λijk must be antisymmetric

under i↔ j and λ′′ antisymmetric under j ↔ k. WRPV therefore adds 9+27+9+3 =

48 new parameters.

In the perturbative standard model both bayron number and lepton number are

conservedg. Baryon number assignments are +1
3

for (s)quarks, −1
3

for anti-(s)quarks

and zero for all other particles. Likewise total lepton number L = +1 is given to

(s)leptons and -1 for their anti-particles. Non-zero values of the couplings λ, λ′, and

gThere does exist within the standard model the possiblity to violate both B and L (but not
B − L) by quantum mechanical tunneling into a topologically distinct but physically equivalent
SU(2) gauge rotated vacuum state [28]. Such processes are non-perturbative and are suppressed
by extremely large exponential factors ∼ exp(−16π2/g2).
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Figure 1.6: Example of a Feynman diagram in which a pair of non-
zero R-parity violating couplings leads to squark-mediated proton de-
cay, p→ π0e+.

κ violate total L by one unit, while λ′′, violates B by one unit.

Products of baryon- and lepton-violating terms are strongly constrained by exper-

iment. For example, if both λ and λ′′ terms were present and of order unity, then

proton decay would take place at a rate similar to that of nuclear beta decay. On

dimensional grounds, one can estimate that:

Γ(proton→ e+π0) ≈ (λ′11k)
2(λ′′11k)

2

m4
q̃

m5
proton (1.8)

However the proton is remarkably stable – the partial lifetime τ/B(p → e+π0) for

the decay shown in fig. 1.6 is greater than 1033 years [29]. Since the squarks are

required to be light enough to solve the heirarchy problem, the product of couplings

λ′11kλ
′′
11k must be very small.

The most extreme solution is the imposition of the discrete global multiplicative

symmetry:

RP = (−1)3B+L+2s (1.9)

where s is the spin of the particle. This combination of quantum numbers ensures

that standard model particles have RP = +1 while their superpartners have RP =

−1. Such a symmetry excludes the terms in eq. 1.7, and so circumvents fast proton
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decay problem.

In R-parity conserving (RPC) models, sparticles can only be produced in pairs

and must decay to states which also contain an odd number of sparticles, with

the result that the lightest supersymmetric particle (LSP) is stable. Each SUSY

event must then produce an even number of LSPs which, being weakly-interacting,

escape detection and often generate a large missing transverse momentum (/pT ).

This signature has been exploited by many analyses proposed for the LHC [30],

since it provides a clean separation between SUSY events and the SM background.

However, the incomplete measurement of the final state makes the reconstruction of

the SUSY mass spectrum rather difficult.

A massive particle which is cosmologically stable will have relics from the big bang

which contribute to the invisible dark matter of the universe. A discussion of the

cosmological relic density of neutralinos is given in sec. 3.5.1.

However the imposition of R-parity conservation is rather ad hoc, and is not the only

solution. To prevent fast proton decay through the terms in eq. 1.7, it is sufficient

that either lepton or baryon number are conservedh. This can be seen in eq. 1.8,

where the strong limit requires only the product of B- and L-violating couplings to

be small.

If R-Parity (RP ) is violated in nature then the LSP will decay, and the collider

signatures can be very different from the RP conserving case. R-parity violating

(RPV) signatures are investigated further in chapter 4.

21



Chapter 1 Theory and motivation

Figure 1.7: Example sparticle spectra for three different examples of
high-energy theories with particular choices of parameters. From [31]

1.2.5 Supersymmetry breaking

In a theory in which supersymmetry was exact and unbroken, the properties and

interactions of the superpartners would be precisely determined. Therefore most

of the differences between supersymmetric models can be traced to the manner in

which SUSY becomes broken in the normal vacuum state.

From an experimentalist’s viewpoint supersymmetry is only interesting if it can pro-

hThe coupling λ′′ effects both RP → −RP and ∆B = 1, so cannot by itself cause decays of the
form baryon→ meson + meson.
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duce observable experimental effects. Since existing experiments have so far failed

to find evidence for supersymmetric partners it is difficult to avoid the conclusion

that sparticles (if they do indeed exist) must have large (O TeV) masses.

A general feature of most realistic models is that SUSY is dynamically (sponta-

neously) broken by a gauge coupling which becomes strong at some scale MS. The

known quarks and leptons must be neutral under this group otherwise there would

be at least one light sparticle [32], so strong supersymmetry breaking must occur in

a ‘hidden’ sector of fields isolated from ordinary particles and interactions.

SUSY breaking must be communicated to the observed particles by some interaction

felt by both the visible and hidden sectors. The most commonly discussed methods

are through flavour-blind gravitional (mSUGRA), or gauge (GMSB) interactions.

A more recent alternative, in which there is no direct contribution from the hidden

sector (AMSB), is discussed in chapter 3. Some example sparticle spectra for these

models are shown in fig. 1.7.

1.2.6 An experimental perspective on theoretical models

It is extremely difficult to search for new physics without considering what that

physics may be. It is therfore instructive for experimentalists to use theoretical

models to direct their studies.

Indirect searches for supersymmetry generally measure quantities which are calcu-

lable in the SM and can be measured with a very high degree of accuracy. These

can be sensitivity to new physics through loop corrections from virtual particles, in-

cluding those which have not yet been observed directly. Such experiments look for

deviations from known physics, so the methods employed are relatively independent

of any underlying model.
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Precision results which are in agreement with the SM are also very valuable, since

they can strongly constrain theory. The measurements can be performed in a model-

independant manner, and their values interpreted within the framework of particular

models. A brief overview of the constraints on the ‘free parameters’ of the minimal

anomaly mediated supersymmetry breaking (AMSB) scenario are given in sec. 3.5.2

for measurements of the anomalous magnetic moment of the muon and in sec. 3.5.3

for the branching rate for the flavour-changing process B → Xsγ.

The method of analysis and interpretation are rather different at collider experiments

such as the LHC, where an enormous number of different measurements can be made.

The experimentalist’s dilemma is how to chose the variables which might be sensitive

to new physics.

The situation is even more complicated because much of the information which could

in principle help reconstruct collision events is necessarily lost. The properties of any

particles produced have to be deduced from their stable decay products. For example

decays which occur sequentially in less than about 10−14 of a second cannot be

ordered in time. Ambiguities are also introduced from the experimental uncertainty

in identifying particles, and most difficult of all, weakly interacting neutral particles

do not interact with the experiment at all.

To assist the experimenter in finding discriminatory variables it is therefore valu-

able to consider the low-energy phenomenology predicted by various well-motivated

theoretical models. But which models should be studied?

One possible approach is to parameterise one’s ignorance, and to construct a general

low-energy effective theory containing all physically reasonable terms. It might then

be possible to simulate the expected results of collider experiments for each case.

In the case of supersymmetry searches such a strategy is confounded by the large
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dimensionality of the possible model space. In the MSSM alone there are 105 addi-

tional parameters [33] (not including the extra 48 in eq. 1.7) which describe masses,

mixing angles and phases after general soft SUSY breaking. A coarse grid of 100

different values of each of these parameters would produce 153100 different points

in model space. Since individual points require of the order of a day of computing

time for even approximate simulation of a minimum number of events, the whole

parameter space would require more than 10200 computer-days to model – obviously

not a viable proposal.

A more pragmatic approach is to choose a subset of ‘typical’ models which it is hoped

will exhibit universal features such as the /pT signature for RPC supersymmetry. It

is the importance of studying a representative set of models that motivates the

analyses of R-parity violating and anomaly-mediated supersymmetry presented in

part II.

1.3 Summary

There are strong theoretical motivations for suspecting that supersymmetry might

be a next step in our understanding of fundamental interactions:

• it provides a solution to the technical hierarchy problem, since cancellations

from super-partners prevent the Higgs boson from obtaining a huge mass;

• it improves the prediction of the unification of gauge couplings at high scales

and so helps in embedding the SM in a grand unified theory;

• if R-parity is conserved then the lightest of the new supersymmetric particles

can provide a cosmologically interesting contribution to the dark matter;

• it may be a stepping stone towards a quantum theory of gravity;
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• the Colemann-Mandula theorem severely restricts the choice of other exten-

sions to the standard model.

Despite these theoretical reasons, there is currently no good experimental evidence

that SUSY is realized in nature. Yet whether or not one believes in supersymmetry

few would argue that it is not important to search for it.

If supersymmetry is indeed the solution to the hierarchy problem, then SUSY part-

ners of known particles must have masses at the TeV scale. This means that the

next generation of particle colliders will produce SUSY particles, and the detectors

will have the opportunity to uncover a new kind of matter.
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The ATLAS experiment

In bulk as huge as whom the Fables name of monstrous size

2.1 The LHC

The ‘large hadron collider’ (LHC) is currently under construction in a 27 km circular

tunnel at the European particle physics laboratory (CERN) near Geneva. The

machine will accelerate protons to energies of 7.0 TeV then collide them head-on to

maximise the energy available to create new particles. The LHC has the potential

to greatly advance our understanding of fundamental physics, and to constrain the

theories which can describe it. Its high energy and luminosity allow exploration of

a variety of important questions, such as the origin of mass, the predominance of

matter over anti-matter, and the relationship of matter to the forces that act on it.

Some machine parameters of the LHC are shown in table 2.1. In particular the

increase of energy and intensity relative to previous pp and pp̄ colliders is shown in

fig. 2.1. High energy allows the production of heavier particles – for a collider exper-

iment the energy available to produce new particles increases with the beam energy.

The luminosity gives a measure of the intensity of the beams, and is proportional

to the total number of interactions of a specific type which might be expected.
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Figure 2.1: The beam energy and luminosity of the various proton–
(anti-)proton colliders plotted against their start-up year.

The counter-rotating beams of protons will be made to collide at four points shown

in fig. 2.2. Large experiments will measure the properties of the particles produced in

the collisions. By studying statistical distributions of large numbers of interactions,

insight will be gained into the underlying physical processes.

2.2 Physics goals

In common with many particle physics experiments, ATLAS would be better de-

scribed as an experimental facility. A wide-ranging physics program includes, but

is not limited to:

• Higgs: the exploration of the mechanism of electroweak symmetry breaking,

incorporating various Higgs boson searches. The Higgs boson is the only par-
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Figure 2.2: The LHC above and below ground. ATLAS and CMS are
general purpose detectors, with wide-ranging physics programs. ALICE
has been designed to study the products of heavy ion collisions, while
LHCb is intended to measure the decay products of hadrons containing
b-quarks. Protons will be accelerated progressively in CERN’s chain of
accelerators, of which only the largest two (the SPS and the LHC) are
shown. From [34].
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Beam energy 7.0 TeV

Time between collisions 24.95 ns

Luminosity 0.1 to 1.0×1034 cm−2s−1

Circumference 26.659 km

Particles per bunch 1011

Bunch length (σz) 7.5 cm

Bunch width (σx) 15.9 µm

Bunches per beam 2835

Beam current 0.53 A

Magnetic field strength 8.36 T

Dipole magnet temperature 1.9 K

Cost to completion (approx.) 3080 million CHF

Table 2.1: Some parameters of the LHC (proton–proton mode).

ticle of the SM which has not yet been observed. Extensions to the SM such as

supersymmetry often extend the Higgs sector, and so predict multiple Higgs

bosons.

• New physics: searches for supersymmetry, and for large and small extra

dimensions. These extensions to the Standard Model are partly motivated by

considerations of the natural scale of the Higgs mass, which was discussed in

sec. 1.1.3. They both predict new particles at about the TeV scale, which if

they exist should be observable at the LHC.

• Electroweak: the precision measurement of the top-quark and the W bo-

son masses, and of the electroweak gauge boson couplings. If and when the

Higgs boson is discovered, such measurements will help to over-constrain the

parameters of the combined electroweak theory.
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• B-physics: constraining the flavour sector. Given the very high rate of b-

quark production, ATLAS can measure decays of B-hadrons, and help to

over-constrain the Cabibbo-Kobayashi-Maskawa mixing matrix parameters,

including precise measurements of CP-violation in B-meson decays.

• Strong interactions: measurements of the strong coupling constant, αS, and

the parton density functions. The basic principles behind the strong nuclear

force are well described the gauge theory of QCD. However experimental mea-

surements of QCD parameters are crucial since non-perturbative interactions

between particles makes many calculations extremely difficult. The results of

these experiments are important both in their own right, and because they are

a major part of the background to other processes.

The exploration of each of these topics is achieved by identifying and measuring the

properties of those decays products which live long enough to pass through part

of the experimental apparatus. From their interactions with that apparatus, one

attempts to identify the particles produced, as well as measuring their energy, mo-

mentum, and position. Those measurements can then be interpreted with reference

to the various theoretical models.

2.3 Detector geometry and terminology

The ATLAS detector has approximate cylindrical symmetrya. It is most often de-

scribed with a coordinate system, {R, φ, z}, where the z-axis points parallel to the

beam-pipe, R is the transverse distance from it, and the aziuthal angle, φ is defined

such that the x-axis points from the interaction point to the center of the LHC ring.

aAt the time of writing the various components of the experiment are under construction, with
an expected completion date in 2007. The description of the detector is given in the present tense,
but it should be noted that the detector may evolve during the intervening period.
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The true rapidity y = 1
2

ln[(E+pz)/(E−pz)] of a Lorentz vector is defined such that

the rapidity differences are conserved under a boost along the z axis. It is a useful

coordinate in hadrons colliders where the initial z-momenta of the primary partons

are not known. However the calculation of the true rapidity requires knowledge of

the particle’s mass, which is often difficult to determine experimentally. Hence the

pseudorapidity η = − ln[tan(θ/2)] is defined in terms of the polar angle, θ. This is a

good approximation to the true rapidity in the relativistic limit. A highly relativistic

particle’s 3-momentum vector is often described in terms of the three parameters:

transverse momentum (pT ), pseudorapidity (η), and azimuth (φ).

In an ideal uniform field, the trajector of a charged particle is described by a helix

with five parameters. Three of these describe the velocity vector at the point of

closest approach of the helix to the primary vertex. The two additions are the

impact parameters: d0 and z0, which are the transverse and longitudinal coordinates

of that point.

Some particles, such as neutrinos, have a vanishingly small probability of interacting

with the detectorb. The presence of such ‘invisible’ particles can be inferred from an

apparent non-conservation of momentum of the observed particles. To achieve this,

the experiment must completely surround the interaction point, so that particles

cannot be lost. Electrical, optical and cryogenic services for central subdetectors of

the experiment are therefore routed through the outer layers so that they do not

create gaps. Two unavoidable gaps are created by the beam-pipes so final state

particles in these directions inevitably go undetected. This is one of the reasons for

restricting our interest to the missing transverse momentum (/pT ).

The /pT signature is important for many physics studies, not least in detecting (R-

bFor example for a muon neutrino the charged current interaction probablility is of the order
of 10−12 per GeV
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Subdetector Active material particle property B-field comments

Pixel depleted silicon charged P CS 3D

SCT depleted silicon charged P CS 3D (stereo-angle)

TRT Xe/CF4/CO2 charged P CS electron ID

LAr ECAL liquid argon all E - e,γ ID

LAr HCAL liquid argon hadrons E -

Tile HCAL scintillator hadrons E CS†

FCAL liquid argon all E T

MDT Ar/CO2 µ P T

CSC Ar/CO2/CF4 µ P T

RPC C2H2F4/iso-C4H10 µ P T 3D

TGC CO2/n-C5H12 µ P T 3D

Table 2.2: Summary of the ATLAS sub-detctors. Magnetic fields:
CS=central solenoid, T=toroid, †=return flux. Properties: E=energy,
P=position (and hence momentum).

parity conserving) supersymmetry, such as in chapter 3 of this thesis.

2.4 Inner detector

The purpose of the ATLAS inner detector (ID) is to reconstruct charged particle

tracks and verticies, to measure the momentum and charge sign of the particles, and

to contribute to their identification. It should make many precicise measurements

of the positions of these particles along their tracks. In order to easily reconstruct

tracks from these points, the individual active elements must detect particles with

high efficiency, yet with a minimal probability of registering in error. In addition,

they must have high granularity with a low average occupancy, so that a particular

hit pattern can be efficiently reconstructed into tracks. This is particularly impor-

33



Chapter 2 ATLAS

Figure 2.3: Simulated event for the process h → ZZ → µ+µ−e+e−,
showing the large number of tracks in the inner detector. The blue
points mark recorded hits in the barrel part of the ID. (This plot is taken
from [35], and is based on the layout desribed therein. Modifications
since the publication of [35] are referred to in the text.)

tant given the large number of tracks which will be produced in the interactions at

the LHC (see fig. 2.3).

The number of precision layers is a compromise between the competing demands
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of precise track-finding and accurate energy measurement. Each additional layer

increases the material between the interaction point and the calorimeter, and so

degrades the calorimeter performance. An additional constraint is that the compo-

nents must be able to tolerate and operate in the high-radiation environment.

The entire tracker is contained within a 2 Tesla solenoidal magnet. Since the B field

is directed along the beam-axis, the paths of charged particles will be bent according

to the component of their momentum in the transverse direction. The magnet is

2.5 m in diameter, 5.3 m long, and only 45 mm thick, to avoid introducing excess

material in front of the calorimeters. Further saving is obtained by the central

solenoid and the central electromagnetic calorimeter sharing a common cryostat.

Only a short summary of the ID components can be given in this thesis; for more

detailed information the reader is referred to the ATLAS Technical Design Reports

for the inner detector [35], the pixel detector [36], and the overall detector and

physics performance [30]. Minor changes to the design since the publication of

those documents are detailed in various Final Design Reports, with most of the

developments summarised in [37].

The ATLAS ID or “tracker” consists of three different elements, as shown in fig. 2.4.
These are, from the innermost layer out:

• the pixel detector – high granularity silicon detectors nearest the interaction
point;

• the semiconductor tracker (SCT) – precision silicon microstrip detectors;

• and the transition radiation tracker (TRT) – a straw tube tracker with electron
identification capability.

Each of these sub-detectors consist of a central cylindrical ‘barrel’ section with two
‘endcaps’ at larger values of |z|.
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Figure 2.4: Section through one quadrant of the Atlas inner detector.
Adapted from [34].
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2.4.1 Pixel detector

The main purpose of the pixel layers is to provide precise measurements of charged-

particle tracks close to the interaction point. By measuring impact parameters,

particles which were produced at secondary vertices can be identified as the daugh-

ters of weakly-decaying particles such as b-quarks and τ -leptons.

The barrel has three cylindrical layers, the innermost of which is at an average radius

of 43 mm. Each end-cap consists of five discs, which give good spatial resolution

out to |η| = 2.5. Both the disc and barrel regions are instrumented with modular

units of size 62.4 × 21.4mm, with the long side of the module directed parallel to

the beam in the barrel and radially in the disks. Barrel modules are tilted in the

Rφ plane to reduce the charge spread arising from the Lorentz angle, and to allow

overlap.

The pixel detector lies closest to the interaction point where particle tracks are most

dense. To achieve the low occupancy required for pattern recognition it must there-

fore have very a high density of active elements. The sensitive part of the module is

a reverse-biased silicon wafer segmented into 46,080 pixels, each 50×400 µm, with

finer pitch in Rφ providing a more accurate measurement of the sagitta which is

used in the calculation of the particle’s momentum. The two dimensional array of

diodes is bump-bonded to sixteen flipped front-end readout chips, where the elec-

trical signal is amplified and compared to a threshold to give a binary output.

2.4.2 Semiconductor tracker

Like the pixel layers, the SCT measures particle positions by detecting the electrical

charge liberated by a charged particle passing through a reverse-biased silicon diode.

While the underlying technology is the same as for the pixel detector, the design is
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rather different. The decreased track density at larger radii favours silicon microstrip

detectors which have fewer read-out channels and less material than pixel detectors,

but which can nevertheless provide precise measurements.

There are four barrel layers in the central region, while the end-caps are formed from

rings of wedge-shaped modules. In both cases, each module employs four silicon

wafers bonded back-to-back in pairs. The Rφ component is accurately measured

from the hit strip(s), while the second position coordinate is determined from a

40 mrad stereo angle between the front and back planes.

A study of the performance of SCT modules in beam tests forms a part of this

thesis, so more information about this sub-detector can be found in chapter 5.

2.4.3 Transition radiation tracker

The TRT is a drift tube system and forms the bulk of the volume of the ATLAS ID.

Its purpose is two-fold – firstly to make a large number of measurements of charged

particle position, and secondly to assist in the identification of these particles.

The pseudorapidity coverage of the TRT is |η| < 2.5, with the barrel region covering

|η| < 0.7. It consists of several hundred thousand “straws”, each of which is a 4 mm

diameter cylindrical tube. The inner surface of the straw is covered in aluminium,

and acts as a high-voltage cathode. In the middle of the straw is an anode wire

made of gold-plated tungsten from which the signal is read out. The straws are

filled with a Xe/CF4/CO2 gas mixture.

The TRT is read-out by double-threshold binary electronics. The low threshold

(≈ 200 eV) setting will detect the charge liberated by the passage of a minimally

ionising particle. Averaged over the full pseudorapidity range, 36 low energy hits

will be generated per track. This large number of points facilitates track-finding,
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and provides improved momentum resolution.

A higher threshold level at about 5 keV is designed to detect the transition radiation

(TR) photons which give the detector its name. These are soft X-rays produced when

ultra-relativistic charged particles cross a boundary between materials with different

dielectric constants. The probability of emitting a TR photon at any particular

boundary is small so the surrounding materials (polypropylene foils or fibres) are

designed to contain many such transitions.

The TR energy radiated increases rapidly with the relativistic γ factor, so particles

with γ >∼ 1000 will produce high-threshold hits with reasonable efficiency. For a

track of known transverse momentum, γ provides a measure of m, the particle’s

mass. For an electron identification efficiency of 90%, the resultant pion contami-

nation is expected to be less than 10−2.

2.5 Calorimetry

The basic objective of the calorimetry system is to measure the energy of electrons,

photons and jets. Another design requirement is the ability to separate different

types of particle based on the shape and structure of the shower.

High energy electrons and photons incident upon matter initiate particle cascades

from pair production (γ → e+e−) and bremsstrahlung (e → eγ) in the nuclear

electric field. Such showers are characterised longitudinally by the radiation length

(X0) and by narrow transverse profiles.

Particle cascades are also produced when high energy hadrons interact with dense

material, where multiplication occurs through a succession of inelastic hadron-

nuclear interactions. Such showers involve a greater degree of lateral spread than
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Figure 2.5: Three-dimensional representation of the ATLAS calorime-
ters. Adapted from [38].

in the purely electromagnetic (EM) case, though they will contain a variable EM

component.

Since the nuclear interaction length is about an order of magnitude greater than

X0 (depending on the material), ATLAS like most general-purpose experiments has

two different calorimetry systems.
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2.5.1 Electromagnetic calorimetry

The electromagnetic calorimeter (ECAL) is a high granularity lead/liquid argon

(LAr) sampling calorimeter with accordion geometry [39]. In the barrel region the

segmentation is ∆η×∆φ = 0.025×0.025 (0.003×0.1, 0.05×0.025) in the first (second,

third) sampling. The zig-zag shape of the absorbers and electrodes allows continuous

azimuthal coverage with minimal density variations. The radiation thickness up to

the end of the EM calorimeter is at least 24X0 in the barrel and 26X0 in the end-caps

with an overlap in rapidity through the transition.

Since there are about two radiation lengths (including the solenoid and cryostat) of

material in front of the main calorimeter a pre-sampler corrects for upstream energy

losses over |η| < 1.8. The transverse energy profile of the preshower and the first

sampling provide good π0/γ separation. Electrons are identified from both shower

shape and inner detector information. The high granularity ECAL and multiple

samples can be used to reconstruct the direction in which a shower is pointing, and

so one can identify photons which have originated from secondary decays.

Simulations [38] and testbeam data [40] suggest that the EM calorimetry perfor-

mance will be dominated by sampling fluctuations giving σE/E ≈ 10%/
√

(E/GeV).

The overall resolution, including contributions from the sampling term, constant

term, electronic noise and pile-up when running at high luminosity is expected to

be about 1.4% for 50 GeV ET photons. The ECAL information is expected to

provide a rejection of ∼ 103 against jets for an electron efficiency of 90%.

2.5.2 Hadronic calorimetry

In the barrel and ‘extended barrel’ regions the hadronic calorimeter (HCAL) ab-

sorber consists of steel plates which are sampled by plastic scintillator tiles [41].
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Figure 2.6: Simulated combined calorimeter linearity and resolution for

jets at η = 0.6. The fitted lines are σE/E = a/
√
E/GeV ⊕ b where

the numerical fit values the statistical term, a, and the constant term b
are given in table 2.3 The solid circles were obtained by fitting for the
reconstruction efficiency coefficients separately at each energy. From
[38].

a b

pions 43% 3.6%

jets (total energy) 46% 2%

jet cone size 0.7 60% 2%

jet cone size 0.4 70% 1%

Table 2.3: Jet energy resolution fit parameters for fig. 2.6. a is the
statistical term, while b is the constant term.
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These are placed perpendicular to the beams, and are grouped into cells at approx-

imately constant η by combining the signal from different wavelength-shifting fibers

into a single photomultiplier. The structural material and iron absorber together

form the return yoke for the central solenoid.

In the endcap, where radiation damage would severely degrade the scintillator, a

parallel-plate copper/LAr hadronic sampling calorimeter provides equivalent energy

resolution over 1.5 < |η| < 3.2.

Motivated by missing transverse momentum (/pT ) and forward jet detection, a dense

Cu/W liquid argon forward calorimeter (FCAL) measures both hadronic and elec-

tromagnetic activity at very high-rapidity (3.2 < |η| < 4.9).

The overall missing energy resolution is estimated from simulations to be σ//pT ≈

0.48/
√

ΣET/GeV where the sum is over the transverse energy in all of the calorime-

ters.

2.6 Muon spectrometer

With no strong interactions and a relatively large mass, muons lose energy primarily

by ionisation. They can therefore pass through the calorimeters to dedicated detec-

tors which can identify the particle and measure its momentum. The latter becomes

especially important at higher energies ( >∼ 100 GeV) where the relatively small size

of the inner detector limits its accuracy in making momentum measurements.

The magnetic field in the muon detectors is provided by superconducting air core

toriods. For good track momentum resolution, a large magnetic field is desirable

over long distances, so the overall scale of the magnet system is grand – 20 m in

diameter and 26 m long, and the average magnetic field strength is 0.6 T. The
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Figure 2.7: Magnetic field map in the barrel–end-cap transition region.
Field lines are shown in the R–φ plane in the middle of an end-cap
toroid. The scales are in centimeters. Adapted from [42].

toroidal geometry keeps the magnetic field direction largely perpendicular to the

muon trajectory.

Both the large barrel and smaller end-cap toroids consist of eight flat coils (fig. 2.7)

wound in series with flat superconducting NbTi/Cu cable. A liquid helium cryogenic

system maintains the coils at the operating temperature of 4.5 K. The quench pro-

tection system has both electrical resistors and thermal heaters which can initiate

the internal dump of stored energy in all of the coils.

The distribution of the muon precision and trigger chambers is shown in fig. 2.8.

44



2.6 Muon spectrometer Chapter 2

Figure 2.8: Side view of one quadrant of the muon spectrometer, indi-
cating where the different chamber technologies are used. The thin gap
and resistive plate chambers are fast trigger chambers, while monitored
drift tubes and cathode strip chambers provide the precision sagitta
measurements. Adapted from [42].

2.6.1 Precision chambers

The precision measurement in the bending direction will be made by drift-tube

chambers. As part of the effort to reduce the uncertainty in the track position, an

internal optical survey system will continually monitor any deformations in each

chamber to within a few microns.

The highest rates are expected in the innermost forward regions (2.0 ≤ |η| ≤ 2.7)

where multiwire proportional chambers with cathode-strip readout provide a preci-

sion measurement with a smaller occupation time.

Three measurements of position and direction are expected over all η with a reduced

acceptance where structural elements and cracks limit coverage. The spectrometer

resolution for muons with energies around 20 GeV, a typical energy scale for Higgs
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boson decays, is expected to be approximately ∆pT/pT of 2%. High energy muons,

important in many searches for new physics, will be measured with average ∆pT/pT

of approximately 10% at 1 TeV.

2.6.2 Trigger chambers

Dedicated muon detectors with a fast response time (less than two microseconds)

will give a rough measurement of pT which can be used to initiate the read-out of the

other sub-detectors. These trigger chambers have two-dimensional segmentation to

facilitate pattern recognition and to identify which of the precision hits are related to

a particular muon track. The second coordinate is measured with sufficient accuracy

to allow corrections for magnetic field inhomegeneities to be applied.

Triggering is be achieved over 0 ≤ |η| ≤ 2.4 for muons with energy greater than

about 6 GeV, with a time resolution of approximately four nanoseconds – comfort-

ably sufficient to identify a single bunch crossing.

2.7 Trigger

In total the ATLAS detector has more than 108 electronics channels. Even after

zero-suppression the raw event data size is expected to be of the order of 1 Mbyte.

If all events were read out (at 40 MHz) this would amount to an output 40 terabytes

of data per second, the storage of which would be grossly unachievablec.

As can be seen in fig. 2.9, the cross-section for producing high pT physics at the

LHC is many orders of magnitude below the total cross-section, so it is clear that

cThe price for a terabyte of disk in 2007 has been estimated by IBM to be about one thousand
US dollars. At that rate the cost of disks for storing the first month’s data in full would be $2600M
(more than the cost of the LHC machine.)
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Figure 2.9: Energy dependence of some proton–(anti)proton cross-
sections at the LHC and at the Tevatron. The discontinuity at√
s = 4 TeV is caused by the transition from pp̄ to pp. From [43]

after [44].
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trigger accept rate latency memory

level 1 75 kHz ≈ 2.5µs front-end pipeline

level 2 1 kHz 10 ms on-crate buffer

event filter 100 Hz O(1 s) processor farm

Table 2.4: An overview of the ATLAS trigger system. The final column
indicates the physical location of the event temporary storage at each
stage.

efficient event selection will be extremely important. An overall rejection factor of

nearly 107 is required while at the same time maintaining good efficiency for rare

new physics.

The ATLAS trigger system is based on three levels of selection (table 2.4). Each

subsequent level faces a lower event rate, and so can afford a higher level of so-

phistication per event. The first level trigger makes a decision based on reduced-

granularity calorimeter and muon detector information. Examples of objects which

can initiate a first level acceptance are high pT muons, isolated EM clusters, jets,

and missing pT .

The second level has access to full precision and granularity data, but will concen-

trate on those regions of interest already selected by level 1. The ID tracking data is

considered for the first time at level 2, allowing selection of events with low energy

electrons and heavy quark candidates.

At the third and final level the event is fully reconstructed and a decision made as

to whether to reject it or pass it to the permanent storage system for later analysis.
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2.8 Comment

An enormous investment has been made in the LHC project, both in terms of the

decades of research and development and the financial cost of manufacturing the

accelerator and the detectors. It is therefore vital that the best possible use is

made of the machine. It would be a disappointment to particle physicists if the

LHC provided only confirmation of the SM Higgs boson, but no evidence for physics

beyond the standard model, but it would be a tragedy if it was later found that

the machine was capable of making exciting discoveries of new physics, but that the

evidence lay undiscovered.

If TeV-scale supersymmetry is accessible then we must ensure that we find it. In

part II of this thesis, I present investigations into two supersymmetry scenarios, both

of which present severe experimental challenges. In both cases I show that even if

nature has chosen one of these ‘difficult’ cases, careful analysis can reveal a great

deal about the new particles – rewarding us with fresh insights into the underlying

structure of matter and force.
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Simulations of supersymmetry

models at ATLAS
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Chapter 3

Discovering anomaly-mediated

supersymmetry at the LHC

How shall I relate To human sense
The secrets of another world?

The archetypal supersymmetry (SUSY) signature involves leptons or jets which have

obtained large transverse momenta from cascade decays, in association with missing

transverse momentum from the undetected lightest supersymmetric particle (LSP).

Recently a model was proposed in which the LSP composition is dominated by the

neutral wino. Since the mass splitting between the charged and the neutral winos is

small, this means that the next-to-lightest supersymmetric particle (NLSP) is only

slightly heavier than the χ̃0
1, and dominantly decays to the invisible χ̃0

1 together with

one or more low-momentum charged particles, such as π+ or e+ νe.

Thus the ‘smoking gun’ signature for this type of model is large missing transverse

energy along with soft tracks from χ̃+
1 decay. This chapter investigates the discovery

potential of such models, in particular the observability of these soft particles.

In this chapter the AMSB discovery potential of the LHC is investigated for general-

purpose detectors from several points of view. I concentrate on the ATLAS detector

but similar considerations will also apply to CMS. The anomaly-mediated model is
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introduced in sec. 3.1. In the next section the properties of the recently proposed

benchmark points for minimal anomaly mediation are reviewed. The potential reach

of generic SUSY search techniques in detecting minimal anomaly mediated super-

symmetry is investigated in sec. 3.3. While the generic search reach is dependent

on the mAMSB spectrum, the same is not true for the classic anomaly-mediated

signature – the wino-like LSP – which will apply beyond the minimal model. The

signatures for identifying wino-like LSPs at the LHC are explored in sec. 3.4. Fi-

nally in sec. 3.5 constraints on mAMSB from measurements of the cosmological relic

density, the muon anomalous magnetic moment, and the branching ratio B → Xsγ

are examimed.

3.1 Anomaly mediated supersymmetry

A mechanism of supersymmetry breaking known as anomaly-mediation (AMSB) was

proposed in [45,46] in which a conformal (re-scaling) anomaly in the auxiliary field

of the supergravity multiplet transmits SUSY-breaking to the observable sector.

There is always an anomaly-mediated contribution to the gaugino masses in any

hidden-sector model, but where no other direct contribution is present, AMSB will

be the leading effect.

Anomaly mediation provides a potential solution to the SUSY flavour problem, in

a highly predictive model. One undesirable feature of pure anomaly-mediation is

that the slepton has a negative mass-squared. There are various ways to solve this

problem [45,47–58], the simplest of which is the addition of a universal scalar mass

at the GUT scale. The unmeasured parameters of the minimal model (mAMSB)

are then m3/2 – the gravitino mass; m0 – the universal scalar mass; tan β – the ratio

of the vacuum expectation value of the Higgs fields; and the sign of the µ parameter
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multiplying HuHd in the superpotential, the magnitude of which is fixed from the

condition of correct electroweak symmetry breaking.

The sparticle spectra for mAMSB have been calculated in [59–62]. With pure

anomaly-mediation, (i.e. m0 = 0) the gaugino masses are proportional to their

beta functions:

Mi =
βgi
2g2

i

m3/2 (3.1)

where gi are the gauge coupling constants with i = 1, 2, 3 indicating the gauge group,

βgi are their corresponding renormalisation group beta functions,

βgi =
d(gi)

2

d(lnµ)
, (3.2)

and m3/2 is the gravitino mass. AMSB therefore predicts that the gaugino masses

are in the approximate ratios M1 : M2 : M3 ≈ 3 : 1 : 7 so that the wino (rather than

the more conventional bino) is the lightest supersymmetric particle (LSP), and the

gluino is nearly an order of magnitude heavier than the LSP.

The prediction in AMSB of a wino-like LSP has interesting phenomenological con-

sequences. The most striking of these is that the lightest chargino is nearly mass-

degenerate with the lightest neutralino. Near-degenerate particles are not unusual

in SUSY phenomenology, but with AMSB one of these particles is the LSP. Since

R-parity is assumed to be conserved (unlike e.g. [63,64]) the χ̃+
1 may only decay into

the χ̃0
1 so the small mass difference,

∆Mχ̃1 ≡ m(χ̃+
1 )−m(χ̃0

1) , (3.3)

means that the lightest chargino may have a lifetime long enough to be detected at

collider experiments.
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Figure 3.1: Part of the sparticle spectrum at the Snowmass point SPS 9
which has m0 = 450 GeV, m3/2 = 60 TeV and tanβ = 10, µ > 0. Solid
black lines indicate branching ratios (BRs) greater than 10%, dashed
blue lines show BRs in the range 1%→ 10%, while red dotted lines show
BRs in the range 0.1 → 1%. The sparticles are displaced horizontally
for clarity.

3.2 Benchmark points

A set of benchmark points and ‘slopes’ or model lines was suggested for study at

Snowmass [65]. Of the eleven points, only one (SPS 9) applies to mAMSB. That

point has the parameters: m0 = 450 GeV, m3/2 = 60 TeV, tanβ = 10, with µ > 0,

and lies on the model line “slope” m0 = 0.0075×m3/2, where m3/2 can vary. Part

of the sparticle spectrum for SPS 9 is shown in fig. 3.1. The lightest sparticles

— the χ̃+
1 and χ̃0

1 — have masses about 170 GeV while squark and gluino masses

are about 1.25 TeV, so one would expect copious sparticle production at the LHC.
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Figure 3.2: Part of the sparticle spectrum at the Point d’Aix: m0 =
1000 GeV, m3/2 = 30 TeV, tan β = 30, µ > 0. Branching ratios as for
fig. 3.1. The sparticles are displaced horizontally for clarity.

The wino-like character of the lightest chargino and neutralino increases the relative

cross-section to non-coloured sparticles as compared to e.g. minimal supergravity

(mSUGRA) models. Indeed the HERWIG-6.3 [66–68] Monte-Carlo event generator

gives the inclusive SUSY cross-section as 3.9 pb, of which only about 0.5 pb is to

squarks and gluinos. The chain q̃ → χ̃0
2 → l̃ → χ̃0

1 is availablea, and has a large

branching ratio, so good information about the squark, slepton, and at least two

neutralino masses could be extracted from kinematic edges in the ll, lq and llq

invariant-mass distributions [30,69,70].

The ẽR and ẽL masses are approximately equal (fig. 3.1) because in mAMSB the

aNote that in this chapter SM particles are omitted from decays when this can be done without
ambiguity.
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slepton masses are principally determined by m0. A more detailed analysis would

be required to determine if the ẽR and ẽL masses could be separately measured from

two nearby edges in the ll invariant mass distribution, as was noted in [70] for a

similar point. The decay of the right-sleptons to the wino-like LSP is suppressed,

but not sufficiently to produce a measurable displaced vertex from slepton decay

(τ ∼ 10−16 s). In fact even if the bino-like component of the LSP becomes extremely

small, the decay ẽR → τ̃1 → χ̃0
1 will remain unsupressed. This is particularly true at

high tanβ since the mixing between the left- and right-handed staus increases with

the tau Yukawa coupling.

Because the gluino has a similar mass to the heavier squarks at SPS 9 it decays

primarily to t̃1 and b̃1, meaning that gluino production will lead to large numbers

of b-quarks. This is not a general (or unique) feature of mAMSB, and while vertex

tagging of jets could help distinguish this particular point from the SM it is not used

in this analysis.

Another set of benchmarks, the ‘Points d’Aix’ [71] chooses the mAMSB point m0 =

1000 GeV, m3/2 = 30 TeV also with µ > 0, and with the higher value tan β =30.

With a χ̃+
1 mass of 85 GeV, this point violates the limits from the LEP search [72]

for e+e− → χ̃+
1 χ̃
−
1 γ, which places a lower limit on the χ̃+

1 mass of about 92 GeV for

almost all values of the mass difference ∆Mχ̃1 .

The mAMSB Point d’Aix, despite being ruled out, still has a number of features

which are of qualitative interest (fig. 3.2). The light gluino means that the decays

g̃ → t̃t̄ and b̃b̄ are no longer kinematically allowed. This means that the major

source of b quarks is from χ̃0
2,3,4 → χ̃0

1h followed by h → bb̄, so fewer heavy quarks

are produced than for the Snowmass point. The heavy sleptons can no longer

participate in the various chains q̃ → χ̃0
x → l̃ → χ̃0

y so slepton mass measurements

would be extremely difficult at a hadron collider. There will, however, be large
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(a)

(c)

(b)

(d)

Figure 3.3: The contours show the (a) gluino, (b) up left squark, and
(c) lightest neutralino mass in GeV, and (d) the ∆m = χ̃+

1 − χ̃0
1

mass difference in MeV as a function of m0 and m3/2. The other
parameters are: tan β = 10 and µ > 0. The Snowmass point
(m0 = 450 GeV, m3/2 = 60 TeV) is marked as a pair of concentric cir-
cles, through which passes the Snowmass slope “model line G” (dashed
line). The solid red regions are excluded because of lack of electroweak
symmetry breaking (bottom right), charge- or colour-breaking minima,
or non-χ̃0

1 LSP (left). ∆m is greatest where µ is small, which occurs
near to the region where electroweak symmetry is unbroken.

59



Chapter 3 Anomaly mediated supersymmetry

numbers of events in which χ̃±1 s are produced, either directly or from g̃ → χ̃±1 qq̄, so

a signature based on the near-degeneracy of the χ̃+
1 and χ̃0

1 is robust.

3.3 LHC reach for mAMSB

While some of the phenomenological features are particular to AMSB, one might

expect to be able to distinguish AMSB from the SM using the same types of cuts

– based on leptons, jets and missing transverse momentum – that are applied in

mSUGRA analyses.

The sensitivity of the LHC to mAMSB has been demonstrated [70] for one point

(m0 = 200 GeV, m3/2 = 35 TeV, tan β = 3, µ > 0) with relatively light sparticles,

where the sparticle spectrum was investigated in detail. In [73–75], the signatures

for AMSB at a future linear e+e− or e−γ collider were investigated. In [76] the

reach of the LHC was investigated using a simple generic detector simulation for

10 fb−1 of integrated luminosity. The production of charged and neutral winos via

vector boson fusion was studied for AMSB in [77]. In that paper the LHC’s reach was

investigated for a signature consisting of two jets widely separated in pseudorapidity

in association with missing transverse momentum.

In this section the aim is to determine the reach of the LHC with a realistic detector

simulator, using optimised but generic SUSY cuts and for 100 fb−1 of integrated

luminosity.

3.3.1 Event simulation

The mAMSB spectra were generated using ISAJET-7.63 [81,82] on a grid 100 GeV×

5 TeV in the (m0, m3/2) plane. The mass difference, ∆Mχ̃1 calculated by ISAJET was

60



3.3 LHC reach for mAMSB Chapter 3

(a) (b)

Figure 3.4: The (a) lifetime and (b) branching ratios of the lightest
chargino as a function of the mass difference ∆Mχ = M(χ̃+

1 )−M(χ̃0
1).

The rapid decrease in the lifetime occurs at ∆Mχ = mπ+ where the sin-
gle pion mode becomes available. The discontinuity at ∆Mχ = 1.4 GeV
comes from the switch in the calculation from hadronic to partonic de-
cay widths. The leptonic channels implicitly include the corresponding
neutrino. The branching ratio to π+π0π0 was assumed to be equal to
π+π−π+. After [78–80].

used to recompute the χ̃+
1 lifetime and branching ratios using the results of [78,79]. In

all cases the ratio of the Higgs vacuum expectation values (tan β) was set equal to 10

and the sign of µ was positive. The mass of the top quark (important for electroweak

symmetry breaking) was taken to be 175 GeV throughout. The dependence of some

of the key sparticle masses on the input values of m0 and m3/2 is shown in fig. 3.3.

In the χ̃±1 → χ̃0
1 decays, ISAJET does not include masses for the leptons, and does

not contain multi-pion decay modes. Since the mass difference ∆Mχ̃1 can be of

the order of the mass of the muon, the lepton mass effects can be important in

AMSB. To improve accuracy, the chargino decay modes calculated in [78, 79] were

implemented with pion form factors from [80] and massive leptons. The resulting

chargino lifetime and branching ratios are shown in fig. 3.4.
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HERWIG-6.3 was used to produce 200 fb−1 of unweighted inclusive supersymmetry

events for each point (with a minimum of 5× 104, and up to a maximum of 5× 105

events).b This was then scaled to give the expected number of events for
∫
L =

100 fb−1, which corresponds to the first year of ‘high luminosity’ (1034 cm−2s−1)

running of the LHC. Background samples were generated with HERWIG for the pro-

duction of W±+jets, Z0 +jets, tt̄, and QCD 2→ 2 (excluding tt̄). For the W±+jets

sample, the cross-sections were multiplied by the factor:

1.6×
[
m2
W + (pthr

t )2

m2
W

]2(Njet−1)

, (3.4)

where Njet is the number of jets, and pthr
t is the jet transverse energy threshold

which was set to 10 GeV. This correction brings the HERWIG cross-section into better

agreement with tree-level matrix element calculations [85]. A total of over 20 million

background events were generated in logarithmic intervals in the HERWIG parameters

PTMIN and PTMAX from 0 to 7000 GeV. The background cross-sections are shown

before and after preselection cuts in fig. 3.5.

The events were passed through the ATLAS fast detector simulator, ATLFAST-2.50

[86], which gives a parameterised detector response based on GEANT3 Monte-Carlo

simulations [87]. Jets were found using the ATLFAST cone algorithm with a cone size

∆R = 0.4, and a minimum pT of 10 GeV. The loss in resolution from pile-up was

simulated. Calorimeter cells with ET deposits below 1 GeV were not included in

the /pT calculation in order to more accurately model the expected resolution. Oth-

erwise the default ATLFAST parameters were applied. The parameterised tracking

simulation used is described in appendix C.

bNo significant differences were found on comparing with HERWIG-6.4 [83] which includes spin
correlations as described in [84].
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3.3.2 Optimisation of cuts

Cuts were applied to leptons (electrons and muons only), jets, and missing transverse

momentum in a similar manner to those used in [30, 76, 88–90]. The variables to

which cuts were applied were:

(1) /pT , missing transverse momentum;

(2) pT (J1), pT of the hardest jet;

(3) pT (J2), pT of the next-to-hardest jet;

(4)
∑
pT , scalar sum of the pT of jets in the event;

(5) Njet, number of jets in the event;

(6) ST, transverse sphericity (circularity) of the event;

(7) ∆φ(J1), difference in azimuth between hardest jet and /pT vector;

(8) pT (`1), pT of hardest lepton (if any);

(9) ∆φ(`1), difference in azimuth between hardest lepton (if any) and /pT vector;

(10) MT =
√

2 pT (`1) /ET (1− cos(∆φ(`1))), transverse mass of lepton and missing

energy. Applied to single-lepton channel only to reduce SM leptonic W± back-

ground.

The preselection cuts which were applied to cut down the background, particularly at

low pT , are shown in the third column of table 3.1. The reduction in the background

cross-section can be seen in fig. 3.5. Hard preselection cuts were not placed on

isolated electrons or muons since it is foreseen that one jet with pT > 100 GeV

together with /pT > 100 GeV will be sufficient to provide the on-line trigger. Other

trigger strategies which would improve the reach include:
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• Allowing a hard (≈ 20 GeV) isolated lepton as a trigger could improve the

selection for points for relatively low m0 in which the cascade decay q̃ → χ̃0
x →

l̃→ χ̃0
y is available;

• Track vertex tagging which in ATLAS can be applied at the second trigger

level could improve the selection for events containing heavy quarks;

• If all of the coloured sparticles are heavy then the dominant production of

SUSY particles will be to the lightest gauginos. At leading order in pertur-

bation theory, the production of χ̃0
1s and/or χ̃±1 s would be difficult to trigger

on, but gaugino production in association with a high pT jet or photon and /pT

might be observable [62,91].

A fraction of the simulated gaugino production events contain high pT jets from

initial state parton showers. However the parton shower algorithm is based on

the soft and co-linear approximations so this fraction will be smaller than that

which would result from higher order matrix element calculations. The trigger

requirements can therefore be considered conservative.

Different values of the cuts were applied to events with zero, one, two or three

leptons (electrons and muons only) as reconstructed by ATLFAST, as well as to an

inclusive lepton (‘ptmiss’) analysis. In the case of two-lepton events, different cuts

were applied according to whether the leptons were of the same sign (SS) or opposite

sign (OS).

For each of these analyses the cuts were optimised in the order listed in table 3.1,

and allowed to take one of ten values shown. The significance of the signal was given

by S/
√
B where S and B are the number of signal and background events expected

respectively for 100 fb−1. For each variable, the cut was chosen to maximise the

significance subject to the constraint that S > 10. The analysis was determined to
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Figure 3.5: The cross-sections for the tt̄, W± + Jets, and Z0 + Jets
and QCD (excluding tt̄) backgrounds plotted as a function of the trans-
verse momentum variable PT. This is the HERWIG internal variable which
is compared to minimum and maximum requested values, PTMIN and
PTMAX, and is of the same order of magnitude as the pT of the hard pro-
cess. The production cross-sections are denoted with dashed lines, while
the cross-section to pass the preselection cuts are solid lines. Where no
events passed the selection cuts (at low PT) arrows indicate 90% Poisson
confidence limits on the selected cross-sections.

be successful if significance greater than five was achieved with at least ten events

passing for any set of cuts.

This technique will not necessarily generate the global maximum in S/
√
B since the

cut variables are not totally independent, but it is sufficient for the purposes of a
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Variable Allowed Values

1 /pT > 200 250 300 400 500 600 800 1000 1500 2000

2 pT (J1) > 100 150 200 300 400 600 800 1000 1500 2000

3 pT (J2) > 100 150 200 300 400 600 800 1000 1500 2000

4
∑
pT > 200 250 300 400 500 600 800 1000 1500 2000

5 Njet ≥ 2 3 4 5 6 7 8 9 10 11

6 ST > 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

7 ∆φ(J1) > 0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7

8 pT (`1) > 10 15 20 40 60 100 200 500 1000 2000

9 ∆φ(`1) > 0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7

10 MT > 100 100 100 100 100 100 100 100 100 100

Table 3.1: Allowed values for each of the cuts described in the text.
The preselection cuts (highlighted in bold italic) are shown in the
third column (applies to cuts 1 to 5 only). The units of the variables
(1-4,8,10) are GeV.

large parameter-space scan, and it decreases the chances of over-fitting to a sparse

background.

3.3.3 Results

The 5σ (and ≥ 10 event) discovery reaches for 100 fb−1 of integrated luminosity in

fig. 3.6 and fig. 3.7 show that the LHC will be able to distinguish mAMSB from

the SM over a large range of parameter space. As expected, the results are similar

to previous generic R-parity conserving SUSY searches [30, 76, 88–90] with reach

extending up to squark masses of about 2800 GeV, or to gluino masses of about

2100 GeV, whichever is the lower. The discovery reach is similar to, but greater

than that found in [77] for wino production via vector boson fusion.

In general the best reach is obtained in the single-lepton and the inclusive channel.

The same-sign dilepton signal is competitive at low m0, when m˜̀ < mχ̃0
2

– a region
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(a)

(c)

(b)

(d)

Figure 3.6: The 5 σ (and≥ 10 event) discovery region for mAMSB in the
m0–m3/2 plane, is shown by the light blue diamonds, for the (a) no lep-
ton, (b) single lepton, (c) two opposite-sign leptons, and (d) two same-
sign leptons channels. The other parameters are tanβ = 10 and µ > 0
in all cases. The solid red regions are excluded because of lack of elec-
troweak symmetry breaking (bottom right), charge- or colour-breaking
minima, or non-χ̃0

1 LSP (left). The low m3/2 region excluded by the
LEP limit [72] on the chargino mass is indicated by purple crosses. The
Snowmass mAMSB point SPS 9 at m0 = 450 GeV, m3/2 = 60 TeV
is marked with a pair of concentric circles, through which passes the
Snowmass slope ‘model line G’ (dashed line). Contours of ũL and g̃
iso-mass are shown as solid lines.
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(a) (b)

Figure 3.7: As fig. 3.6 but for the (a) the three lepton channel and (b)
the inclusive (‘missing pt’) channel.

Analysis /pT pT (J1) pT (J2)
∑
pT Njet ST ∆φ(J1) pT (`1) ∆φ(`1)

ptmiss 600 100 200 1000 9 0.2 0.3 N/A N/A

0 Lep 800 150 200 1000 10 0.1 0 N/A N/A

1 Lep 500 200 200 200 10 0.6 0 10 0

2 Lep OS 800 100 150 200 9 0.7 0 10 0

2 Lep SS 500 100 600 200 2 0.1 0 10 0

3 Lep 400 400 200 200 9 0 0 10 0

Table 3.2: The value of the cuts which maximised the significance
(S/
√
B) for each of the analyses at the Snowmass mAMSB Point SPS 9

for
∫
L = 100 fb−1. The MT cut applied only to the single lepton chan-

nel and was kept at 100 GeV.

which includes the model line SPS G – but this sensitivity decreases as m0 and

m˜̀ increase. Points with large m0 have a spectrum qualitatively similar to that in

fig. 3.2, with heavy squarks and sleptons. Such points can still produce leptons,

mostly from heavy chargino or neutralino decays. Another source of leptons is

from gluino decays to Higgsinos along with a quark and anti-quark from the third
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SPS 9 Point d’Aix

Analysis S B S/
√
B S B S/

√
B

ptmiss 3300 151 270 2650 0.25 5200

0 Lep 950 21 206 7800 4.46 3700

1 Lep 151 0.00005 21000 930 0.00005 105

2 Lep OS 15 0.00005 2100 62 0.00005 8800

2 Lep SS 13 0.0005 1900 67 0.0048 970

3 Lep 206 0.0001 20400 19 0.00010 1900

Table 3.3: The expected number of signal (S), and background (B)
events and the significance (S/

√
B) for each of the analyses, at the

Snowmass mAMSB Point SPS 9 and the Point d’Aix, for integrated
luminosity of 100 fb−1. For all six analyses and for both points the
backgrounds are dominated by high pT vector boson production in as-
sociation with jets. See main text for comments on expected number
of background events.

generation, followed by leptonic t or b decay.

Along the Snowmass model line ‘G’ (m0 = 0.0075×m3/2) the LHC will be able to

measure discrepancies from the Standard Model up tom0=1050 GeV,m3/2=140 TeV,

at which point the gluino mass is 2.76 TeV and mũL = 2.70 TeV. The Snowmass

point SPS 9 lies well within the discovery region for all of the six different analyses.

The optimised cuts and the resultant significance are shown in table 3.2 and 3.3.

The expected number of background events is very small in some of the channels

where the background origantes from samples with high pT in the hard scatter, which

have very low weights. The background contribution from low-pT hard scatters is

small in these simulations. However it should be noted that there will be an addi-

tional source of background because non-linearities in the calorimeter response can

generate apparently large missing energy. The high significance (S/
√

(B)) implies

that it will be possible to extract further information from the data, for example to

determine sparticle masses.
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Figure 3.8: The number of χ̃±1 → χ̃0
1 decays expected within the central

region of the detector (|η| < 2) with transverse decay vertices between
100 mm and 800 mm from the interaction point for integrated lumi-
nosity of 100 fb−1. The initial track from the chargino is required have
pT > 10 GeV. All events are required to have passed the preselection
cuts (table 3.1) which ensure that the event will be triggered. The
10 event and 20 event contours have been smoothed for clarity. ∆Mχ̃1

is less than 200 MeV above and to the left of the dashed blue line on
the bottom right-hand side of the plot.

3.4 Distinguishing wino-like LSPs

Most of the mass-sum rules [61] for mAMSB involve terms like m2
d̃L
− m2

ũL
which

would be extremely difficult to determine experimentally. The exception is the

accidental near-degeneracy of the ẽL and ẽR, which might be observable at some

points, as was noted in sec. 3.2. However points with large m0 have relatively heavy

sleptons which would have a small production cross-section at a hadron collider.

The wino-like LSP signature of AMSB, and the resultant near-degeneracy of the χ̃+
1

and χ̃0
1 will be the robust ‘smoking gun’ for anomaly mediation, and is applicable
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beyond the minimal model.

The LHC, like LEP [72], or the Tevatron [62,91] or a future linear e+e− collider [92]

can use a variety of analyses in the search for long-lived charginos, each tailored to

a different regime in ∆Mχ̃1 , according to the χ̃+
1 lifetime. The various regimes are

ordered by decreasing χ̃+
1 lifetime below:

(1) ∆Mχ̃1 < mπ+ . If the pion decay mode is not available, the χ̃+
1 will be long

lived (cτ >∼ 1 m) and can leave a track through the muon chambers. Analysis

of this type of signature was performed in [93] for a GMSB model with long-

lived τ̃1 NLSP, and in [94] for an intermediate scale model with heavy stable

leptons. The mass of the chargino can be measured using the muon detec-

tor as a time-of-flight system. Additional discrimination can be obtained by

considering dE
dx

information from the transition radiation tracker. Higher-mass

sparticles can then be reconstructed by forming the invariant mass of the sta-

ble particle with jets and leptons. Provided the χ̃+
1 lifetime, although long, is

short enough that a reasonable number of χ̃+
1 s decay within the inner detector,

the mass difference ∆Mχ̃1 could also be determined from that fraction using

the techniques described below.

(2) mπ+ < ∆Mχ̃1
<∼ 200 MeV. This is the regime in which high pT chargino tracks

often decay within the body of the inner tracker to soft pions or leptons along

with large amounts of missing transverse momentum. The details of the de-

tector resolution and track reconstruction algorithm are beyond the scope of

this study, but isolated, high-pT χ̃
+
1 tracks which apparently disappear within

the tracker at the point of the χ̃+
1 decay should provide a striking signature

provided they occur in sufficient numbers.

Although cτ is only of the order of a few centimeters, the tracks are boosted

and the lifetime describes an exponential distribution, so one would expect
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a reasonable proportion of χ̃+
1 tracks to reach transverse distances of 10 to

15 cm. The number of χ̃+
1 s which would be produced at the LHC and decay

within a fiducial volume in the active material of the ATLAS tracker is plotted

in fig. 3.8 as a function of m0 and m3/2. Even though rather strict triggering

requirements have been made, there are at least ten such events for 100 fb−1

over almost the entire plotted parameter-space provided m3/2
<∼ 185 TeV.

One-prong chargino decays such as χ̃+
1 → χ̃0

1π
+ and χ̃+

1 → χ̃0
1e

+νe will produce

‘kinks’ at the point where the charged SM particle is softly emitted. In some

cases the SM particle will go undetected and the high pT chargino track will

seem to disappear. Such decays, producing track stubs, could also be detected

with a dedicated off-line analysis. These signature should be essentially free of

physics background, so ‘detector’ backgrounds will dominate. Since ATLAS

should have three barrel pixel layers with r < 122 mm with noise occupancy

of less than 10−5, and average physics occupancy of the order of 10−4 the

instrumental backgrounds should also be under control [36,95]. Such a search

could therefore achieve a large reach and would be sufficient to identify a

near-degenerate LSP model.

(3) 200 MeV <∼ ∆Mχ̃1
<∼ a few GeV. Chargino decays which occur before the first

tracking layer can still be useful provided that the soft track from the SM par-

ticle can be found, using e.g. electron identification, track impact parameter,

isolation from other tracks, and the direction of the /pT 2-vector.

The maximum value of ∆Mχ̃1 in minimal AMSB with tan β = 10 is less than about

200 MeV except close to the region of no electroweak symmetry breaking. This leads

to a decay distance cτ >∼ a few centimeters, and corresponds to category (2) above.

However, other models such as 0-II string models [78, 79,96] have wino-like χ̃+
1 and

χ̃0
1 with ∆Mχ̃1 typically of the order of a GeV. Such models fall into category (3),
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which is potentially the most difficult at a hadron collider because the short-lived

χ̃+
1 s will not be directly observable, and their softly emitted SM daughters suffer

from a large background from other low-momentum tracks. In sec. 3.4.1 a range of

model points are defined which allow this regime of shorter lifetimes to be studied.

The modelling of the background from the proton remnant interactions is describted

in sec. 3.4.2. Some of the methods which can enable the LHC to probe this region

are explored in sec. 3.4.3 and 3.4.4.

3.4.1 Definition of points

The tree-level neutralino mass matrix is:



M1 0 −mZcβsW mZsβsW

0 M2 mZcβcW −mZsβcW

−mZcβsW mZcβcW 0 −µ

mZsβsW mZsβcW −µ 0


(3.5)

and the tree-level chargino mass matrix is:

 M2

√
2mW sβ

√
2mW cβ µ

 , (3.6)

where sW ≡ sin θW , cW ≡ cos θW , sβ ≡ sin β, cβ ≡ cos β and the conventions of [97]

are used. The mass difference ∆Mχ̃1 ≡ mχ̃+
1
−mχ̃+

1
is highly suppressed at tree-level,

so the leading 1-loop correction can be important. It takes the form [98]:

∆Mχ̃1

(1−loop) =
α2M2

4π

[
F
(
mW

M2

)
− c2

WF
(
mZ

M2

)
+ 5s2

W

]
, (3.7)
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where F (a) ≡
∫ 1

0 dx(2 + 2x) log[x2 + (1− x)a2], and is also included in ISAJET.

One would like to investigate the collider phenomenology of long-lived charginos

with various lifetimes. From eq. 3.5 and eq. 3.6, the leading tree-level mass difference

term [98] ∆Mχ̃1 ∝ 1/µ2. In order to explore different regimes in ∆Mχ̃1 , new points

based on SPS 9 and another minimal anomaly-mediated point with m0 = 500 GeV,

m3/2 = 36 TeV, µ > 0 and tan β = 10 are defined. The value of the µ parameter at

the electroweak scale is then adjusted to the values shown in table 3.4. Point A has

been chosen to have light sparticles, and hence a large cross-section.

In order to maintain consistent electroweak symmetry breaking when decreasing µ,

the Higgs soft mass parameters, m2
Hu and m2

Hd
, must allowed to vary, as can be seen

from tree-level equation,

µ2 =
m2
Hu −m

2
Hd

tan2 β

tan2 β − 1
− 1

2
m2
Z . (3.8)

The points with adjusted µ are then no longer in the minimal anomaly-mediated

scenario, since m2
Hu and m2

Hd
are not those which would be predicted from the

mAMSB parameters m0 and m3/2. Decreasing µ has the side-effect of decreasing

the masses of the Higgsinos, and can change the phenomenology somewhat – for

example by opening chains such as q̃ → χ̃+
2 q → χ̃+

1 qZ
0. When followed by leptonic

Z0 decay these chains could, in principle, be used to further constrain the dynamics.

However the only requirement made in this analysis is that the decay q̃ → χ̃+
1 q

occurs, producing highly boosted χ̃±1 pairs in association with jets.

3.4.2 The underlying event

In this section it is demonstrated that the low-pT tracks from the charged SM daugh-

ters of χ̃+
1 decays can be identified and used to constrain ∆Mχ̃1 . To do so one must

74



3.4 Distinguishing wino-like LSPs Chapter 3

mχ̃+
1

∆Mχ̃1 cτ
Point µ

(GeV) (MeV) (mm)
χ̃+

1 → χ̃0
1e

+νe χ̃+
1 → χ̃0

1µ
+νµ

SPS 9 864 171 164 56 2.0 % 0.2 %

SPS-300 300 165 886 0.11 17.0 % 15.9 %

SPS-250 250 159 1798 0.004 21.9 % 21.5 %

A 533 107 181 34 2.0 % 0.3 %

A-250 250 101 766 0.20 15.4 % 13.9 %

A-200 200 97 1603 0.007 22.5 % 22.2 %

Table 3.4: The mass of the lightest chargino, its mass difference with the
LSP, decay length and leptonic branching ratios for six points. SPS 9 is
the Snowmass mAMSB point, from which SPS-300 and SPS-250 are
made by adjusting µ at the electroweak scale to produce different ∆Mχ̃1 .
Point A is the mAMSB point with m0 = 500 GeV, m3/2 = 36 TeV,
µ > 0 and tan β = 10, from which µ is adjusted at the electroweak
scale to produce A-250 and A-200.

distinguish these tracks from the large number of other low-pT tracks from the par-

ticles generated in the proton remnant interactions, and from any pile-up events.

To avoid having to deal with the contamination from multiple pile-up, in this sec-

tion the initial three years of ‘low luminosity’ (1033 cm−2s−1) running of the LHC

is simulated, which is expected to provide 30 fb−1 of integrated luminosity with an

average of one inelastic collision per bunch-crossing. The loss of resolution from

pile-up is therefore not simulated in this section.

Since we are looking for low pT particles, we should take particular care when con-

sidering the backgrounds from the proton remnant interactions, known as the under-

lying event. The HERWIG soft underlying event model is based on the UA5 collabora-

tion [100] pp̄ Monte-Carlo. It gives a fairly accurate description of track multiplicity

and of the pT distribution in the range 0.4 < pT < 1 GeV. However it underestimates

the number of tracks with pT > 1 GeV (fig. 3.9) in minimum-bias events, because

it does not model the semi-hard physics of multiple parton interactions.
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Figure 3.9: Transverse momentum distribution of charged tracks in
minimum bias events at

√
s = 1800 GeV from the CDF experiment at

the Tevatron [99].

Of course semi-soft tracks are also produced from QCD emissions from partons as-

sociated with the hard scatter. Measurements of the distribution of charged particle

tracks were made at CDF in events with high energy jets [99]. Four samples were

considered with transverse energy of the leading jet greater than 20, 50, 70 and

100 GeV. Comparisons were made of the number of charged-particle tracks, and

their pT distribution in two cones of radius 0.7, perpendicular to the leading jet in φ

and at the same pseudorapidity. In these events HERWIG shows very good agreement

with the pT distributions across the whole energy range (fig. 3.10), and slightly

over-estimates the charged track multiplicities [99]. This much better agreement

comes from the contribution of particles softly emitted from the ‘hard’ process in

the HERWIG model [101].
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Figure 3.10: Transverse momentum distribution of charged tracks in
jet events at

√
s = 1800 GeV. The tracks lie in a cone of radius 0.7,

perpendicular to the leading jet in φ, and with the same pseudorapdity
as that jet. Of the two possible cones, the one with the smaller scalar
sum of track transverse momenta was chosen. The four plots show
the results for leading jet transverse energy greater than 20, 50, 70, or
10 GeV. From the CDF experiment at the Tevatron [99].

To ensure that the analysis was insensitive to contamination from such tracks, a

sample of 5000 inclusive QCD events with PTMIN = 4.5 GeV was generated. These

are henceforth referred to as ‘minimum bias events’ because they simulate (better

than the default HERWIG soft minimum bias option) the expected minimum bias
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Figure 3.11: The transverse momentum distribution of reconstructed
charged tracks after detector smearing for the point SPS-250 (defined
in table 3.4) after selecting events with /pT > 200 GeV. The thin black
line shows all tracks; the distribution for particles originated from χ̃±1
decays (the signal) is highlighted by the thick red line, where the thick-
ness shows the statistical uncertainty; those from the HERWIG soft un-
derlying event and from the additional minimum bias event are denoted
by asterisks and circles respectively.

distribution of tracks, including a tail at higher pT due to the onset of hard scattering.

The particles from this minimum bias event were added to the SUSY event in

addition to HERWIG’s usual underlying event, offering a conservative estimate of the

background.

3.4.3 Event and track selection

An initial selection requiring a high pT jet and large missing transverse momentum

was made to trigger the event, reduce the SM background, and select those SUSY

events in which the neutralino was highly boosted. In this section the short-lifetime
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Figure 3.12: The number of tracks surviving subsequent cuts, after a
preselection cut /pT > 200 GeV for the point (a) SPS-250, and (b)
SPS-250 (as defined in table 3.4). The signal tracks (from χ̃±1 decays)
are also plotted separately, as are tracks from the HERWIG soft underlying
event and from the additional minimum bias QCD event. Not all cuts
are used in any particular analysis.

regime (cτ < 1 mm) is being studied, in which the boost will almost certainly not

be sufficient to allow the chargino to live long enough to decay in the body of the

detector. However a boosted chargino means that even particles which are very
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Points SPS-300 , A-250 SPS-250, A-200

Event: /pmin
T 500 500

pmin
T (J1) 400 400

Smin
T 0.05 0.05

Track: pmin
T 2.0 2.0

pmax
T 5 10

dmin
0 0.03 0

dmax
0 0.3 0.1

|η|max 1.5 2

∆Rmin
ij 0.45 0.2

Mmin
ij 0.9 0.4

Rimp 0.4 0.4

σimp 3.0 3.0

Particle any ` ∈ e, µ

Table 3.5: The cuts applied to events and to tracks for the different
points in table 3.4. The missing transverse momentum (/pT ), leading jet
transverse momentum (pT (J1)), and transverse sphericity (ST ) cuts were
applied to the whole event, while the other cuts were applied track by
track. The track transverse momentum was required to lie in the range
pmin
T → pmax

T ; its transverse impact parameter in the range dmin
0 → dmax

0 ;
and the absolute value of its pseudorapidity was required to be less than
|η|max. The other cuts are described in the text. Energy, momentum
and mass units are GeV; the impact parameter, d0, is measured in mm.

softly emitted in the chargino rest frame will have a transverse momentum

pTx ∼
pT χ̃0

1

mχ̃0
1

×mx (3.9)

as measured in the detector, where x is the charged SM daughter particle and pT χ̃0
1

is of the order of the missing transverse momentum. This extra pT assists the
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(a) (b)

Figure 3.13: The mT4 −mχ̃0
1

distribution for the points (a) SPS-250,
and (b) A-200 (defined in table 3.4). These two points have similar
values of ∆Mχ̃1 , and the same cuts were applied to both. Only events
in which exactly two leptons passed the selection cuts are plotted. The
signal tracks are those from events where both charged tracks come
from χ̃+

1 or χ̃−1 decays. Events where only one of the two tracks is from
the product of a χ̃±1 decay lead to a combinatorical background, and
are plotted separately (labelled ‘one track’). The vertical dotted line
indicates ∆Mχ̃1 = mχ̃+

1
−mχ̃0

1
.

reconstruction of the SM daughters of charginos and helps distinguish them from

even softer particles coming from the underlying event (fig. 3.11).

The tracks from SM daughters of chargino decays have other properties which can

help in their identification. For larger ∆Mχ̃1 the χ̃+
1 branching ratio to each of muon

or electron and associated neutrino can be up to nearly twenty percent (fig. 3.4b). In

the ATLAS experiment electrons and muons will be distinguished from other tracks

by transition radiation and by penetration respectively (see appendix C).

Much of the background is associated with heavy-quark decay and can be removed

by applying isolation cuts (table 3.5) which require that for any track, i, to be a

candidate:
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(a) (b)

Figure 3.14: The mT2 −mχ̃0
1

distribution for (a) the point SPS-300,
and (b) the point A-250. These two points have similar values of
∆Mχ̃1 , and the same cuts were applied to both. Only events in which
exactly two particles (of any type) passed the selection cuts are plotted.
The peak is closer than in fig. 3.13 to the upper kinematic limit at
mT2 − mχ̃0

1
= ∆Mχ̃1 (dotted line) since there are only two missing

particles – the two neutralinos.

• no other track is found with ∆Rij =
√

(∆ηij)2 + (∆φij)2 less than some value

∆Rmin
ij ;

• the invariant mass of the track with another track, j, is greater than Mmin
ij for

all j, where it is assumed that mi = mj = mπ+ ;

• no other track with Rij < Rimp has d
(j)
0 /σ(d

(j)
0 ) > 3, where d

(j)
0 is the transverse

impact parameter, and σ(d
(j)
0 ) is its uncertainty;

• ∑j

[
d

(j)
0 /σ(d

(j)
0 )
]
< σimp where the sum is over all j 6= i with Rij < Rimp.

For the two points with ∆Mχ̃1 ≈ 1.7 GeV, isolated leptons were selected. As

∆Mχ̃1 decreases, the leptonic branching ratios decrease (see fig. 3.4b) and the de-

tector’s ability to distinguish the lower pT leptons from hadrons is diminished (see

appendix C). For this reason, at the two points with ∆Mχ̃1 ≈ 800 MeV events were
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selected in which two tracks of any type satisfying the cuts in the third column of

table 3.5. Most of these tracks will be pions because of the large branching ratio to

π± or π±π0.

3.4.4 Results

Those events in which precisely two tracks satisfied the track cuts listed in table 3.5

were selected. For SPS-250 the most effective cuts are those on the pT of the

track, and on selecting leptons (‘lept’), while further cuts on the transverse impact

parameter (d0) and isolation (η − φ) improve the selection (fig. 3.12a). For point

SPS-300 which has ∆Mχ̃1 = 886 MeV, the momentum, impact-parameter and

isolation cuts are the most important (fig. 3.12b).

The mTX variable was employed, because (as described in appendix D) it remains

sensitive to ∆Mχ̃1 even when there are uncertainties in the neutralino mass or the

missing transverse momentum, providing an important handle on wino-LSP physics

at hadron colliders. It was assumed that both the squark mass scale, mq̃, and the

χ̃0
1 mass have been previously determined from the measurement of other kinematic

edges as described in [30,69,70,90], and so distributions of mTX−mχ̃0
1

were plotted,

which have the propertyc:

0 < (mTX −mχ̃0
1
) ≤ (mχ̃+

1
−mχ̃0

1
) ≡ ∆Mχ̃1 . (3.10)

Distributions of mT4−mχ̃0
1

were plotted for the four points with ∆Mχ̃1 < 1 GeV as

shown in figs. 3.13 and 3.14. For all four, the narrow peaks indicate that ∆Mχ̃1 is

cThe inequalities are strictly only valid for signal events measured with a ‘perfect’ detector and
when mχ̃0

1
is known. The (small) sensitivity of mTX to uncertainties in these quantities is discussed

in appendix D.3.
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Figure 3.15: The diagonal line shows how the mT4 − mχ̃0
1

peak value
depends on ∆Mχ̃1 . The thickness of the line indicates the uncertainty
in the peak position from a gaussian fit to the distribution combined
in quadrature with a 10% uncertainty in the LSP mass and a 10 %
uncertainty in the squark mass scale. The peak of the mT4 − mχ̃0

1

distribution for the point A-200 is marked with a star at its input
value of ∆Mχ̃1 ; the error bar shows its uncertainty.

of the order of 1 GeV. This confirms the wino-like nature of the LSP, providing the

‘smoking gun’ signature for anomaly mediation.

Each mTX distribution depends principally on ∆Mχ̃1 , on the neutralino mass and

the momentum distribution of the charginos. The latter depends largely on mq̃ so

if both mq̃ and the lightest neutralino mass were already measured, then ∆Mχ̃1 can

be measured by fitting to each mTX −mχ̃0
1

distribution.

To demonstrate that mT4 can indeed make a quantitative measurement of ∆Mχ̃1 ,

a phase-space Monte-Carlo program was used to generate very simple ‘events’ in
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(a) (b)

Figure 3.16: The effect on the signal of adding nmb additional minimum
bias events on top of the HERWIG soft underlying event for points (a)
A-200 and (b) A-250.

which pairs of squarks decayed via the chain q̃ → χ̃+
1 q → χ̃0

1 e νe q. mT4 − mχ̃0
1

distributions were produced for those events in which /pT > 500 GeV, and the peak

determined from a gaussian fit. The correlation between the fitted peak positions

and the input values of ∆Mχ̃1 is shown in fig. 3.15. The peak of the mT4 − mχ̃0
1

distribution for point A-200 (fig. 3.13b), was likewise determined from a gaussian

fit. As can be seen from fig. 3.15 the mass difference ∆Mχ̃1 can be measured at that

point with a statistical uncertainty of approximately 150 MeV (10%).

As was mentioned in sec. 3.4.2, the underlying-event model used can be considered

conservative. We have added an additional ‘minimum-bias’ event on top of the

usual HERWIG ‘soft underlying event’ – increasing the background above a model

which already provides an slight overestimate of the charged particle backgrounds

in jet events at the Tevatron. However is is instructive to consider the sensitivity of
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the signal distributions to the underlying event activity.

The effect of adding further minimum bias events is small for the point A-200

(fig. 3.16a) because the lepton selection can still reduce the background. The analy-

sis at the point A-200 (fig. 3.16b) shows more sensitivity since here leptons are not

selected, and the cut on the pT of the track is much more important. The signal

becomes indistinguishable when nmb ≈ 3 – i.e. when the background track multi-

plicity is about four times that in the HERWIG model. This loss in signal does not

cast doubt on the analysis at this particular point since the backgrounds are not

expected to be so large. However it indicates that the analysis will not suit points

with smaller ∆Mχ̃1 , in which the chargino decays will produce softer pions which

will be extremely difficult to distinguish.

Provided charginos are produced in sufficient numbers, their near-degeneracy with

the LSP can be therefore be determined at the LHC

• for ∆Mχ̃1
<∼ 200 MeV by the identifying track kinks and stubs in chargino

tracks in the inner detector

• and for ∆Mχ̃1
>∼ 700 MeV by identifying the low-momentum pions from chargino

decays.

3.5 Other constraints

3.5.1 Cosmological relic density

If R-Parity is conserved then the lightest supersymmetric particle can be a good

candidate for the cold (non-relativistic) dark matter hypothesised by astrophysi-

cists and cosmologists. The cold dark matter contribution to critical density of the
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Figure 3.17: Cosmic microwave background anisotropy power-band
data, with fit. From [102].

(a) (b)

Figure 3.18: The relic density of the lightest neutralino, ΩCDMh
2 with

µ > 0; (a) for tan β = 10 and (b) for tan β = 30. The meaning of the
symbols is explained in fig. 3.6. The astrophysical limits on ΩCDMh

2

are discussed in the text. The contours are in units of 10−3.
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χ̃0
1χ̃

0
1 → W+W− 8 % χ̃+

1 χ̃
0
1 → fermion pair 40 %

χ̃+
1 χ̃

0
1 → W+ + Z0/h/A 11 % χ̃+

1 χ̃
+
1 → W+W+ 8 %

χ̃+
1 χ̃
−
1 → fermion pair 15 % χ̃+

1 χ̃
−
1 → boson pair 12 %

Table 3.6: The main cosmological relic annihilation channels for the
Snowmass point SPS 9.

universe provided by the LSP is given by:

ωCDM ≡ ΩCDMh
2 =

mχ̃0
1
nχ̃0

1

ρcrit/h2
(3.11)

where ρcrit = 3H2/8πG is the critical density, nχ̃0
1

is the number density of LSPs,

and H = h× 100 km s−1 Mpc−1 is the Hubble constant.

Astronomical estimates from measurements of the acoustic power spectrum of the

cosmic microwave background anisotropy [102–106], (fig. 3.17) suggest that ωCDM =

0.106± 0.010. Further constraints from the 2dF Galactic Redshift Survey [107] lead

to ωCDM = 0.1151± 0.0091, assuming a flat universe (ΣiΩi = 1).

In AMSB the wino-like χ̃0
1 and χ̃+

1 undergo rapid annihilation though reactions such

as χ̃0
1 χ̃

0
1 → W+ W− and χ̃0

1 χ̃
+
1 → q q′. The relic density of cold dark matter

was calculated for AMSB using the program micrOmegas [108], which includes the

annihilation channels listed in table 3.6. The results, in fig. 3.18, show that the

value of ωCDM is small throughout the region, and about a factor of two less than

was estimated in [46]:

ωno−coanh
CDM ≈ 5× 10−4 ×

( mχ̃0
1

100 GeV

)
, (3.12)

which neglected the co-annihilation channels.
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(a) (b)

Figure 3.19: Feynman diagrams for two of the main SUSY contributions
to the positive muon anomalous magnetic moment.

Thus in AMSB the LSP does not give any problems with relic overabundance, but

suffers the opposite problem – that sparticles in thermal equilibrium in the early

universe will not produce sufficient neutralino dark matter. It has been suggested

in [109] that decays of cosmological moduli – which are low mass particles predicted

by string theory when supersymmetry is broken – could have produced winos with

sufficient abundance to be of astrophysical interest.

3.5.2 Muon g − 2

It is well know that the gyromagnetic moment of the muon, gµ can sensitive to

sparticle interactions through loop corrections [110–114], such as those shown in

fig. 3.19. The recent BNL measurements [115,116] dominate the world experimental

average of the positive muon anomalous moment,

aBNL
µ = (gµ − 2)/2 = 11 659 203(8)× 10−10 . (3.13)

Standard Model calculations of aµ have been reviewed in [117, 118]. Recent calcu-

lations [119,120], which include a correction to the sign of the pion pole part of the
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(a) (b)

Figure 3.20: The SUSY contribution to the anomalous magnetic mo-
ment of the muon, (in units of 10−10) with µ > 0; (a) for tanβ = 10
and (b) for tan β = 30. The meaning of the symbols is explained in
fig. 3.6.

hadronic light-by-light contribution [121–125], were combined in [116] to give:

11 659 177(7)× 10−10 ≤ aSM
µ ≤ 11 659 186(8)× 10−10 . (3.14)

The SUSY contribution is typically dominated by loops involving charginos and

neutralinos [117,126,127], and is proportional to tan β in the high tan β limit. The

AMSB contribution to aµ (aAMSB
µ ) has been calculated in [60,127]. In fig. 3.20 aAMSB

µ

is plotted for tan β = 10 and 30, where again program micrOmegas has been usedd.

The AMSB contribution is small compared to both the experimental and theoretical

uncertainties, except at small m0, m3/2.

dNote that ISASUSY produces AMSB points with negative M1 and M2 so the sign correlation
between µ and aSUSY

µ is opposite to that in [127].
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Figure 3.21: Feynman digrams for the leading contributions to b→ sγ
from chargino- and gluino-mediated processes for large tanβ. The pho-
ton, which may couple to any charged internal propagator is omitted.
From [60].

3.5.3 B → Xsγ

The inclusive radiative decay B → Xsγ, (where Xs is a final state containing a

strange quark) is sensitive to sparticle properties through radiative corrections in-

volving charged Higgs, chargino and t̃ loops, such as those shown in fig. 3.21 (see

for example [128–130]). This is a flavour-changing transition which in the SM is

mediated by the W boson at one loop.

Experimental measurements of the branching ratio from the CLEO [131], BELLE

[132] and BaBar [133] collaborations give:

B(B → Xsγ)CLEO = 3.21± 0.43± 0.27+0.18
−0.10 × 10−4

B(B → Xsγ)BELLE = 3.39± 0.53± 0.42+0.51
−0.55 × 10−4 ,

B(B → Xsγ)BaBar = 3.88± 0.36± 0.37+0.43
−0.23 × 10−4 ,

(3.15)
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(a) (b)

Figure 3.22: The branching ratio B(B → Xsγ) with µ > 0; (a) for
tan β = 10 and (b) for tan β = 30. The contours are in units of 10−4.
The meaning of the symbols is explained in fig. 3.6.

where the errors are statistical, systematic, and from theory respectively. Renor-

malisation scale uncertainties [134] lead to a 10% (±0.3× 10−4) uncertainty in the

SM prediction. The mAMSB contributions were calculated using micrOmegas and

the total prediction for B(B → Xsγ) is plotted in fig. 3.22. The combined experi-

mental and theoretical uncertainty does not constrain the mAMSB parameter space

at better than 2σ for either of tan β = 10, 30.

The overall effect of the B → Xsγ and to a greater extent the gµ − 2 constraint is

to disfavour the low m0, m3/2 region especially when tan β is large.

3.6 Conclusions

If anomaly mediated supersymmetry is present at the 1 to 2 TeV scale, the LHC

will observe excesses in various multi-lepton + /pT channels. Using generic super-
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symmetry search procedures, and a realistic detector simulation, the ability of the

experiments at the LHC to discover AMSB scenarios has been investigated. By se-

lecting events with very large missing transverse momentum and identifying tracks

from chargino decays, the wino-like nature of the LSP can be determined, and

mχ̃+
1
−mχ̃0

1
can be measured over a large range in parameter space. Careful study

of the tracks left by χ̃±1 s and their decay products can give clear evidence for this

class of models even in cases where the chargino is shorter-lived than predicted in

minimal AMSB.
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Chapter 4

Discovering baryon-violating RPV

supersymmetry

4.1 Introduction

If R-parity is violated, then the lightest supersymmetric particle (LSP) can de-

cay and the usual SUSY signature – missing transverse momentum – disappears.

The difference in experimental signatures between R-parity violating (RPV) and

R-parity conserving (RPC) SUSY models at the LHC depends on the strength of

the RPV coupling. When the RPV couplings are small compared to the MSSM

gauge couplings, the dominant effect is that the LSP can decay into SM particles.

In this analysis the trilinear coupling λ′′ is assumed to dominate. This is the most

difficult case at a hadronic collider, because the LSP decay mode χ̃0
1 → qqq generates

large numbers of jets. The detection of SUSY with dominant λ and λ′ RPV couplings

has been investigated in [135].

If the RPV couplings and MSSM gauge couplings are of the same order of magnitude,

RPV production processes and RPV decays of particles heavier than the LSP become

important. There are various ways to detect large (∼ 1) couplings at colliders. For a

large λ′′ijk coupling the branching fractions of RPC and RPV decays of a squark can
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be of the same order of magnitude (fig. 4.1b), and SUSY particles can be produced

singly, as was investigated in [136, 137]. A review of the various search strategies

employed at the Tevatron can be found in [138].

If the RPV couplings are very small (� 10−5) then the LSP is stable on the scale of

the detector, and the usual R-parity conserving missing energy signature is recov-

ered, while if λ′′ ∼ 10−5 many of the LSPs will decay with observable lifetimes within

the detector, producing a striking signature from non-pointing jets. The lifetime of

the LSP (χ̃0
1) as a function of the strength of the RPV coupling λ′′cds is shown in

fig. 4.1a.

In the intermediate regime, 10−4 <∼ λ′′ <∼ 0.1, the LSP decays promptly within the

detector, but the production and decay of the other sparticles is essentially un-

changed. As each event will usually contain two χ̃0
1s there will be at least six jets in

the final state. Such a scenario has been considered to be rather difficult to detect

at the LHC.

In our analysis, initially λ′′cds is the only RPV coupling set to a non-zero value. This

gives rise to the LSP decay mode χ̃0
1 → cds, which is the most challenging case

experimentally, since there are no leptons or b-quarks among the χ̃0
1 decay products

which can be used as tags for signal events. Unlike many other RPV couplings, λ′′cds

is not currently constrained by experiment [139]. The possiblity of distinguishing a

non-zero λ′′cds from the other λ′′ couplings is investigated in sec. 4.7.

The RPV coupling was added to a mSUGRA model with five GUT-scale parameters:

• a universal scalar mass, m0 = 100 GeV;

• a universal gaugino mass, m1/2 = 300 GeV;

• trilinear Hf̃f̃ soft SUSY breaking terms, A0 = 300 GeV;
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Figure 4.1: (a) Lifetimes of the d̃R and χ̃0
1 and (b) branching ratio of

RPC (dashed) and RPV (solid) decays of the d̃R, plotted against λ′′cds at
the mSUGRA point m0 = 100 GeV, m1/2 = 300 GeV, A0 = 300 GeV,
tan β = 10 and sgnµ +. Plot by Peter Richardson.

• the ratio of the vacuum expectation values of the two Higgs doublets, tanβ =

10;

• and the sign of the SUSY Higgsino mass parameter, µ > 0.

It should be noted that RPV coupling has been provided at the weak scale, and is

not used in the evolution from the GUT scale, as was done in [140].

Five sets of parameter values have been extensively studied in the R-Parity (RP )

conserving MSSM. The parameters chosen here correspond to mSUGRA Point 5,

with one modification: the value of tan β has been increased from 2.1 to 10 in order

to keep the predicted Higgs mass near the current experimental limit. The masses

of some key particles in this model are given in table 4.1. Searches in the mSUGRA

Point 5 scenario have been well studied in the case of a stable χ̃0
1 [30]. At this

mSUGRA point, the χ̃0
1 is the LSP as must be the case for the analysis to be valid,

even though cosmological constraints which require the LSP to be neutral only apply
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Figure 4.2: Part of the sparticle spectrum at the RPV mSUGRA point
under investigation. Solid black lines indicate branching ratios (BR’s)
greater than 10%, dashed blue lines show BR’s in the range 1%→ 10%,
while red dotted lines show BR’s in the range 0.1→ 1%. The sparticles
are displaced horizontally for clarity.

χ̃0
1 χ̃0

2 g̃ ũR ũL d̃R d̃L l̃R l̃L h0

116.7 211.9 706.3 611.7 632.6 610.6 637.5 155.3 230.5 112.7

Table 4.1: Masses of selected particles (GeV) for the model investigated.

if it is stable.

The case of λ′′cds = 0.005 is considered first. This coupling strength gives rise to

decay chains essentially identical to those in an RPC model, except for the decay of

the χ̃0
1 inside the beam pipe, with a lifetime of 1.0× 10−14 s.
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The effect of varying the RPV coupling will be discussed in sec. 4.6. For RPV

couplings of order 10−6 or smaller [135], the LSP has a sufficiently long lifetime to

decay outside of the detector. If the LSP is charged, heavily ionizing low velocity

tracks would be seen in the detector, providing a clear signature. This analysis

addresses the case of a neutral LSP, the lightest neutralino (χ̃0
1), which has negligible

interactions with the detector. For small RPV couplings, the experimental signature

is then identical to that of an RPC model. However, if RPV couplings are above 10−4

[135], the LSP usually decays in the beam pipe and the missing energy signature,

seen in RPC models, is not present.

The methods discussed in this chapter are an extension of work started by Lee

Drage, and presented in Chapter 5 of his thesis [141].

4.2 Analysis Strategy

In this chapter, HERWIG-6.1 [66] is used as the event generatora, and the official

ATLAS simulation program ATLFAST-2.50 [86] is used to simulate the performance

of the ATLAS detector. Jets are defined with the cone algorithm with a radius of

0.4, and with a minimum transverse energy of 10 GeV. Since each χ̃0
1 decays to three

quarks, and in general the decay chain produces the χ̃0
1 in association with at least

one other quark (typically from squark decay), the mean jet multiplicity (Njet) in

the signal events is high.

The principal difficulty in measuring the χ̃0
1 mass is the identification of the correct

jets from the χ̃0
1 decay. Nearly all right-squarks decay via q̃R → χ̃0

1q → qqqq and one

might therefore expect Njet = 8 for q̃Rq̃R production. Gluon radiation by quarks,

however, raises this to an average of 9.2 jets, in spite of the fact that the three jets

aThe simulation of RPV events in HERWIG is discussed in [142].
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from harder χ̃0
1s are spatially close together and some merging of jets occurs. In q̃Lq̃L

events Njet = 10.7. The increase with respect to the right-handed states is due to

the difference in couplings to charginos and neutralinos. Gluinos mostly decay into

a squark and a quark and g̃g̃ events have a higher value of Njet = 12.8. A simple

algorithm is used to calculate the jet energies, summing the energy within a cone of

size 0.4 about the jet axis in the η − φ plane, and at least 8 jets with ET > 25 GeV

are required in signal events.

The analysis proceeds in the following steps:

• Cuts are applied to reduce the SM background. These cuts rely on the presence

of lepton pairs in the signal events. Such lepton pairs are produced from the

decay chain χ̃0
2 → l̃R l→ llχ̃0

1 in most SUSY models. An analysis based on

looking for events with two such χ̃0
2 decays was proposed in [143] but the rate

for events with four leptons is much lower than for events with only one χ̃0
2

decay of this type.

• In each signal event, cuts are made on the jet transverse momentum (pT ) in

order to preferentially select jets from neutralino decays.

• All possible combinations of three of the selected jets are inspected, and their

invariant mass, mjjj, calculated. Events are retained if two combinations are

compatible with the same candidate χ̃0
1 mass.

• One of these three-jet χ̃0
1 candidates is combined with an opposite sign, same

flavour (OSSF) lepton pair. The invariant mass of this system, mjjj``, is a χ̃0
2

candidate. A clear peak at the χ̃0
1, χ̃0

2 masses in the mjjj, mjjj`` plane is then

observed.

• The l̃R and the q̃L masses are reconstructed using 3-jet combinations in the

2-dimensional (χ̃0
1, χ̃0

2) mass peak.
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4.3 Standard Model Background

The SM background for this model was considered in [30, 141]. It is shown in

[144] that the inclusive SUSY signal can be separated from the SM background by

requiring that each event contains:

• at least 8 jets with ET > 25 GeV;

• at least one jet with ET > 100 GeV;

• transverse sphericity> 0.2, transverse thrust< 0.9;

• mT,cent > 1 TeV, where mT,cent =
∑
pjet
T +

∑
plepton
T , where the sum includes

central jets and leptons (i.e. with pseudorapidity |η| < 2);

• at least two leptons (e or µ) with pT > 15 GeV and |η| < 2.5.

With these cuts, the signal to background ratio is greater than 10 in parton-shower

Monte-Carlo simulations [144]. However current Monte-Carlo event generators are

not capable of reliably simulating eight jet plus two lepton production with correct

QCD matrix elements. For this reason, the SM background has not been explicitly

simulated in this study. Instead, we used a sample of events containing eight jets

and two leptons distributed according to phase space, and ensure that the analysis

is not affected by this background.

In SUSY events, lepton pairs are created in the decay χ̃0
2 → l̃Rl→ llχ̃0

1. The leptons

are therefore required to be OSSF. The invariant-mass distribution of the lepton

pairs created in this decay has a kinematic edge [30,69] which is given by:

mmax
`` =

√√√√ [m2(χ̃0
2)−m2(l̃R)]× [m2(l̃R)−m2(χ̃0

1)]

m2(l̃R)
, (4.1)
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Figure 4.3: The dilepton invariant mass for events with an OSSF elec-
tron or muon pair, after the SM cuts have been applied. The kinematic
limit for the decay chain shown in fig. 4.4 is at 95.1 GeV. Events are ex-
cluded if there is no jet combination which passes the jet cuts described
in sec. 4.4. For the mSUGRA point chosen it happens that the kine-
matic edge lies just above the peak at m(Z0) from the decay Z0 → ``.

and is simulated after experimental resolution in fig. 4.3.

With the particular parameter set chosen this edge is calculated as 95.1 GeV. Ac-

cordingly, events are required to have a lepton pair with an invariant mass below

this value. The corresponding edge can be easily measured for other parameter sets.

4.4 Detection of the χ̃0
1 and χ̃0

2

Many different decay chains can contribute to the SUSY signal selected by the cuts.

One important example, q̃L → χ̃0
2q → l̃R`q → χ̃0

1``q → qqq``q, is shown in fig. 4.4.

When λ′′cds is small, there are nearly always two χ̃0
1s produced in an event and one

can therefore search for two sets of three jets with similar invariant mass. An upper
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q̃L

q

χ̃0
2

`−

l̃R

`+

χ̃0
1

q

q

q

Figure 4.4: One of the decay chains of the q̃L contributing to the signal.

limit on the invariant mass difference of δmjjj = |m(a)
jjj −m

(b)
jjj| < 20 GeV is used in

this analysis, where a and b label the two χ̃0
1 LSP candidates.

In order to limit the combinatorial background, the search for the χ̃0
1 signal is initially

restricted to events with 8 ≤ Njet ≤ 10, with the following cuts on the allowed range

of jet transverse momenta in GeV:

• 100 < p
(a1)
T ; 17.5 < p

(a2)
T < 300; 15.0 < p

(a3)
T < 150;

• 17.5 < p
(b1)
T < 300; 17.5 < p

(b2)
T < 150; 15.0 < p

(b3)
T < 75,

where a1 denotes the highest pT jet from neutralino candidate a, and so on.

Candidate sets of jets from the χ̃0
1 decay can also be identified by their separation

in the η−φ plane. For both χ̃0
1s, cuts are made on the distance between the hardest

and next hardest jets (∆R12) and between the combined momentum vector of the

two hardest quarks and the softest quark (∆R12−3), where ∆R =
√

(∆φ)2 + (∆η)2.

The following cuts are chosen based on simulations:

• ∆R
(a)
12 < 1.3; ∆R

(a)
12−3 < 1.3;

• ∆R
(b)
12 < 2.0.
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Figure 4.5: The rescaling factor applied to the observed jet energy as a
function of jet pT .

Since the SUSY cross section is dominated by production of squarks and gluinos,

about 95% of events have two hard jets with E
(h1)
T > 200 GeV and E

(h2)
T > 100 GeV

from the squark decays. It is required that two jets in an event satisfy these cuts.

Those jets are not then used to construct χ̃0
1 candidates, decreasing the background

from wrong combinations.

For each combination of jets passing the kinematic cuts, the jet energies are rescaled

according to their pT , to allow for energy lost out of the jet cones. The rescaling

function, shown in fig. 4.5, is the ratio pjet
T /p

u
T used in ATLFAST.

The reconstructed masses of the χ̃0
1 candidates are shown in fig. 4.6a. If Ncomb

combinations of jets from one event pass the cuts, the masses from each combination

are plotted with weight 1/Ncomb, so that the total weight for any one event is unity.

If there are more than five combinations which pass the cuts in any one event then

that event is omitted. In events with more than one combination passing the cuts,
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(a) (b)

Figure 4.6: (a) The invariant mass of three-jet combinations passing the
cuts described in the text. The mass peak from the decay χ̃0

1 → qqq can
be seen above the background from wrong combinations of jets. The
input χ̃0

1 mass is indicated by the arrow. (b) A phase-space sample
shows a peak in much the same region.

two combinations of jets often differ only in the choice of jets for one of the two χ̃0
1s.

In such cases, the repeated mass combination is included only once.

Up until this point the method is based closely on that of Drage [141]. In particular,

the cuts to reduce the SM background, and the jet cuts, are as presented in his

thesis. However the method of Drage now encounters serious problems.

There is a broad combinatorial background beneath the χ̃0
1 mass peak in Figure 4.6a,

the shape of which is defined by the kinematic cuts and is reproduced by the phase-

space sample, as shown in fig. 4.6b. Drage attempts to remove the combinatorical

background by subtracting from the mjjj distribution a ‘background’ sample con-

sisting of combinations in which the two χ̃0
1 candidates had masses differing by
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Figure 4.7: The colour gives the density of the reconstructed neutralino
candidates as a function of their reconstructed masses (mjjj) and of the

mass difference δmjjj = m
(a)
jjj −m

(b)
jjj between the two candidates. The

true neutralino peak is the dense region at (0, 117). Normalising the
‘sidebands’ to the ‘signal’ at large and small mjjj and subtracting them
will create an artificial peak in mjjj because the sidebands are depleted
at intermediate mjjj.

20 < δmjjj < 100 GeV. The sidebands were normalised at the edges of the mjjj

distribution.

Drage found that after background subtraction, the sample still contained features

which he was unable to explain. He was nevertheless able to find a peak in the sub-

tracted jjj mass plot, around which he selected combinations in order to reconstruct

the higher mass sparticles.

The problem with the background-subtraction method of Drage is that the peak it

produces is also found in a phase-space sample, i.e. in the absence of any neutralino
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decays. This occurs because events in which the neutralino candidates have very

different masses will tend to contribute more at the edges of the mjjj distribution,

as can be seen in fig. 4.7. This means that even after sideband subtraction, a peak

will remain near the center of the distribution, even in the absence of any signal.

The creation of a false peak is most undesirable, so background-subtraction method

of Drage is not used in this analysis.

In this analysis, instead of subtracting the background, the extra information from

the lepton pair is used to dilute it. The χ̃0
2 is reconstructed using the decay chain

χ̃0
2 → l̃R l→ llχ̃0

1 by forming the total invariant mass of the OSSF dilepton pair and

one of the 3-jet candidates, choosing the χ̃0
1 candidate which is nearest in η − φ to

either lepton. The branching ratios of the next-to-lighest neutralino are in table 4.2.

B(χ̃0
2 → X)

χ̃0
1 Z

0 3.6%

χ̃0
1 ẽ
±
R e∓ 11.1%

χ̃0
1 µ̃
±
R µ∓ 11.1%

χ̃0
1 τ̃
±
1 τ∓ 73.6 %

Table 4.2: χ̃0
2 branching ratios at the point described in the text.

A clear peak in the (χ̃0
1, χ̃0

2) mass plane is visible in fig. 4.8a. Fig. 4.9 shows slices

through the peak along the axes m± = (mjjj`` ±mjjj)/
√

2. The peak is present in

the central slices, while the sidebands show similar shapes to the background under

the peak. It is clear that this peak is not determined by the kinematic cuts, as it is

absent in the phase-space sample (fig. 4.8b). In addition it is found that the position

of the peak accurately follows the input masses, when the lightest two neutralino

masses are varied from {116.7, 211.9} to {137.8, 252.6} GeV.

The data in the rectangle shown in fig. 4.8 were fitted with a 2-d gaussian. Since
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(a) (b)

Figure 4.8: (a) The χ̃0
1 (mjjj) and χ̃0

2 (mjjj``) candidates. The number
of jet combinations passing the cuts per 30 fb−1 is given by the key.
The circle and the ellipse show the peak and standard deviation of a
2-d gaussian fitted to the data contained in the dashed box. The star
shows the input masses. (b) The corresponding (mjjj, mjjj``) invariant
mass combinations from the phase-space sample show no such peak.

mjjj and mjjj`` are highly correlated, the peak was fitted in the rotated (m+,m−)

coordinate system in which the correlations are smaller. The mass difference relies

on lepton rather than jet momenta, so the width in the m− direction (≈ 4 GeV) is

smaller than in the m+ direction (≈ 15 GeV). The standard error on the peak was

5.4 GeV in m− and 1.8 GeV in m+. This corresponds to a 4 GeV uncertainty in

each of the neutralino masses.

The fitted masses for the lightest two neutralinos were {118.9, 215.5} GeV, which

are slightly high when compared to the input values of {116.7, 211.9} GeV. This is

due to several effects, including overlap between the jets, and the contribution of

energy from the underlying event in the jet cones. Indeed it is expected that the

simple rescaling factor will overcompensate for energy losses from jet cones, since
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Figure 4.9: Slices taken through fig. 4.8a in the rotated (m+, m−)
coordinate directions. The 2-dimensonal fit was performed on the data
contained in the region between the dotted lines. The dotted and dashed
lines are from the side-bands. The fitted peak and width of the gaussian
are shown by the thick line and double arrow at the top of each plot.

the three jets from the χ̃0
1 decay are close in η − φ, so energy losses from one cone

can end up in one of the other two.

A fuller investigation of these effects is beyond the scope of this study, requiring

as it does a full investigation of the calorimeter calibration procedure for multi-jet

events. It is estimated that in the actual experiment, the uncertainty in the absolute

jet energy scale will be of the order of 1% for jets with pT > 50 GeV [30]. For lower

energy jets an uncertainty of 2-3% is more likely. With real data, therefore, it may

be possible to reduce the systematic uncertainty on the χ̃0
1 mass to 3 GeV.

4.5 Detection of the l̃R and q̃L

For the measurement of the slepton mass, having fitted the χ̃0
1 and χ̃0

2 masses,

combinations are selected within 1 × σ of the peak. These combinations, with two
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Figure 4.10: The region of mSUGRA parameter space over which the
decay χ̃0

2 → l̃R` → χ̃0
1`` occurs is shaded. M0 is the universal scalar

mass, and M1/2 is the universal gaugino mass at the GUT scale. The
lower hatched region is excluded by lack of electroweak symmetry break-
ing or have charge- or colour-breaking minima, whereas in the upper
hatched region the χ̃0

1 is not the LSP and this analysis does not apply.
The contours show the mass of the ũL squark. The × marker shows the
chosen point. The other parameters are: tanβ = 10, A0 = 300 GeV
and µ > 0. Plot by Peter Richardson.

OSSF leptons preferentially select the decay chain χ̃0
2 → l̃Rl → llχ̃0

1. This decay

is only available when the slepton is lighter than the χ̃0
2. The region of mSUGRA

parameter space in which m(χ̃0
2) > m(l̃R) is shown in fig. 4.10. Beyond this region

the χ̃0
2 can decay to the χ̃0

1 through Z0 emission, or if mχ̃0
2

<∼ mχ̃0
1

+mZ0 in a three-

body decay, both of which are also sources of OSSF lepton pairs. In any of these

cases one may obtain the lighest two neutralinos from jjj and jjj`` invariant mass

combinations. However it is only in the shaded region of fig. 4.10 where the jjj`

mass combination may correspond to the slepton mass.
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(a) (b)

Figure 4.11: Reconstructed masses of the χ̃0
1 and χ̃0

2 (a), and phase-
space sample (b) similar to fig. 4.8 but with 8 ≤ Njet ≤ 11.

The dilepton invariant mass distribution (fig. 4.3) for the point investigated shows

only a very small peak at the Z0 mass, but a clear kinematic edge, indicating that

the slepton decay chain χ̃0
2 → l̃Rl→ llχ̃0

1 dominates. This is expected at this point,

since the m(χ̃0
2)−m(χ̃0

1) mass difference of 95.2 GeV means that there is little phase

space available for the decay χ̃0
2 → Z0χ̃0

1. If the masses and couplings for this decay

were significant, then one would exclude events with dilepton invariant mass near

m(Z0) from the l̃R measurement. Both chains may have been preceded by q̃L → χ̃0
2q,

so both can be used for the q̃L mass measurement.

Recall that the initial sample of χ̃0
1 candidates was restricted to events with 8 ≤

Njet ≤ 10 in order to reduce the combinatoric background. However, choosing

combinations from under the (χ̃0
1,χ̃0

2) mass peak removes much of the background,

so in this section the jet multiplicity cut is therefore relaxed to 8 ≤ Njet ≤ 11 in

order to increase the available statistics (see fig. 4.11). The invariant mass of the

three-jet neutralino candidates is adjusted to the best-fit mass of the χ̃0
1 by rescaling
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(a) (b)

Figure 4.12: The masses of (a) l̃R and (b) q̃L candidates. Only com-
binations from under the (χ̃0

1,χ̃0
2) mass peak, and satisfying the cuts

described in the text are plotted. Each jjj invariant mass has been
rescaled to the fitted χ̃0

1 mass. The total contribution from each event
has been rescaled to unity for each event in which at least one combina-
tion passes the cuts. The l̃R and q̃L masses are indicated by the arrows.
The fitted functions are described in the text.

the χ̃0
1 jet momenta by the same factor.

The l̃R mass is found by combining the χ̃0
1 candidate closest to a lepton in η−φ with

that lepton. The resulting invariant mass distribution, mjjj`, is shown in fig. 4.12a.

The sharp peak was fitted with a gaussian, with another gaussian for the background.

This gave m(l̃R) = 157.1 ± 0.2 GeV, which is slightly high when compared to the

input value of 155.3 GeV for the same reasons as were discussed in sec. 4.4.

The experimental electron and muon momentum scale uncertainties are expected

to be small fractions of 1% [30], so the systematic error in the slepton mass mea-

surement will be dominated by the same (3 GeV) jet scale uncertainty as m(χ̃0
1).

The statistical error in rescaling the 3-jet invariant mass to the fitted m(χ̃0
1) peak
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introduces another 3 GeV systematic error into the l̃R and q̃R masses. The overall

systematic error in m(l̃R) is therefore 3⊕ 3 = 4.2 GeV.

The hardest two jets in the event are assumed to have come from squark or gluino

decay, and so are not used in making three-jet combinations for neutralino candi-

dates. The q̃L mass is found by combining each χ̃0
2 candidate with the harder of

these two leading jets. To reduce the background, combinations are selected within

2 × σ of the m(l̃R) peak. This allows the relaxation of the cut around the (χ̃0
1,χ̃0

2)

peak from 1 to 2 × σ. The resultant invariant mass distribution, mjjj``j, is shown

in fig. 4.12b. A peak is visible near the ũL and d̃L masses of 633 GeV and 638 GeV

respectively, but the resolution is not sufficient to separate the states.

The background was modelled by finding the invariant-mass distribution of the χ̃0
2

candidates with the hardest jet from other q̃L candidate events. A gaussian fit to

the signal with this background shape gave m(q̃L) = 638± 4 GeV. The uncertainty

in modelling the background was estimated by fitting the distribution with other,

simpler background shapes. These decrease the position of the peak to 634 GeV (for

a resonance-shaped background) and to 632 GeV (for a linear background). This

shows a systematic uncertainty in the q̃L mass of about 5 GeV. The hard jet used

in the calculation of m(q̃L), has pT > 100 GeV introducing an uncertainty in the

mass scale of 1% [30], or 6 GeV. Carrying forward a 3 GeV uncertainty in the jjj

invariant mass scale and 3 GeV from the χ̃0
1 fit, the total systematic error in the

squark mass is 9 GeV.

At this mSUGRA point the dominant decay mode of the q̃R is q̃R → χ̃0
1q. One might

therefore try to reconstruct the q̃R mass by combining the χ̃0
1 candidate not used in

the q̃L reconstruction with the second hard jet. However while the cuts which were

applied to reduce the SM background, i.e. requiring the presence of two leptons,

mean that almost all the signal events contain a q̃L, they do not necessarily contain
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a right squark. Only a third of the signal events actually contain a q̃R. Most of

the SUSY events at this mSUGRA point come from gluino production which will

either be rejected due to the large number of jets or contain additional hard jets

from the gluino decay, and hence have a large combinatoric background for the q̃R

reconstruction. In an attempt to reduce this background it is possible to use cuts on

the χ̃0
2 and l̃R masses from q̃L decay on the other side of the event such that there is

only one q̃R candidate. However this reduces the available statistics so that a signal

cannot be observed. This combination of factors makes it impossible to reconstruct

the q̃R mass at this mSUGRA point with the luminosity simulated.

4.6 Other values of λ′′cds

The method outlined above is relatively insensitive to the size of the coupling λ′′cds.

However as the RPV coupling λ′′cds is decreased the lifetime of the χ̃0
1 increases as

shown in fig. 4.1a. The method will start to fail when χ̃0
1s predominately decay

beyond the first tracking layer of the detector. Special reconstruction could, in

principle, increase this by about an order of magnitude, at which point the decays

would occur outside of the tracking volume. The maximum value of λ′′ for which

the analysis is valid can therefore be found by excluding events when one or other

of the χ̃0
1s has travelled more than 100 mm (1000 mm) from the interaction point

in the transverse direction.

As can be seen in fig. 4.13 statistics become limiting for λ′′cds less than about 10−5,

when cτ ≈ 800 mm. With smaller couplings the RPV decay of the χ̃0
1 effectively

switches off, and a RPC analysis based on a missing transverse energy + lepton(s)

signature, such as [30,69], is effective.

If λ′′cds is larger than 0.1, an initial q̃R often decays immediately into 2 jets and then
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Figure 4.13: The number of events in which both χ̃0
1s have transverse

decay lengths less than 100 mm (thick line), or less than 1000 mm
(thin line), as a function of the RPV coupling. Events which do not
have two 3-jet combinations within 1× σ of the (χ̃0

1,χ̃0
2) peak found for

λ′′cds = 0.005 are excluded.

only one 3 jet invariant mass combination will necessarily be close to the neutralino

mass.

The size of the RPV coupling can be determined from the χ̃0
1 lifetime, as shown

in fig. 4.1a. The lifetime is, in principle, measurable for a wide range of couplings,

by using vertexing information. However the need for detector-level Monte-Carlo

simulation makes the measurement of λ′′cds beyond the scope of this study.

4.7 Extracting the Flavour Structure

If RPV couplings are observed, it is probable that they come from an underlying

theory which also determines the fermion mass spectrum. This idea has been ex-
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plored [145–148] in the context of gauged U(1)X models of flavour. In such models,

the hierarchy of the low-energy Yukawa couplings is generated from selection rules

in interactions involving an approximate symmetry. Such models also predict a hier-

archical pattern of RPV couplings from the same symmetry from which the fermion

mass spectrum is derived. Thus the determination of the flavour structure of an

RPV coupling could be a vital clue in the search for the origin of flavour.

In this section the flavour content of the quark jets from χ̃0
1 decays is investigated.

The aim is to identify which λ′′ijk coupling is dominant in the neutralino decay. The

index i is the generation number of an up-type quark, and j and k correspond to

down-type quarks. The coupling is antisymmetric in j and k, so there are nine

possible non-zero elements.

Three of the couplings, λ′′tjk, produce very different signatures because they allow

the χ̃0
1 to decay via the top quark. If the neutralino is lighter (heavier) than the top

quark then the decay is propagator (phase-space) suppressed. For the mSUGRA

point investigated (which is described in sec. 4.1) the branching ratio through the

top coupling is a factor of 4.2× 106 smaller than through a non-top coupling of the

same size.

For a top mode to dominate the decay, a λ′′ coupling to top would need to be a

factor of at least 2000 greater than any of the non-top couplings. In that case the

lightest neutralino would typically be long-lived (fig. 4.14) and for λ′′tjk <∼ 10−2 nearly

all χ̃0
1 s would decay outside the detector. Determination of these couplings could

then only be achieved by searching for the rare decay of χ̃0
1s in the active volume,

while sparticle mass measurements could be made in the same way as for the RP

conserving case [30].

The other six couplings are investigated – λ′′uds, λ
′′
udb, λ′′usb, λ′′cds, λ

′′
cdb and λ′′csb –

assuming that one is significantly larger than the others. Since the branching ratio
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Figure 4.14: The lifetime of the χ̃0
1 at the mSUGRA point described in

the text, with one of λ′′ijk non-zero. The solid line shows the lifetime
for a dominant top quark coupling, which leads to the decay χ̃0

1 →
qq′t∗ → qq′bW∗ → qq′bff ′, where q and q′ are quarks other than top
and f and f ′ are Standard Model fermions. The dashed line shows the
lifetime for couplings to quarks other than the top. The calculation
approximates the final state particles as massless, so that the lines for
λ′′tjk are the same for all j, k, as are those for λ′′ijk for all i 6= t, j, k. Plot
by P. Richardson [2].

is proportional to the square of the coupling, it is sufficient for this analysis that all

the subdominant couplings are 4.5 times smaller than the dominant coupling. Then

just 5% of all χ̃0
1s will decay though the subdominant channel, and 90% of events,

each with two χ̃0
1s, will contain only dominant-coupling decays.

4.7.1 Vertex Tagging

The lifetimes of hadrons containing b- and c-quarks give rise to displaced vertices

which can be reconstructed from charged tracks in the inner detector. In general

the lifetimes of charmed hadrons are shorter than for hadrons containing a b-quark,
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Figure 4.15: The fraction of signal events with 0, 1, and 2 vertex tags,
for different types of RPV coupling λ′′. The statistical errors are those
expected for an integrated luminosity of 30 fb−1. Points are horizontally
displaced to allow them to be distinguished by eye.

for example cτD0 = 124 µm compared to cτB0 = 468 µm. This allows statistical

separation of c-quark jets from b-quark jets, and of c- and b-jets from light quark

(u, d, s) and gluon jets. Strange hadrons have longer lifetimes with cτ of the order

of tens of centimeters. Since they decay to a small number of particles it is difficult

to reconstruct a secondary vertex, and so strange hadrons cannot be tagged within

jets in the LHC environment.

The vertex tagging performance of the ATLAS Inner Detector was simulated in

[30]. In that study a likelihood ratio method was applied to the transverse impact
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b-tagging efficiency Rejection factor

εb u, d, s and g jets (rj) c-jets (rc)

0.33 1400 22.9

Table 4.3: b-tagging efficiencies and mis-tagging rejection factors from a
full simulation of the ATLAS inner detector [30]. 1/rc is the probability
of tagging a c-jet, while 1/rj is the probability of tagging a u, d, s or
gluon jet, averaged over pT , η and φ. The typical reconstructed jet pT
scale is 50 GeV.

parameter (d0) of the tracks within the jet cone. The resultant b-tagging efficiency

and the rejection rates for c- and other jets were parameterised as functions of

the transverse momentum and pseudorapidity of the reconstructed jet and were

implemented in ATLFAST. The rejection factors, averaged over all directions and

transverse momenta, are summarised in table 4.3. In order to select a higher purity

sample, a rather low b-tagging efficiency (33%), was tolerated.

The proportions of events with 0, 1 and 2 tagged jets are shown in fig. 4.15, for the

six different λ′′ couplings. As expected, the vertex tagging rate is greatest when the

χ̃0
1 decay products include both c and b quarks, and smallest for couplings which

produce light-quark daughters. As d- and s-jets cannot be distinguished in this

analysis, there is no discrimination between λ′′idb and λ′′isb (for i=u,c).

In these simulations, in which λ′′ = 5 × 10−3, the χ̃0
1 lifetime of 10−14 seconds

corresponds to a typical decay length cτ of 3 µm. This is short in comparison

with typical b- and c-jet vertex displacements so it should not severely affect vertex

reconstruction. However the lifetime is inversely proportional to the square of the

coupling strength. When cτ becomes bigger than about 3 cm (for λ′′ <∼ 5 × 10−5)

special vertex reconstruction would be required. Vertex tagging becomes almost

impossible when neutralinos travel more than about 30 cm in the transverse direction
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Figure 4.16: The fraction of signal events with 0, 1 and 2 muons that lie
within

√
∆η2 + ∆φ2 ≤ 0.4 of the signal jets, for different types of RPV

coupling, λ′′. The statistical errors are those expected for an integrated
luminosity of 30 fb−1. Points are horizontally displaced to allow them
to be distinguished by eye.

since their daughters will produce hits only in the outermost silicon layers.

4.7.2 Flavour Discrimination from Muons

The weak decay of hadrons containing heavy quarks can produce muons, which

will generally lie within the associated quark jet. The muons will pass though the

calorimeter and so can be measured by the muon detector even if they lie inside

the jet cone. The frequency with which these “non-isolated” muons occur in signal
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events can be used as an additional discriminator between quark flavours.

The number of non-isolated muons per event in the six signal jets is plotted in

fig. 4.7.2. Since bottom mesons produce more muons [B(B0 → µ+ νµ X) = 10%]

than charmed mesons [B(D0 → µ+ νµ X) = 7%] [149], the number of muons in

signal jets is used to statistically separate b- from c-jets.

4.7.3 Statistical Significance

The confidence with which one can identify the dominant coupling was explored

for all pairs of couplings for both the vertex tagging and muon rates (fig. 4.7.1 and

fig. 4.7.2 respectively). The variable,

χ2 =
∑
i

(xi − yi)2

σ2
x + σ2

y

was calculated, where xi and yi are the fractions of events with i muons (or vertex

tags) for the test pair of couplings and the σ2s are their variances assuming Poisson-

distributed numbers of events. Bins where one or other distribution contained fewer

than five events were excluded.

The calculated χ2 values for both the muon and vertex-tagging plots are shown in

table 4.7.3. If one uses only the muon information then all couplings are distin-

guishable at 90% except for the ambiguity between d- and s-jets. In general the

vertexing rate gives better discrimination, but would be difficult for a long-lived χ̃0
1

for the reasons discussed in sec. 4.7.1. Combining the results from both analyses

gives separation at better than 3.5 σ in all cases, again with the exception that it is

not possible to distinguish down from strange quarks.

If the branching ratios of the neutralino through two or more couplings were com-
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parable, then as the information in the distributions is rather degenerate, definitive

identification of the couplings becomes difficult. However the method could then be

used to constrain the possible values of the couplings.

Distinguishing Vertexing Muons Combined

λ′′ijk from λ′′lmn χ2/d.f. P/% χ2/d.f. P/% discrimination/σ

uds udb 59.1/1 - 28.7/1 - 9.4

usb 73.0/1 - 31.7/1 - 10.2

cds 30.5/1 - 4.0/1 4 5.9

cdb 106.9/1 - 47.2/1 - 12.4

csb 113.4/1 - 49.2/1 - 12.8

udb usb 1.6/2 44 0.4/1 54 1.4

cds 10.3/2 1 13.0/1 - 4.8

cdb 18.3/2 - 6.8/2 3 5.0

csb 16.3/2 - 5.1/2 8 4.6

usb cds 17.5/2 - 17.2/1 - 5.9

cdb 12.1/2 - 5.1/1 2 4.2

csb 9.9/2 1 3.1/1 8 3.6

cds cdb 56.1/2 - 37.4/1 - 9.7

csb 55.8/2 - 35.3/1 - 9.5

cdb csb 0.6/2 72 1.3/2 51 1.4

Table 4.4: Chi-squared function, and number of degrees of freedom (d.f.)
for the difference in distributions for pairs of RPV couplings (λ′′) for
an integrated luminosity of 30 fb−1. The contributions from vertexing
and muon counting are shown separately. The probability (P) in the
tail of the chi-squared distribution is given when P ≥ 1%. The number
of degrees of freedom is one less than the number of histogram bins in
which both couplings contain at least five events.
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4.8 Conclusion

The usual ubiquitous signature for the RP conserving MSSM is missing transverse

energy. This signature disappears once RP violating couplings are added, unless

they are extremely small and the lifetime of a neutralino LSP is such that it decays

outside the detector.

The case where the neutralino LSP is unstable and decays to 3 jets, was examined,

which corresponds to the RPV coupling λ′′, the trilinear RPV coupling giving the

hardest case in which to detect and measure sparticles.

By analysing the decay chain, q̃L → χ̃0
2q → l̃R`q → χ̃0

1``q, it has been shown that

the χ̃0
1, χ̃0

2 and q̃L be detected and their masses measured, and that the mass of the

l̃R can also be obtained in much of parameter space. The sparticle production and

decays in this signal are all RP conserving apart from the χ̃0
1 decay into three jets.

Although a point near mSUGRA point 5 has been used to derive the soft SUSY

breaking parameters, the method should in principle work for other more general

SUSY breaking parameter sets in which the decay chain in fig. 4.4 exists. When

some of the sparticles involved in the decay chain become much heavier than 1 TeV,

the analysis will become statistics limited.

If baryon-number violating couplings to quarks other than top are >∼ 5× 10−5 then

χ̃0
1s will typically decay within the tracking volume of an LHC detector. For these

couplings, simulations show that displaced secondary vertices and muons from heavy

quark decays allow statistical separation of b- from c-quark jets, and b- and c-jets

from light-quark jets. A dominant RPV coupling can then be identified at better

than 3.5 σ, except for an ambiguity caused by the inability to distinguish strange

from down quarks.
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It has therefore been demonstrated that if the MSSM breaks baryon number, not

only can the LHC detect and measure the masses of sparticles [1], but it can even

distinguish the flavour structure of the RPV coupling.
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Chapter 5

Silicon Detectors and the ATLAS

Semiconductor Tracker

Shine inward, Irradiate, there plant eyes that I may see and tell
Of things invisible to mortal sight

The supersymmetry search analyses described in chapter 3 and chapter 4, make use

all of the various ATLAS detector subsystems. One of these components, the SCT,

a silicon microstrip detector, is particularly important in tracking, particle charge

sign determination, and vertex tagging.

A preliminary description of the SCT has been given in sec. 2.4.2. This chapter

provides a more detailed description of the components, providing a background for

the beam test analysis presented in chapter 6.

5.1 Semiconductor Detectors

All of the particle physics experiments at the LHC will use semiconductor detec-

tors. They provide a fast, accurate and efficient method of detecting the passage of

charged particles.

The basic principle is that charged particles pass through a semiconductor which
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has been depleted of charge carriers by reverse-biasing a p-n junction. The energy

deposited by the particle (typically a few keV per µm) creates electron–hole pairs

which are swept away by the same electric field which provides the bias. The re-

sulting charge is collected on the implant strips, either directly or by capacitive AC

coupling to a metalisation layer.

A pedagogical introduction to the physics of semiconductor devices can be found in,

for example [150]. Briefly, symmetry under translation of the crystal lattice leads

to allowed energy bands for electrons. In some materials, such as silicon, the lower

energy levels (valence band) are filled up, leaving an energy gap of about an electron-

volt to a higher ‘conductance’ band. Thermal excitation of electrons across this gap

creates two types of electrical charge carrier – the electron itself, and the positively

charged ‘hole’ caused by its absence from the valence band. These charge carriers

allow macroscopic currents to flow, so the materials are known as semiconductors.

The addition of impurities to an intrinsic semiconductor has a profound effect on

its electrical properties. The material may be doped in one of two ways. Adding

group V atoms like phosphorus to the crystal lattice leaves an unbonded electron

which will fill a state near the bottom of the conduction band. These atoms are

therefore called donors, and the semiconductor is said to be n-type. By contrast

adding group III impurities, such as aluminium, creates a site in which a valence

electron can be captured. These sites, known as acceptors, create a surplus of holes

at the top of the valence band, creating a p-type material.

When a p-type and n-type region adjoin, electrons flow across from the n-type to

the p-type material until the electrochemical potential is equalised. This creates a

region on either side in which charge carriers are almost totally absent. The width,
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Figure 5.1: A schematic cross-section through a p-on-n silicon mi-
crostrip detector. The dimensions are those of an ATLAS barrel SCT
sensor. The protective passivisation layer is not shown.

W , of the depleted region can be estimated by solving Poisson’s equation,

d2V

dx2
=

ρ

ε0εSi

, (5.1)

where ρ is the charge density, V is the electrical potential, ε0 is the permittivity

of free space, and εSi is the relative permittivity of silicon. Since the band gap

energy is usually much greater than kBT it is reasonable to assume that there is

total depletion of charge carriers up until an abrupt boundary. Integrating eq. 5.1

twice one finds that the width of this depletion region is

W ≈
√

2ε0εSiVbias

eNeff

, (5.2)

where Neff = ρ/e is the effective dopant concentration.
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5.1.1 Radiation Damage

The unprecedented levels of radiation expected at the LHC provide one of the major

challenges for the SCT. The maximum dose expected after ten years of operation is

equivalent to 1.4×1014 1 MeV neutrons per square centimeter. Damage is primarily

caused by the non-ionising interactions of high energy hadrons. Recoiling nuclei

which remain displaced from their lattice sites can create stable defects such as

interstitial atoms and vacancies.

The overall effect of irradiation of the bulk is to increase the effective number of

acceptors so that the material becomes more p-type. During heavy irradiation of

a lightly doped n-type material, Neff will be reduced until the material undergoes

type inversion and eventually becomes p-type. Irradiation therefore increases Neff so

that, by eq. 5.2, a higher bias voltage must be applied to fully deplete the detector.

After type inversion, the module must be operated fully depleted, since the depletion

region grows from the n+ side of the detector.

Radiation-induced defects also create electron energy levels near the center of the

band gap, which causes an enhancement in the reverse bias current, Idet. Statistical

fluctuation in this ‘leakage current’, Idet, lead to shot noise ∝
√
Idet. Another

problem with higher leakage currents is that they dump heat into the detectors.

This could lead to potentially catastrophic problems, since higher temperatures will

in their turn cause an increase in thermally-created majority charge carriers in the

depleted region, which are themselves a source of leakage current. If uncontrolled

this cycle can lead to thermal runaway which makes it impossible to apply sufficient

bias to efficiently operate the detectors. Irradiation also creates defects which trap

charge carriers, decreasing the observed signal.

The damage caused by irradiation is strongly dependent on the temperature of the
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silicon. Soon after irradiation the detector exhibits thermally-activated annealing

as the effective number of donors is reduced. However on a longer time-scale inter-

actions between radiation-generated defects leads to a detrimental effect known as

‘reverse annealing’. Both processes are very temperature-dependant, having time

constants, τ ∝ exp(−kBT ). Reverse annealing can be efficiently suppressed by keep-

ing the detectors at low temperature (<0 C). For this reason, as well as to reduce the

leakage current, the ATLAS SCT will be operated at -7 C. A network of thin-walled

Cu/Ni tubes will contain C3F8 which will provide evaporative cooling.

Irradiation also causes changes to the SiO2 passivisation layer. This surface damage

is caused by ionising irradiation, and is important in AC coupled devices which

have a SiO2 layer in the metal oxide semiconductor (MOS) read-out capacitor. The

electric field across the capacitor preferentially sweeps away electrons, leaving a net

positive charge, which induces a surface layer of electrons in the bulk. That charge

can then affect the shape of the electric field around the strips, potentially leading

to high-field breakdown.

The dominant pre-amplifier load is the interstrip capacitance, which increases with

irradiation, due to trapped charges at the Si/SiO2 boundary. The resultant increase

in capacitiance increases the front-end noise meaning that irradiated sensors gener-

ally have a lower signal to noise ratio even when fully depleted. A recent review of

the effects of radiation damage in silicon detectors can be found in reference [151].
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Figure 5.2: Diagram of a SCT barrel module. Adapted from [152].

5.2 The ATLAS SCT

5.2.1 Detectors

For the ATLAS SCT, the sensors are manufactured from n-type silicon with p+

implants. There are 768 active strips on each, with a strip pitch of 80 µm pitch

in the barrel. For the wedge-shaped forward detectors, the pitch varies from 50 to

90 µm.

The sensors are single-sided, and are mounted back-to-back at a 40 mrad stereo

angle between the strips to provide a two-dimensional readout. The active surface

of the sensors is 62×61.6 mm with a thickness of 285 µm. The effective strip length

is doubled by daisy-chaining pairs of detectors together with wire bonds, leaving a
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narrow inactive region between the detectors. The four sensors required for each

module are glued onto a stiff, high thermal conductivity graphite (TPG) baseboard

with BeO facings on both surfaces. The technical description of the ATLAS SCT

detectors can be found in [153].

5.2.2 Readout

Electronic readout is provided by the ABCD [154–156] application-specific integrated

circuit (ASIC). Each chip serves 128 silicon detector strips, so six chips are required

on both the top and the bottom of the module. These chips are mounted on a wrap-

around electronics hybrid which thermally decouples the ASICs from the detectors.

The ASICs have been manufactured using the radiation-hard DMILL process [157,

158], which allows them to contain both a bipolar analogue and a complimentary

metal oxide semiconductor (CMOS) binary part (see fig. 5.3). The signal from

the strips is initially processed in the front-end analogue section of the chip which

contains a low-noise preamplifier, integrator, and shaper. The integrated signal

is then compared with a threshold potential set by an internal digital-to-analogue

converter (DAC), producing a binary hit or miss. This threshold can calibrated

against an injected input charge (in fC), supplied via 100 fF capacitors. In order to

compensate for channel-to-channel variation in the discriminator offset, each channel

is provided with a four-bit ‘Trim-DAC’.

The digital hit information is then pipelined in a 132-bit deep first-in-first-out buffer

(FIFO), pending the arrival of a level-1 trigger accept. If the bit pattern correspond-

ing to such a trigger is received, the data is again buffered, compressed, and sent to

an optical link for transmission to the off-detector electronics.

The final output is a bit-pattern corresponding to hit information at the 40 MHz
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Figure 5.3: Simplified block diagram of the SCT readout architecture.

clock/bunch-crossing frequency.

5.3 Performance

For track reconstruction the important performance parameters are the efficiency

with which particles are detected, the occupancy due to noise hits, and the spatial

resolution. The specifications in [35] state that detection efficiency should be greater

than 99%, with noise occupancy less than 5 × 10−4. Both efficiency and noise

occupancy decrease when the threshold is increased, so these numbers should be

found at the operating threshold, near 1 fC.

The spatial resolution for a one-strip cluster on any single detector will be σ1 =

80 µm/
√

12. This leads to RMS resolutions in rφ and z of:

σrφ =
σ1√

2 cosα/2
≈ σ1√

2
, (5.3)
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and

σz =
σ1√

2 sinα/2
≈
√

2σ1

α
, (5.4)

where α is the 40 mrad stereo angle. Thus the resolution for any particular module

can be expected to be better than 16.3 µm in rφ, and 815 µm in z. when multi-strip

clusters are also included.

135



Chapter 5 Silicon detectors and the SCT

136



Chapter 6

SCT module beam tests

6.1 Introduction

Once the inner detector has been installed at the heart of ATLAS it will be extremely

difficult to access. Replacing any central component will entail a huge logistical op-

eration, during a specially extended shut-down. Components must therefore perform

well in a very challenging environment, and to continue to do so for many years.

During the development and production of ATLAS, a huge variety of tests have

been made to to evaluate detector properties, to compare and make choices between

different technologies, and to ensure the quality of those components destined for the

final detector. These have involved detailed investigations of electrical, magnetic,

mechanical and thermal properties, as well as checks of radiation hardness, and

large-scale system tests.

Many of the module properties which will be most important for ATLAS physics

reconstruction can be well tested by firing high energy particles with known prop-

erties at modules, and testing their response. It is these beam tests of ATLAS SCT

modules that form the subject of this chapter.

This work was carried out in collaboration with many other members of the ATLAS

experiment. For a list of those involved the reader is refered to the author-lists of
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Figure 6.1: Diagrammatic representation of the testbeam setup. The
devices under test were contained within the environment chamber and
could be rotated together about the vertical axis.

references [5–7].

6.2 The beam test environment

A series of beam tests were carried out on a sample of irradited and non-irradiated

SCT modules at CERN’s 450 GeV super proton synchrotron (SPS). Protons incident

on a fixed target in the CERN North Area were used to generate a highly collimated

180 GeV π+ beam with a small fraction of muons from pion decay. The beam width

was approximately 2 cm full-width at half maximum, with about 100k particles per

3.2 second spill.

The modules under test were mounted in individual aluminium boxes which had

perspex windows to reduce the material in the beam. The module boxes were

chilled with a water/glycerol heat exchanger, and fed with cold dry nitrogen gas

to prevent condensation. A mechanical screw gauge allowed them to be rotated

about a vertical axis so that the incident angle of the incoming beam relative to
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the detector plane could be varied. The entire apparatus was mounted on a stable

trolley to allow its insertion into a large, uniform-field 1.56 T dipole magnet.

The tracking telescope consisted of four silicon microstrip modules, each of which

contained two detectors with strips orientated perpendicular to the beam, thus giv-

ing both an x and a y measurement. The telescope detectors had a 50 µm pitch

and were read-out by Viking analogue chips [159]. This arrangement provides an

interpolated track position at the position of an SCT module with resolution gen-

erally better than 10 µm. The read-out was triggered by the coincidence of a pair

of scintillators several meters upstream of the devices under test. Chip power and

detector bias were supplied by SCTLV and SCTHV modules respectively [160].

6.2.1 Devices Under Test

Six barrel SCT modules and three endcap modules were present during the August

2001 beam tests (see fig. 6.1). My investigations concentrate on the barrel modules.

Two of these had previously been irradiated at the CERN PS T7 facility [161] to

a fluence of 3 × 1014 protons per square centimeter. This is the standard SCT

irradiation fluence and corresponds to the maximum fluence expected for any SCT

module after ten years of LHC operation with an additional safety margin. The

bulk damage caused in silicon is equivalent to a neutron fluence of about 2 × 1014

per cm2.

Each module under test was read-out with ABCD3TA ASICs (see sec. 5.2.2), via

an electrical support card. Electrical signal and power cables approximately 20 m

long ran to a barrack for data acquisition (DAQ), and detector monitoring and

control. Clock and control was provided by CLOAK modules [162], slow controls by

the SLOG [163] and readout through the MUSTARD [164]. The control software
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Slot ID Name Type Irrad. T/C Plane

0 0 0029 Barrel -6 〈111〉

1 1 0018 Barrel -7 〈111〉

2 2 0020 Barrel * -5 〈100〉

3 3 0037 Barrel * -4 〈100〉

4 4 0035 Barrel -1 〈100〉

5 5 0036 Barrel -7 〈100〉

6 6 K4 218 Endcap outer * 4 〈111〉

7 7 K4 229 Endcap inner 25 〈111〉

8 8 K4 200 Endcap outer 11 〈111〉

Table 6.1: Modules in the August 2001 SCT beam test. The slot is
the physical position of the module in the environment chamber, and
increases in the downstream direction. ‘ID’ is the DAQ identifier. An
asterisk indicates that the module has been irradiated as described in
the text. T indicates the typical running temperature at a point on
the hybrid. The ASIC temperatures are typically 6-7 C higher. The
forward hybrid (with an early version of the cooling conection) shows
a higher hybrid temperature than on the barrel modules. All modules
had ABCT3TA ASICs [154]. The last column shows the crystal plane
orientation of the sensors.

was TBDAQ [165], a modified version of the SCTDAQ [166] module test software,

running under ROOT [167].

Thermistors and PT1000 devices were installed at various points within some of the

module boxes so that the temperature on the hybrids could be monitored. This was

especially important in the irradiated modules to prevent both reverse-annealing

and thermal run-away.
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6.2.2 Calibration

The modules were calibrated in situ using the charge-injection method discussed

in sec. 5.2.2. However there remain a number of uncertainties in the absolute

charge scale. One such uncertainty is caused by capacitance variations in the charge-

injection circuit which is used for threshold calibration. Variations between different

batches of chips can be accounted for by cross-calibration measurements made on

test structures on the silicon wafers. For the barrel modules in this testbeam, this

correction means that the recalibrated charge,

Qcalib
th = 1.13×Qnominal

th . (6.1)

However it should be noted that other variations, such as those between different

chips of the same batch, are not corrected by this procedure.

6.3 Analysis Overview

The ATLAS SCT modules have binary readout electronics, so the beam test gen-

erally involves scans of approximately 8 hours, during which the threshold is auto-

matically adjusted in 16 steps from 0.7 to 6.0 fC, with smaller (0.1 fC) steps around

the 1 fC point at which the modules are expected to operate. At each threshold

approximately 15k events were recorded, most of which contained a single particle

track. The trajectories of the track(s) were determined from the telescope modules,

and then projected onto the devices under test.
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6.3.1 Track-finding and alignment

The relative alignment of the telescopes, and between the telescopes and the modules

under test was calculated by members of the Valencia testbeam group [168] by

minimising the sum of the squares of the residuals (a residual is the difference

between the expected and the true hit positions).

For barrel modules a four-parameter fit was made, with parameters: d0 (the shortest

distance from the center of the beam to the left-most active strip on that plane), z0

(the position of the module parallel to the beam – primarily determined by beam

divergence), φ (the rotation angle about the beam axis), and η (the rotation angle

about an axis parallel to the strips). Thse parameters chosen are sufficiently general

to account for the beam bending in a magnetic field.

Initially one upstream and one downstream telescope module were used to define the

track, and the relative position of the other two telescope modules calculated. Next

tracks were found using all four telescope modules, and the relative positions of the

modules under test were calculated. The starting values for the minimisation were

taken from a physical (mm-scale) survey. The values of the alignment parameters

were recalculated after any beam-area intervention, beam steering, or magnetic field

adjustment.

6.3.2 DST production

The raw data were initially processed into files known as data summary tapes

(DSTs). These files contained all of the raw hit information, as well as higher-

level objects, such as tracks and run conditions. Hits on consecutive strips were

combined into clusters. For normal incidence the majority of clusters consisted of

a single hit, about 7% were two-hit with a very small fraction number of three- or
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more hit clusters.

6.3.3 Efficiency algorithm

For a particular run, the module, environment and alignment information relevant

to that run were found. Then for each event in that run, and for each side (or link)

of each module the efficiency analysis algorithm followed the following steps:

(1) Events were ignored where they have been flagged as having a possible error

during DST production, for example in a small number of events where a

DAQ readout error meant that the analogue telescope data were not correctly

synchronised with those from the binary modules. Noise events (see sec. 6.4.4)

are not used for the efficiency calculation.

(2) Events in which exactly one track had been found by the telescope were con-

sidered. Track quality cuts were applied, requiring a track to have gradients dx
dz

and dy
dz

less than 0.5 mrad relative to the average beam direction, and requiring

clusters associated with that track on all four of the telescope modules.

(3) The projected position of the track on the plane under investigation was found.

The event is rejected if the projected position on the plane under test is within

120 µm of a bad strip (defined below), or if there was no cluster on the ref-

erence module (also known as the anchor plane) within 100 µm of the track’s

projected position.

(4) Hits on bad strips (defined below) were ignored. For all other clusters, the per-

pendicular distance between the projected track position and the strip position

is calculated; this is the residual.
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Module 0029 0018 0020* 0037* 0035 0036

# bad 4 0 5 5 1 4

Table 6.2: The number of noisy, unbonded, or unresponsive channels
for each module, from a total of 1536.

(5) If the minimum residual was less than 150 µm then the plane records a hit,

otherwise it records a miss.

The efficiency with which particles are detected is then given by ε = nhit/ntot, where

ntot = nhit +nmiss. The error in the efficiency was estimated using binomial statistics

i.e. (∆ε)2 = ε(1− ε)/ntot.

Steps 3 and 4 make reference to ‘bad strips’, which includes unbonded, and strips

with occupancy greater than three times, or less than their neighbours. These were

either masked in the on-line DAQ software, or later in the offline analysis. The

numbers of bad channels per 1536-channel module are shown in table 6.2 and are in

all cases less than 0.4%.

The efficiency varies according to the phase in the clock cycle in which the particle

is received. In this (asynchronous) test beam pions arrived at a random point in the

clock cycle. A time-to-digital converter (TDC) was used to record the time from

the last clock edge to the scintillator trigger. Since the ABCD chip was usually set

in the mode in which it reads out three consecutive time bins, the efficiency could

be plotted as a function of TDC over a 75 ns period. A 10 ns window was found

for each module by eye for the final efficiency calculation. The window for module

0018 was from 23 to 33 ns, as shown in fig. 6.2.
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Figure 6.2: Efficiency as a function of TDC for module 0018, with
nominal thresholds of 1.3, 2.5 and 3.5 fC, for normal incidence in the
absence of a magnetic field, and with a 200 V bias. The time window
23.0 < t/ns < 33 used was for the final efficiency calculation. The value
on the x axis is the TDC count converted into nanoseconds. Clusters
in the second (third) time bin have had 25 (50) ns subtracted from the
TDC, as described in the text.

During the beam tests the bias voltage was supplied by high tension power supplies.

The radiation-damaged modules had leakage currents typically in the range 1.1 to

1.5 mA at at temperature of about -12 C. This current passes through a 11.2 kΩ

bias resistor, resulting in voltage drop of about 15 V on the hybrid. The bias

voltages are quoted in this chapter are the those on the detectors i.e. after the effect

of the biasing resistor has been accounted for. For unirradiated modules, which

typically have leakage currents less than a microamp, the potential difference across

the detectors was very close to that supplied.
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(a) (b)

Figure 6.3: Residual distributions for module (a) 0029 and (b) 0020*
(the asterisk indicates that the module has been irradiated). The thin
(black) line shows all clusters, while the thick (red) line shows only those
clusters in which there were multiple adjacent strips hit. The detector
bias was 250 V for 0029 and 435 V for 0020*. The data were taken
at normal incidence with no magnetic field at a nominal threshold of
1.0 fC.

6.4 Results

6.4.1 Residuals

The difference between the projected track position and the nearest cluster position

in the direction perpendicular to the strips is called the residual. The position of the

cluster is simpler than in analogue-readout systems, being simply the average of the

positions of the neighbouring hits which define that cluster. Residual distributions

for one unirradiated and one irradiated module are shown in fig. 6.3. As can be

seen, the fraction of clusters in which charge-sharing has provoked hits on two or

more channels is rather small – about 7% at normal incidence – so the resolution is
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dominated by the single-hit clusters.

The width of a Gaussian fit to the residual distribution was found to lie in the range

22.6 to 24.6 µm.a Since the intrinsic resolution of the telescope modules leads to

a <∼ 10 µm uncertainty in the projected track position, these widths are consistent

with the expected resolution for a single plane of 80/
√

12 = 23.1 µm. This agreement

demonstrates that the module alignment is giving an accurate projection of the track

onto the module.

6.4.2 Module Efficiency

The amount of charge deposited by a minimally ionising particle (MIP) is a stochas-

tic process, with a probability density function described by a Landau distribu-

tion [169],

L(φ) =
1

2πi

∫ ε+i∞

ε−i∞
exp [φs+ s ln s] ds (6.2)

where φ = (x, xpeak)/xwid, xpeak is the most probable charge deposited, and xwid

is the width parameter. Since the binary electronics give us only information at a

particular threshold, the basic unit for most of the analysis was a threshold scan.

Plots of efficiency against threshold (known as ‘S-curves’ because of their shape)

would have the shape of an integrated Landau distribution if the charge collection

was perfect. The charge losses and various noise sources can be roughly modeled

as Gaussian so the collected charged is more accurately described by an ‘improved

Landau’ distribution – a Landau convoluted with a gaussian distribution of width

σg:

Limp(φ, σg) =
∫ +∞

−∞
L(φ′)G(φ− φ′, σg)dφ′ , (6.3)

aExcept for the one of the planes (link 1) of module 0026 where the shape of the residual
distribution indicated a probable wire bonding error.
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Figure 6.4: Example of a Landau distribution (dashed black line), im-
proved Landau distribution (filled red curve), and the corresponding
S-curve (solid blue line). The peak of the Landau, xpeak = 2.9 fC,
and its width parameter, xwid = 0.17 fC. The width of the gaussian,
σg =0.2 fC.

where G(x̄, σ) is a Gaussian distribution with mean x̄ and width σ. The function

used to fit the S-curves was the integral of the improved Landau distribution:

S(φ, σg) =
∫ ∞
φ

Limp(φ′, σg)dφ
′ , (6.4)

as shown in fig. 6.4. The width of the gaussian was allowed to vary during the fit;

typical values were about 0.2 fC (which is consistent with the R.M.S. noise which

can be found in table 6.3 on page 152). The threshold at 50% efficiency gives the

median charge collected.
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Figure 6.5: ‘S-curve’ for module 0035 with detector bias of 200 V (cir-
cles), and for the irradiated module 0037* with detector bias of 385 V
(triangles). Data taken at normal incidence and with no applied mag-
netic field. The thresholds have been calibrated using eq. 6.1. The fit
function is an improved Landau distribution.

6.4.3 Charge collection as a function of bias

The median charge collected on the strips depends on the bias voltage applied.

For unirradiated detectors the charge deposited is proportional to the width of the

depletion region i.e. ∝ V
1
2

bias neglecting the built-in voltage of the junction. The

deposited charge saturates when the detector is fully depleted, but the collected

charge can increase slowly with bias due to reduced diffusion and recombination.

For irradiated modules which have undergone type-inversion the depletion region

grows from the back plane. If the module is not fully depleted this region does not

reach the p-strips and a large proportion of the generated holes are lost through

recombination in the intervening bulk. A small proportion of the charge can still

diffuse through the undepleted region, but an irradiated p-on-n detector must be
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Figure 6.6: Median charge collected as a function of detector bias for
the six barrel modules under test. Data taken at normal incidence and
in the absence of an applied magnetic field. The median charges were
calculated from calibrated thresholds, as given by eq. 6.1.

fully depleted if reasonable charge collection is to be achieved.

The most probable charge deposited (the peak of the Landau distribution) is 22,500

electrons for 285 µm of silicon [149]b, which corresponds to a charge of 3.6 fC.

However the Landau distribution has a large upper tail from particles which lose a

large amount of energy. This means that the median charge is significantly larger

than the most probable value. From fits to the integrated Landau distributions (such

as those shown in fig. 6.5) it was found that the median charge was consistently

0.40 ± 0.02 fC greater than the peak. Thus full charge collection should lead to a

median charge of about 4 fC.

bThis number includes a 285/300 correction factor for the thickness of the detectors, and a 8%
correction for the relativisitic increase of a 180 GeV pion relative to a MIP.

150



6.4 Results Chapter 6

Figure 6.7: The ratio of the median charge collected to the noise. The
median charge was measured under the same conditions as in fig. 6.6.
The measurement of the noise is described in the text.

The median charge collected is plotted as a function of detector bias in fig. 6.6. The

corresponding numbers are also given in table 6.3. The trend of increasing median

charge with bias is clear for both the irradiated and the unirradiated modules. The

signal from the unirradiated modules is starting to saturate between 150 and 200 V,

somewhat above full depletion, which occurs at Vbias ≈ 80 V for these detectors.

The difference in the saturation charge between the pairs of unirradiated modules

{0029, 0018} and {0035, 0036} is more surprising. At first it might be reasonable

to assume that the pairs have a systematic shift in the threshold calibration ca-

pacitors. However in sec. 6.4.5 it is shown that the signal-to-noise ratio, in which

the calibration has been factored out shows a similar disparity. Differences due to

timing (TDC) cuts are discounted in sec. 6.4.6. A previous beam test of ATLAS

SCT modules [5] showed no significant difference between the charge collected by
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Module 0029 0018 0020* 0037* 0035 0036

Noise / fC 0.223 0.229 0.292 0.312 0.228 0.225

S 3.01 3.04 - - 3.35 3.34
100 V

S/N 13.4 13.3 - - 14.7 14.8

S 3.22 3.31 - - 3.63 3.54
150 V

S/N 14.4 14.5 - - 15.9 15.6

S 3.32 3.43 - - 3.69 3.57
200 V

S/N 14.8 15.0 - - 16.2 15.8

S 3.35 3.49 - - 3.73 3.60
250 V

S/N 15.0 15.2 - - 16.3 16.0

S - - 2.80 2.48 - -
285 V

S/N - - 9.6 8.0 - -

S - - 3.01 2.71 - -
335 V

S/N - - 10.3 8.7 - -

S - - 3.13 2.87 - -
385 V

S/N - - 10.7 9.3 - -

S - - 3.25 2.95 - -
435 V

S/N - - 11.2 9.5 - -

Table 6.3: Median charge collected, S, in fC; and median signal to
R.M.S. noise ratio, S/N , as a function of detector bias (left column).
Note that both the median charge and the noise charge have been cal-
ibrated using eq. 6.1.

〈100〉 and 〈111〉 orientated sensors, either irradiated or unirradiated. It is however

notable that the two modules in each pair were controlled by the same low-voltage

power supply.

In any case, none of the modules collect the full 4.08 fC even at high bias. This may

be explained somewhat by hole recombination but is primarily due to sub-threshold

charge sharing with neighbouring strips. Charge sharing is larger for irradiated

modules, since they have a larger interstrip capacitance.

There are also other reasons why the irradiated modules collect a smaller charge.

Radiation-induced point defects can trap the charge carriers (holes). Also, with
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longer collection times but fast shaping electronics, irradiated modules lose charge

through ballistic deficit.c The shape of the curves in fig. 6.6b for 0020* and 0037*

are typical – the collected charge continuing to increase up to 435 V. The systematic

shift of 0037* relative to 0020* is not understood.

6.4.4 Noise occupancy

A module can still register a small number of hits even in the absence of ionising

particles. This will occur if a charge fluctuation at the comparitor exceeds the binary

threshold. These noise hits will interfere with track reconstruction unless they are

very sparse, and at a higher level could saturate the optical readout electronics. The

quantity which is important is the noise occupancy – the number of noise hits per

track per event. The ATLAS specification is for noise occupancy in the SCT of less

than 5× 10−4, both before and after irradiation.

Before discussing the noise occupancy measurements made at the testbeam it is

important to make some preliminary comments about the H8 environment. It is

not possible to achieve during beam test the degree of electrical hygiene enjoyed at,

for example, the SCT system test, where various shielding and grounding schemes

have been investigated. In particular there may be significant noise pickup in both

the power cables and the (electrical) signal cables supplying the modules. Since it

can be sensitive to external noise sources the testbeam is not the place to make

definitive noise measurements. However beam tests are the only way in which the

efficiency can be accurately determined, and it is important that a noise occupancy

measurement is made under the same experimental conditions.

To avoid complications from multiple tracks, the events from which the noise mea-

cThese losses are explored further in sec. 6.4.6.
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surements were calculated were triggered during those phases of the super proton

synchrotron (SPS) cycle in which the beam was not being extracted. These events

were flagged as noise events and were excluded from efficiency calculations.

Hits on bad channels (see table 6.2) were ignored, but all other hits contributed to

the noise occupancy, which is shown as the lower set of points in fig. 6.8. Typical

noise values are a few ×10−6 for the unirradiated modules at 1 fC threshold – well

within specifications. Module 0020* shows typical noise occupancy for an irradiated

module, of a few ×10−4 at 1 fC, dropping below 10−4 at about 1.1 fC, at which

threshold the efficiency is still well above 99%.

The appearance of a seemingly higher noise occupancy on the other irradiated mod-

ule, 0037, disagreed other with measurements made in the laboratory, and in situ

noise measurements (described in sec. 6.4.5) where 0037 and 0020 were found to

have very similar noise. The excess in the beam test was found to have been caused

by a very small number of events in which very many channels registering hits. This

common mode noise is almost certainly an artifact caused by noise pickup in the

testbeam setup, and does not reflect the true module performance, and indeed was

not observed in the October 2001 beam test of the same module.

6.4.5 Signal to noise ratio

As well as the noise occupancy, the absolute value of the noise can be determined by

the internal calibration circuit of the ABCD chip, using a set of standard algorithms.

To measure the noise, first the amplitude response curve is found by injecting charge

from the calibration DAC and varying the threshold. Once the amplification factor

is known, the input noise is calculated from the statistical variations in the output
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signald.

The signal to noise ratio (S/N), defined here to be the median charge collected

divided by the R.M.S. input noise is shown in fig. 6.7 (and in table 6.3). The

noise measurements were made in situ to reduce systematic uncertainties from the

calibration and threshold DACs, which are temperature dependent at the level of

about 0.1% per C. The hybrid temperatures during these noise measurements were

about 5 C those in the last column of table 6.1.

The noise charge for the two irradiated modules was found to be rather similar –

0.291 fC (1820 electrons) for 0020* and 0.312 fC (1950 electrons) for 0037*, after

calibraton (eq. 6.1). This supports the statement in sec. 6.4.4 that the apparently

higher noise occupancy of 0037* was an artifact caused by common mode noise

injection.

Signal to noise is typically 14 to 15 for unirradiated, and 10 to 11 for irradiated mod-

ules. Note that in calculating the ratio S/N , any differences between the calibration

capacitors have been canceled out. The fact that there are significant variations in

S/N between different modules implies that the observed variations in the collected

charge cannot be due systematic differences in their calibration circuits alone.

6.4.6 Pulse-Shape Analysis

It is informative to use our data to reconstruct the preamplifier output pulse. The

output pulse depends both on the pulse-shape received at the input and point spread

function of the preamplifier circuit in the analogue part of the ABCD chip.

The potential at the discriminator will be the time convolution of the received charge

at the chip front-end, and the preamplifier–shaper time response. The detector

dAlternatively the noise can be found from noise occupancy.
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Figure 6.8: Efficiency (black, left axis) and noise occupancy (red, right
axis) near the working threshold point for the six barrel modules. Data
taken at normal incidence with no applied magnetic field with detector
bias of 385 V for the irradiated modules 0020* and 0037*, and 200 V for
the unirradiated modules. The thresholds have been calibrated accord-
ing to eq. 6.1. See text for explanation of 0037* common mode noise.
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charge collection time is about 10 nanoseconds for an unirradiated detector – much

less than the amplifier shaping time of several tens of nanoseconds, so the charge

collected can be approximated as a delta function. The extent to which this approx-

imation can be justified is discussed later.

With a short collection time, by varying the arrival time and the threshold the

preamplifier–shaper transfer function is recovered. While the threshold scan was

conducted in steps, the time-scan was enforced during these asynchronous tests.

The beam particles arrived at the detector with a flat probability density function

hence with random phases relative to the 25 ns clock on the readout chips.

The response of the preamplifier–shaper circuit of the ABCD chips to a delta pulse is

given by [170]:

h(t) = [α2t
2 + α1t+ α0] exp(−ξt)− β exp(−ζt) (6.5)

where t is the time in nanoseconds, α2 = 5.26 × 10−4 ns−2, α1 = 5.54 × 10−4 ns−1,

α0 = 5.83 × 10−3, ξ = 0.1 ns−1, β = 5.83 × 10−3, and ζ = 5 × 10−3 ns−1. The

input delta pulse is assumed to come at t=0. In order to describe the experimental

data three fit parameters are needed: the amplitude of the pulse, the start time

of the pulse and the amplifier peaking time. The amplifier response function then

becomes:

R(t) = A ·H
(

19.1
t− d
τp

)
(6.6)

where A is the amplitude), d the delay, and τp peaking time of the electronics.

There are various methods in which this pulse reconstruction can be done. In this

analysis the 50% points of the rise and fall in the efficiency versus time plot (fig. 6.2)

are found for a particular threshold, Qthr. These points give the times after the

particle arrival at which the median charge is equal to Qthr. By varying this thresh-
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Figure 6.9: Pulse shapes calculated from the 50% points of the
efficiency–time graphs for particles at normal incidence and with no
applied magnetic field, for (a) the non-irradiated and (b) the irradi-
ated modules. The detector bias was 435 V for the irradiated and 250 V
for the non-irradiated modules.
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Module Link τp Error Delay Error

0 23.1 0.8 3.9 1.4
0029

1 21.9 0.7 4.6 0.7

0 22.3 0.5 4.4 0.8
0018

1 21.8 0.5 4.8 0.7

0 23.0 1.1 4.1 0.9
0020*

1 23.6 1.5 4.6 1.2

0 25.2 1.7 3.3 1.4
0037*

1 25.3 1.0 3.9 1.0

0 22.0 1.6 0.3 1.3
0035

1 20.7 1.1 -0.2 0.8

0 21.8 1.2 -0.4 0.8
0036

1 21.1 1.2 -1.4 0.9

Table 6.4: Peaking times and delays (with their associated statistical
errors) from the fitted pulse shapes in fig. 6.9.

old, and plotting the 50%-efficiency times, the output pulse shape is reconstructed

(fig. 6.9). The points were fitted with the three-parameter preamplifier–shaper func-

tion eq. 6.6. The fit parameters (table 6.4) show a small increase in the fitted peaking

time (τp) for the irradiated modules.

In general the unirradiated modules (fig. 6.9a) show a good agreement between the

measured and fitted shapes. The greater height of the peak for 0035 and 0036

relative to 0018 and 0029 is in agreement with the plot showing median charge

collected as a function of bias (fig. 6.6), and shows that modifying TDC cuts will

not change the conclusion that there is a systematic difference between these pairs.

The displacement offset along the time axis is an artifact caused by slightly different

signal-cable lengths serving the modules.

The data are a little flatter in the peak region compared to the fits, or equivalently

a little broader in time. This is because the input pulse, which in reality is a

few nanoseconds wide, has been approximated by a delta function in time. This
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Figure 6.10: Dimensions for the 1-dimensional charge-collection model
described in the text. W is the width that the depletion region would
have in a semi-infinite junction.

broadening is greater for the irradiated modules (fig. 6.9b) for which the charge

collection time will be longer.

The charge collection time can be investigated using a simple 1-dimensional model

in which diffusion, recombination and charge trapping are neglected (fig. 6.10). If

the detector is over-depleted, then the Maxwell equation for the electric field,

dEx
dx

=
eNeff

ε0εSi

, (6.7)

can be solved with the boundary condition:

∫ d

0
Ex(x) dx = −Vbias . (6.8)

For an irradiated detector which has undergone type inversion the depletion region

grows from the back-plane, and so the electric field must be given by:

Ex =
eNeff

ε0εSi

(x+ ∆) , (6.9)
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where ∆ = W 2−d2

2d
, d is the physical width of the detector, and W (> d) is is the

width that the depletion region would have in a semi-infinite junction at that bias,

W =

√
2ε0εSiVbias

eNeff

. (6.10)

Note that as in sec. 5.2 a sharp edge to the depletion region is assumed. The time,

t, for a charge at depth x to reach the strips is then given by:

t(x) = τµ ln (x/∆ + 1) , (6.11)

where τµ = ε0εSi/(µeNeff) and µ is the hole mobility. Thus the total time during

which charge is collected is:

t(d) = τµ ln

(
W 2 + d2

W 2 − d2

)
. (6.12)

This time structure leads to an asymmetric signal which is larger at later times. Of

course this model is very simplified. For example it does not include the trapping,

recombination or diffusion in the bulk, or capacitive coupling or diffusion into the

oxide at the surface. However the asymmetric charge pulse could explain the dis-

tortion from the expected ABCD response curve in fig. 6.9b. The convolution of an

increasing input pulse function with the ABCD response function (eq. 6.5) will skew

the peak of the output curves to higher values at later times. One must however

be careful in assigning changes in the output pulse shape to the detectors alone.

The resistors and capacitors in the ASICs have also undergone irradiation, so the

constants in eq. 6.5 may also have changed.

One might expect that the effect of reducing the bias voltage such that W → d

would be that the collection time will become large. This has indeed been observed
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(see [7]), however the increase in the collection time is rather slower than would be

predicted by eq. 6.12. This may be because of inadequacies in the model, which does

not take into account capacitive coupling to holes at short distances from the top of

of the detector, charge diffusion or the trapping of free carriers at radiation-induced

defects. A description of a more realistic 2-dimensional numerical model can be

found in [171].

6.4.7 Magnetic field and non-normal incident tracks

The effect of applying a 1.56 T magnetic field directed along the direction of the

strips has been studied in [7], as has the effect of varying the incident angle of the

particle from the normal. At an incident angle of 15◦ an increase in charge sharing

was observed, with the proportion of multi-hit clusters up to about 30%, leading to

an improvement in spatial resolution of about 2 µm. Sub-threshold charge sharing

led to a ≈ 0.4 fC loss in median charge collected, which did not cause a significant

loss in efficiency at Qth = 1 fC. The application of the magnetic field was found to

be equivalent to a shift in the angle of the incident particle by the ‘Lorentz angle’,

ΘL = µHB ≈ 2− 3◦, where µH is the Hall mobility.

6.4.8 Edge measurements

In the ATLAS SCT there will be a small overlap between neighbouring modules.

This will allow their relative alignment to be calculated from tracks which pass

through the edge of both modules. It is therefore important that the detectors

remain efficient at their edges, and that the residuals are not significantly distorted

by edge effects (the efficiency loss in the gap between the detectors is examined in

sec. 6.4.9). The numbering convention used in this section (shown in fig. 6.11) is

162



6.4 Results Chapter 6

Figure 6.11: Diagram demonstrating the numbering convention for
strips (not to scale).

Figure 6.12: The beam edge (a) and gap (b) positions.

{0, 1, 2, 3, . . .} for the active strips, starting from the edge of the link which is nearest

the center of the beam. The very edge strip is not connected to the readout ASICs.

This passive strip is assigned the number −1.

To investigate the behaviour of the modules near their edges, during the period 10th

to 13th August 2001 some of the barrel modules were offset so that the beam passed

through the corners of the detectors (as in fig. 6.12a), or through the gap bewteen

the detectors (fig. 6.12b).
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(a) (b)

Figure 6.13: (a) Residuals and (b) efficiency at the edge of the detector.
as a function of the projected distance of the track from the center of
the final read-out strip. A positive residual means that the average hit
position is towards the center of the module relative to the projected
track position. Grey lines indicate active strips. Data taken at normal
incidence in the absence of an applied magnetic field. Vbias = 460 V on
0034*. Both links have been added together to increase the statistics.

The edge measurements were repeated with higher statistics in the beam test of

July 2002 with the unirradiated barrel modules 0053 and 0056, and the irradiated

modules 0007 and 0034. The low-statistics results from August 2001 were presented

in [7], and are not repeated here.

Fig. 6.13a shows the residuals as a function of the projected perpendicular position

of the track from the center of the first active strip. No significant deviation from

zero is observed for the tracks centered on the second strip or beyond. No significant

difference was observed when the bias is varied, as was also found for the irradiated

modules.

Those tracks in the bin with projected postions −40 < x < 40 µm show a ≈ 2 µm
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(a)

(c)

(b)

(d)

Figure 6.14: Systematic effects at the edge of the detector caused by
noisy and unbonded channels. Vbias = 460 V on 0007 and 300 V on
0056. Data taken at normal incidence, in the absence of an applied
magnetic field. Data is plotted for link ‘1’ only.

average shift towards the center of the module. Such a shift is to be expected, since

the charge deposited by these particles can only be detected if it is shared in the

direction of #1. From plots like fig. 6.3 it is found that about 7% of clusters have

more than one hit. We would therefore expect to find a systematic shift in the
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residuals for the last active strip of about 7%/2× 40 = 1.4 µm, where the factor of

one half comes from half of the charge being shared in each direction.

The fall-off in efficiency near the edge of the detector is shown in fig. 6.13b. It

can be seen that the module remains fully efficient to the center of the last read-out

strip, beyond which the efficiency drops rapidly to almost zero over a distance about

40 µm. This is what one might expect, since beyond this point, the majority of the

charge will fall in the inactive region.

Some of the effects of bad strips are shown in fig. 6.14. Module 0007* had an

extremely noisy strip which was not masked (#1). This channel recorded a hit in

almost every event, causing a 40 µm shift in the residuals for the neighbouring (#0

and #2) strips (fig. 6.14c), and artificially forcing full efficiency out to x = −40

(fig. 6.14a).

Noisy strips are usually removed either by hardware or software masking. The effect

of removing strips can be seen in fig. 6.14b and 6.14d. On this detector, channels

#2 and #4 showed a very small occupancy – behaviour consistent with having been

left unbonded. The dips in efficiency near the dead strips are obvious. Just as

importantly, the residuals of the neighbouring strips are shifted by several microns

because of charge-sharing asymmetry.

The very first point in fig. 6.14c (−120 < x < −40) shows a large (≈ 90 µm)

residual which originates from a different source. This is the residual for the tracks

incident near the passive strip. Tracks in this region will not be detected unless

they share charge into the neighbouring active strip, so must necessarily give rise to

large residuals (> 40µm). Similar features are observed in fig. 6.13a and fig. 6.14d

at about +60 µm if the y-axes are extended. In the case of module 0007* the noisy

strip (#1) has had the effect of further exacerbating this effect.
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To obtain an accurate alignment from the strips near the edge of the detectors one

must not be biased by loss of charge shared to a bad (noisy, dead or unbonded) strip,

or off the edge of the module. For normal incidence the cluster size is almost never

greater than two strips, and so two-strip clusters can be assumed to have lost no

charge. Single-hit clusters next to bad strips or on the last active channel may have

had significant loss of shared charge, and so must be ignored to aviod introducing a

bias.

If the incident angle of the particle is a priori unknown, then the cluster size may

be large. In such a situation the only way to be confident that charge was not lost

is to ensure that clusters are terminated by good strips on both sides.

6.4.9 Gap measurements

Each plane of a module consists of pairs of 62 mm long strips wire-bonded together

to obtain an effective 124 mm strip length. The module is obviously not expected

to be efficient in the gap between the two detectors. The width of the “dead area”

was investigated for the modules with the beam in the corner position (fig. 6.12a).

Efficiency was measured as a function of the projected position of the track in the

direction parallel to the strips.

The efficiency drop in the inactive region is shown for module 0029 in fig. 6.16. The

size of the region, found by fitting a step function, smeared with a gaussian to each

edge. The full width at half maximum of the fitted gap was found for each side of

three modules, using the five-parameter fitting function:

ε = ε0 · f
(
ynear − y
δnear

)
· f
(
y − yfar
δfar

)
, (6.13)
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Figure 6.15: Diagram of the corners of the two detectors, showing the
dimensions of the gap between them (not to scale). The inactive area
consists of the physical gap between the cut ends of the detectors plus
the distance between the end of the strip implant and the cut end of
each detector. The polysilicon bias resistors actually directly overlie the
p-implant, but have been offset for clarity. All distances are in µm.

where

f(x) =
1

2
[1 + tanh (x)] . (6.14)

The size of the gap was found to lie in the range 2038 to 2082 µm, with a weighted

mean of 2057 µm (fig. 6.17). The expected dimensions of the dead area around

the gap are shown in fig. 6.15. The total inactive distance is expected to be 130 +

2 × 980 = 2090 µm. Note that the detectors are precision-placed to within a few

microns of the values shown in fig. 6.15. There is a suggestion of a slight decrease

in the effective size of the gap for the irradiated module 0020* (χ2/n.d.f. = 10.9/5,

P=0.053).
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Figure 6.16: The efficiency of module 0029 as a function of distance
parallel to the strips, with a zero-point defined by the tracking telescope.
The central inefficient region corresponds to the inactive area of the
module, between detectors. The fitted function is given by eq. 6.13.
Data taken at 1.0 fC nominal threshold, with no magnetic field, with
an applied bias of 200 V. Link ‘0’ only.

The average loss in efficiency for normally incident particles at η = 0 will therefore

be about 2 mm/124 mm = 1.6% for a single plane. The effect on a whole module

can be calculated from the geometry (see fig. 6.18). The 40 mrad stereo angle means

that the gap between detectors on one side of the module will be partially covered

by those on the the opposite side. There will remain four triangular regions each

of size 1
2
(61.44/2)2 · sin(0.04) = 19 mm2 in which one can expect a hit on only one

detector - corresponding to 1% of the total area. The fractional area left uncovered

by any of the module’s four detectors is a further 1.1%.

There is no metalisation over the end of the strip on the far detector because of the

presence of a polysilicon biasing resistor. To investigate whether this might cause a
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Figure 6.17: Fitted full width at half-maximum of the gap region for
both sides of each of three modules. The values are offset vertically
for clarity, the lower of each pair being link ‘0’. Data taken with no
magnetic field, and at normal incidence.

Figure 6.18: The geometry of the overlap region. Each rectangle repre-
sents the gap between the planes on one side of a module. The stereo
angle between the planes is 40 mrad.

decrease in efficiency near the end of the strips, the asymmetry in the sharpness of

the rise- and fall-rates was measured. No significant asymmetry was observed at the

90% confidence level, either in the irradiated or the unirradiated modules (fig. 6.19).
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Figure 6.19: Asymmetry between the rate of loss in efficiency at the
near and the far detector edges. Afn = δfar − δnear, where δfar and
δnear are defined in eq. 6.13.

6.5 Conclusions

Data from the August 2001 and part of the July 2002 ATLAS SCT beam test have

been analysed. My analysis focuses on the six barrel modules present in the August

2001 test, two of which had been irradiated to a fluence greater than that expected

during 10 years of LHC operation. These modules demonstrated that the ATLAS

SCT production modules can be expected to operate within specification, with strip

efficiency of > 99% for noise occupancy < 5× 10−4, even after irradiation.

Measurements of the median charge collected and the associated signal to noise

ratios showed systematic variations between modules which could not be explained

by known calibration or timing differences.

The inefficient region between pairs of daisy-linked detectors was found to be about

30 µm smaller than the physical gap between the ends of the implants for both

171



Chapter 6 SCT module beam tests

irradiated and unirradiated modules.

Precision measurements were made at the edge of the detectors on two irradiated

and two unirradiated barrel modules during July 2002. These show no significant

drop in efficiency except for a few percent lost on the final active strip. Asymmetric

charge sharing causes a shift in the residual of a few microns on the last strip, and

indeed in any strip immediately next to a masked channel. However the shift in the

residuals due to extremely noisy strips which remain unmasked can be much larger.

No other significant distortion of the residuals was found at the 1 µm level.
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Conclusions

While the standard model of particle physics has been immensely successful, there

are strong reasons for expecting that there should be new physics at the TeV scale.

Supersymmetry is arguably the least unbelievable solution, and is certainly favoured

by many in the theoretical community. However the physics of fundamental particles

is science and so our theoretical models must be subject to experimental test.

When, in a few years time, the LHC starts taking data, direct experimental tests of

TeV-scale supersymmetry will become possible.

I have emphasised in this thesis the need to examine a representative set of super-

symmetry models so that the opportunity to discover new particles is not wasted.

To this end I have presented experimental analyses based on Monte-Carlo simu-

lation which can tease out two of the most experimentally difficult signatures for

supersymmetry.

In the case of baryon-violating supersymmetry I show that, using leptons from cas-

cade decays, the large jet multiplicity of the final state can be disentangled, allowing

the mass reconstruction of squark, slepton, and two neutralino states. Furthermore,

by examining the fraction of jets which contain secondary vertices and non-isolated

muons, insight can be gained into the flavor structure of the R-parity violating

coupling.
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For anomaly-mediated supersymmetry, where the χ̃+
1 and χ̃0

1 are almost mass-

degenerate, I demonstrate that by using isolation cuts and particle identification, the

low-momentum particles from χ̃+
1 decays can be detected at the LHC in events with

large missing transverse momentum. What is more, provided sufficient SUSY parti-

cles are produced, the mass difference between the χ̃+
1 and the χ̃0

1 can be measured

with an uncertainty of about 10%.

In the final chapters I present an investigation into the performance of one of the

ATLAS sub-detectors which will be vital for the above analyses. Beam tests of

ATLAS semiconductor tracker barrel modules demonstrate that these modules can

be expected to perform to specification even after exposure to radiation equivalent

to ten years of LHC running.
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Abbreviations

AMSB . . . . . . . . . anomaly mediated supersymmetry breaking

ASIC . . . . . . . . . . . application-specific integrated circuit

CERN . . . . . . . . . . the European particle physics laboratory

CMOS . . . . . . . . . complimentary metal oxide semiconductor

CMS . . . . . . . . . . . compact muon solenoid experiment

CSC . . . . . . . . . . . . cathode strip chamber

DAC . . . . . . . . . . . digital-to-analogue converter

DAQ . . . . . . . . . . . data acquisition

ECAL . . . . . . . . . . electromagnetic calorimeter

EM . . . . . . . . . . . . . electromagnetic

eV . . . . . . . . . . . . . . electron volt ≈ 1.602× 10−19 joules

FCAL . . . . . . . . . . forward calorimeter

FIFO . . . . . . . . . . . first-in-first-out buffer

GMSB . . . . . . . . . gauge-mediated supersymmetry breaking

GUT . . . . . . . . . . . grand unified theory

HCAL . . . . . . . . . . hadronic calorimeter

ID . . . . . . . . . . . . . . inner detector

LAr . . . . . . . . . . . . . liquid argon

LEP . . . . . . . . . . . . large electron positron collider

LHC . . . . . . . . . . . . large hadron collider

LSP . . . . . . . . . . . . lightest supersymmetric particle

MDT . . . . . . . . . . . monitored drift tube

MIP . . . . . . . . . . . . minimally ionising particle

MOS . . . . . . . . . . . metal oxide semiconductor

MSSM . . . . . . . . . minimal supersymmetric standard model

mSUGRA . . . . . . minimal supergravity

NLSP . . . . . . . . . . next-to-lightest supersymmetric particle

OSSF . . . . . . . . . . . opposite sign, same flavour
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pT . . . . . . . . . . . . . . . transverse momentum

QCD . . . . . . . . . . . quantum chromodynamics

QED . . . . . . . . . . . quantum electrodynamics

RGE . . . . . . . . . . . renormalisation group equation

RPC . . . . . . . . . . . . R-parity conserving

RPC . . . . . . . . . . . . resistive plate chamber

RPV . . . . . . . . . . . R-parity violating

SCT . . . . . . . . . . . . semiconductor tracker

SM . . . . . . . . . . . . . standard model

SPS . . . . . . . . . . . . super proton synchrotron (or Snowmass points and slopes)

SUSY . . . . . . . . . . supersymmetry

TDC . . . . . . . . . . . time-to-digital converter

TGC . . . . . . . . . . . thin gap chamber

TRT . . . . . . . . . . . . transition radiation tracker

VEV . . . . . . . . . . . vacuum expectation value
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The Higgs mechanism

The usual QED lagrangian density is written in terms of a vector field, Aµ, and a

Dirac spinor field, ψ

LQED = ψ̄(iγµ∂µ −m)ψ + eψ̄γµAµψ −
1

4
FµνF

µν (B.1)

where the Dirac matrices γµ satisfy the anticommutation relations γµγν + γνγµ =

2gµν , with gµν the metric tensor, and Fµν = ∂µAν − ∂νAµ.

Eq. B.1 can be derived from the Dirac equation (iγµ∂µ −m)ψ = 0 by insisting that

it be invariant under a local U(1) gauge transformation:

ψ → e−iαψ, Aµ → Aµ +
1

e
∂µα (B.2)

Adding a term Lm = −1
2
m2
AAµA

µ which is not invariant under eq. B.2 would destroy

the gauge symmetry so a vector boson mass cannot be added “by hand”.

The Higgs method, by which vector boson masses can be introduced without break-

ing the gauge invariance is illustrated below, following closely the arguements of [9].

Considering the langrangian density of two real, scalar fields, ϕ, and a vector field,

Aµ,

LH = −1

2
Dµϕ1D

µϕ1 −
1

2
Dµϕ2D

µϕ2 − V (ϕ2
1 + ϕ2

2)− 1

4
FµνF

µν , (B.3)

177



Appendix B The Higgs mechanism

where the gauge covariant derivatives are given by:

Dµϕ1 ≡ ∂µϕ1 − eAµϕ2,

Dµϕ2 ≡ ∂µϕ2 + eAµϕ1

and where e is a dimensionless constant, LH is invariant under the local gauge

transformation:

ϕ1 → ϕ1e
iα, ϕ2 → ϕ2e

iα, Aµ → Aµ +
1

e
∂µα

For spontaneous symmetry breaking the potential V should have a local minimum

at V ′(ϕ2
0) = 0 with V ′′(ϕ2

0) > 0 for some ϕ 6= 0.

Treating Aµ, ∆ϕ1 and ∆ϕ2 as small quantities, and expanding about the minimum

with the gauge fixed such that ϕ1 = 0, ϕ2 = ϕ0, gives the equations of motion

∂µ{∂µ(∆ϕ1)− eϕ0Aµ} = 0 (B.4)

{∂µ∂µ − 4ϕ2
0V
′′(ϕ2

0)}(∆ϕ2) = 0 (B.5)

∂νF
µν = eϕ0{∂µ(∆ϕ1)− eϕ0A

µ} (B.6)

The Euler-Lagrange equation obtained from ∆ϕ2 leads to eq. B.5 which describes a

scalar whose quanta have mass mbare
h = 2ϕ0

√
V ′′(ϕ2

0). Here a prime (′) indicates a

derivative of V with respect to the square of the field so

V ′′(ϕ0) ≡ d2V

d(ϕ2)2

∣∣∣∣∣
ϕ=ϕ0

= (2ϕ0)−2 d
2V

dϕ2

∣∣∣∣∣
ϕ=ϕ0

(B.7)

The corresponding equations for ∆ϕ1 and Aµ produce eq. B.4 and eq. B.6 respec-
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(a) (b)

Figure B.1: Broken-symmetry diagrams which lead to a mass for the
gauge field. The dashes represent interactions with the non-zero field
VEV 〈ϕ2〉; dots represent the ϕ1 propagator; and waves correspond to
the Aµ propagator. After [10].

tively which can be transformed using the new variables

Bµ ≡ Aµ −
1

eϕ0

∂µ(∆ϕ1), and Cµν ≡ ∂µBν − ∂νBµ = Fµν

into

∂µB
µ = 0, ∂νC

µν + e2ϕ2
0B

µ = 0

This is the equation for a vector boson with a bare mass eϕ0.

This effective mass will only appear when the vector field is coupled to “rotations”

in the degenerate vacuum state, as in eq. B.3, and where the potential V takes a

non-zero vacuum expectation value (VEV). The diagrams which lead to the mass

for the gauge field are shown in fig. B.1.

It is important to note that while the guage symmetry is spontaneously broken in

the vacuum state, in the limit T → ∞, when the masses become negligable, the

symmetry is restored.
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Simulation of particle tracks

Part of the ATLFAST [86] software provides fast parameterised simulation of the

ATLAS inner detector performance. In particular it calculates the expected track

reconstruction efficiency, and smears the five track helix parameters and according

to particle type. The parameterisation used was based on GEANT3 Monte-Carlo

simulations [87] using a Kalman-filter algorithm for track reconstruction [172]. A

parameterisation from a large statistics Monte-Carlo sample [173], was used for the

hadronic track smearing in chapter 3. The probability density function is the sum

of a narrow gaussian which corresponds to the experimental resolution, and a wide

gaussian which simulates the effect of multiple scattering.

C.1 Low pT electron identification

In ATLAS the transition radiation tracker allows the identification of low-energy

electrons because they emit more transition radiation than more massive particles

with the same momentum. The issue of particle misidentification is not dealt with

in the standard version of ATLFAST, and so has been implemented independently in

our analysis.

Test beam performance was compared to Monte-Carlo simulations in [174] using a

combined discriminator which considered both the number of high threshold clusters
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pT 0.5 1 2 5 10 ≥ 20

επ 0.01 0.003 0.005 0.007 0.008 0.012

Table C.1: Pion misidentification efficiency at |η| = 0.3 as a function of
transverse momentum for an electron identification efficiency of 90%.
Interpolations were made linearly in pT and logarithmically in επ. Par-
ticles with pT < 0.5 GeV are assumed not to be reconstructed into
tracks.

|η| ≤ 0.2 0.3 0.65 0.8 1.15 1.4 1.9 2.15 ≥ 2.4

pT 2 GeV 1.2 1.0 0.88 1. 0.6 0.4 0.028 0.88 2

pT 20 GeV 1.1 1.0 1. 2.0 1.4 0.78 0.22 1.4 2.3

Table C.2: η dependent correction factor applied to επ, the hadron
misidentification efficiency, for two different values of transverse mo-
mentum. Interpolations were made logarithmically in επ and linearly
in pT and η. Tracks beyond |η| = 2.5 are not reconstructed.

and the time for which the charge deposited exceeded a lower threshold. In that

paper the pion misidentification probability was calculated as a function of trans-

verse momentum at η = 0.3 for an electron efficiency of 90% (table C.1). For our

simulation these efficiencies were extrapolated to other values of η by comparison

with the GEANT3 simulations performed in [30]. The pT and η dependent correction

factors are shown in table C.2.

C.2 Low pT muon identification

High energy muons are easily identified because of their high penetration. Identifi-

cation efficiency is drastically reduced when muons have an insufficient transverse

momentum to extend their track helix into the dedicated muon detectors. The

applied identification efficiencies for muons were based on [30] and are shown in

table C.3.
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pT ≤ 2 3 4 5 6 8 ≥ 10

Efficiency 0 0.34 0.66 0.89 0.95 0.96 0.98

Table C.3: Applied muon identification efficiency as a function of trans-
verse momentum. Efficiencies were interpolated linearly in εµ and pT .
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The variable mT2 and its

generalisation

The Cambridge mT2 variable, proposed in [175], can be used in analyses such as [69],

where particles are pair-produced at hadronic colliders, and decay semi-invisibly, as

is the case in R-parity conserving SUSY. This variable is used in symmetrical, two-

body decays of supersymmetric particles, where the LSP is unobserved, and so must

be inferred from missing energy.

D.1 The properties of mT2

For events in which the decay of a heavy object produces an unseen particle, such

as

χ̃+
1 → χ̃0

1π
+ (D.1)

one can write the Lorentz invariant

m2
χ̃+

1
= m2

π +m2
χ̃0

1
+ 2

[
Eπ
TE

χ̃0
1

T cosh(∆η)− pπT · p
χ̃0

1
T

]
(D.2)
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where pπT and p
χ̃0

1
T indicate pion and neutralino 2-vectors in the transverse plane,

and the transverse energies are defined by

Eπ
T =

√
(pπT )2 +m2

π and E
χ̃0

1
T =

√
(p

χ̃0
1
T )2 +m2

χ̃0
1
. (D.3)

Also

η =
1

2
log
[
E + pz
E − pz

]
(D.4)

is the true rapidity, so that

tanh η = pz/E , sinh η = pz/ET , cosh η = E/ET . (D.5)

In a hadron collider, only the transverse components of a missing particle’s momen-

tum can be inferred, so it is useful to define the transverse mass,

m2
T (pπT ,p

χ̃0
1
T ) ≡ m2

π+ +m2
χ̃0

1
+ 2(Eπ

TE
χ̃0

1
T − pπT · p

χ̃0
1
T ) (D.6)

which, because cosh(x) ≥ 1, is less than or equal to the mass of the lightest chargino,

with equality only when the rapidity difference between the neutralino and the pion,

∆ηχ̃0
1π

is zero. All other ∆η lead to mT < mχ̃+
1

, so if we knew the neutralino momen-

tum we could use mT to give an event by event lower bound on the lightest chargino

mass. mT was used in this way by CDF [176] and D0 [177] in the measurement of

the W± mass.

In R-parity conserving SUSY events there are expected to be two unseen LSPs.a

Since only the sum of the missing transverse momentum of the two neutralinos is

aThough there may also be other unseen particles – see appendix D.2.
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Figure D.1: A diagram demonstrating that the minimisation over some
parameter of the maximum of two well-behaved functions may occur
either at (a) a minimum value of one of them, or (b) when they are
equal, or (c) at the boundary of the domain.

known, the variable

m2
T2 ≡ min

/q(1)
T +/q(2)

T =/p
T

[
max {m2

T (pπ
(1)

T , /q
(1)
T ), m2

T (pπ
(2)

T , /q
(2)
T )}

]
(D.7)

is a lower bound on the transverse mass mT for events where two decays of the

type eq. D.1 occur. In eq. D.7 we have been forced to minimise over all consistent

neutralino 2-momenta. Note that /q
(i)
T is the hypothesised momentum of the ith

neutralino which need not be equal to its true momentum.

To find the range of values mT2 may take we first let f1 = m2
T (pπ

(1)

T , /q
(1)
T ), and

f2 = m2
T (pπ

(2)

T , /q
(2)
T ). We then note that the minimum over a parameter x of the

maximum of f1(x) and f2(x) can occur at a local minimum, f ′1(2)(x
∗) = 0, provided

f1(2)(x
∗) > f2(1)(x

∗), as shown in fig. D.1a. Alternatively the minimum can occur

when the functions cross one another when f1 = f2 (fig. D.1b) or at a boundary

(fig. D.1c). The parameter x corresponds to the fraction of the missing momentum

(in one of the transverse directions) which is assigned to each half of the event. Since

f1, f2 →∞ as x→ ±∞ fig. D.1c is not relevant to our minimisation problem.

To see that case (a) cannot occur, consider the unconstrained minimisation over /qT ,
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of m2
T (pπT , /qT ). Using the relationship

∂ /ET
∂q/k

=
q/k
/ET

, (D.8)

where /E2
T = /q2

T +m2
χ̃0

1
, it is straightforward to show that,

∂m2
T

∂q/k
= 2

(
Eπ
T

q/k
/ET
− pπk

)
k = 1, 2 . (D.9)

This means that at the minimum

vπT = /uT , (D.10)

where we introduce the notation vT ≡ pT/ET , /uT ≡ /qT//ET . where pT and vT

represent the true transverse momentum and velocity of a particle, while /qT and /uT

are assigned by the minimisation.

Using the basis (t, x, y) with the metric diag(1,-1,-1), one can write

m2
T = (Etot

T ,ptot
T ) · (Etot

T ,ptot
T ) , (D.11)

where Etot
T = Eπ

T + /ET and ptot
T = pπT + /qT . This 1+2 dimensional Lorentz invariant

can be evaluated in any frame boosted from the lab in the transverse plane. eq. D.10

has told us that at the unconstrained minimum the transverse velocities vπT and

/uT are equal; a statement necessarily true in all transverse frames, including the

special one in which both the transverse velocities (and associated momenta) are

zero. Evaluating eq. D.11 in this frame, we find that the unconstrained minimum

of eq. D.11 then becomes (mπ +mχ̃0
1
, 0, 0) · (mπ +mχ̃0

1
, 0, 0), and we recover the

expected result

mmin
T = mπ +mχ̃0

1
. (D.12)
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We therefore conclude that the function m2
T has only one stationary value and it is

the global minimum, and is common to both sides of the event provided the same

type of particles are emitted. Thus when f1 is minimum it cannot be greater than

f2, and so the minimisation in eq. D.7 forces f1 = f2. This could of course occur

when both f1 and f2 are at their global minima, in which case mT2 takes its minimum

value:

mT2
min = mπ +mχ̃0

1
. (D.13)

To summarise, mT2 is the minimum of m
(1)
T subject to the two constraints m

(1)
T =

m
(2)
T , and /p(1)

T + /p(2)
T = /pT . The condition for the minimisation can be calculated by

Lagrange multiplier methods, the result of which is that the velocity vectors /u(1,2)
T

of the assigned neutralino momenta /q
(1,2)
T must satisfy

(/u(1)
T − vπ

(1)

T ) ∝ (/u(2)
T − vπ

(2)

T ) . (D.14)

To find the maximum of mT2 over many events we note that for each event the

minimisation will select hypothesised momenta satisfying eq. D.14. We now note

events can occur in which the true transverse velocities of the neutralinos were

exactly those which were assigned by the minimisation, i.e. they can satisfy

v
χ̃0

1(1)
T = /u(1)

T , v
χ̃0

1(2)
T = /u(2)

T . (D.15)

These events will have both hypothesised transverse masses equal not only to each

other but also to true transverse masses which would have been calculated if the

neutralino momenta had been known:

m
(i)
T

(
pπ

(i)

T , /p
χ̃0

1(i)
T

)
= m

(i)
T

(
pπ

(i)

T , /q
(i)
T

)
(D.16)
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If events occur where, in addition to the transverse components of the neutralino

momenta satisfying eq. D.15, the rapidity differences satisfy ηχ̃0
1(1) = ηπ(1) and

ηχ̃0
1(2) = ηπ(2), then by eq. D.2 mT2 will equal the true mass of the chargino. Com-

bining this with eq. D.13 and recalling that mT2 cannot be greater than the chargino

mass by construction, we can see that the event-by event distribution of mT2 can

span the range

mχ̃0
1

+mπ ≤ mT2 ≤ mχ̃+
1

(D.17)

showing that mT2 is sensitive to the mχ̃+
1
−mχ̃0

1
≡ ∆Mχ̃1 mass difference.

The variable is equally applicable to two same-sign χ̃+
1 decays so mT2 signal events

can be defined as those having two χ̃±1 → χ̃0
1 π
± decays with any combination of

charges.

D.2 Generalisations of mT2

In our analysis we also wish to make use of the leptonic decays χ̃+
1 → χ̃0

1 ` ν` where

` ∈ e, µ. We therefore generalise mT2 to cases where more than two particles go

undetected.

Consider events in which a chargino is produced and then decays to χ̃0
1 e νe. If we

expand the Lorentz invariant

(mχ̃+
1

)2 = (pχ̃0
1

+ pe + pν)
2 (D.18)

we obtain three mass-squared terms for each of the decay particles and three cross-

terms. The cross-terms can each be written in the form

pa · pb = E
(a)
T E

(b)
T cosh(∆ηab)− p

(a)
T · p

(b)
T . (D.19)
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(a) (b)

Figure D.2: (a) Simulations of mTX − mχ̃0
1

for X = 2, 3, 4 using a
simple phase-space Monte-Carlo generator program for a pair of decays
q̃ → χ̃+

1 q followed by χ̃+
1 → χ̃0

1 π or χ̃+
1 → χ̃0

1 e νe. As the number
of invisible particles increases the proportion of events near the upper
limit decreases. The peak in mT3−mχ̃0

1
near the pion mass is explained

in the text. (b) The distortion of mTX − mχ̃0
1

when the LSP mass is
varied by ± 10%, showing that MTX−mχ̃0

1
remains sensitive to the mass

difference ∆Mχ̃1 = mχ̃+
1
−mχ̃0

1
. In this simulation ∆Mχ̃1 = 0.845 GeV,

mχ̃0
1

= 161.6 GeV, and the electron and neutrino mass were neglected.
The normalisation is arbitrary.

If the neutralino and neutrino transverse momenta were individually known we could

evaluate the transverse mass,

m2
T = m2

χ̃0
1
+m2

e+2
[
(Ee

TE
χ
T−peT ·p

χ
T )+(Eν

TE
χ
T−pνT ·p

χ
T )+(Ee

TE
ν
T−peT ·pνT )

]
, (D.20)

where the neutrino mass is assumed to be negligible. mT will be equal to the χ̃+
1

mass in events where ∆ηab = 0 for all pairs of e, νe, and χ̃0
1.

In events with two leptonic chargino decays a variable like mT2 can be defined as

in eq. D.7 but using the three-particle definition of mT from eq. D.20 and with the
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modified constraint,

q
ν(1)
T + q

χ(1)
T + q

ν(2)
T + q

χ(2)
T = /pT , (D.21)

where the labels (1) and (2) indicate which chargino the particles were emitted from.

We call this variable mT4 (or indeed mTX where X is the number of undetected

particles).

The conditions for the minimisation required to calculate mT4 can be calculated just

as for mT2. The Euler-Lagrange equations involving

∂(m
(i)
T )2

∂q
ν(i)
T

and
∂(m

(i)
T )2

∂q
χ̃0

1(i)
T

(D.22)

show that the minimisation will select the invisible particles’ momenta such that

u
χ̃0

1(i)
T = u

ν(i)
T . The other E-L equations reproduce eq. D.14 but with electrons

replacing pions.

This means that when calculating mT4 one can replace the missing particles from

each chargino decay with a pseudo-particle with mass equal to the sum of the masses

of those invisible particles and proceed as for mT2. In the case of leptonic chargino

decay the mass of the neutrino can be safely neglected in comparison to that of the

χ̃0
1, and the constraint u

χ(i)
T = u

ν(i)
T is equivalent to q

ν(i)
T = (0, 0).

The generalisation to mTX for other values of X is straightforward. The distribution

of mT3 is shown in fig. D.2a for events in which one chargino decays to χ̃0
1, e, ν and

another to χ̃0
1, π

+. Unlike mT2 and mT4 it has a sharp peak at mT3 = mχ̃0
1

+ mπ.

This occurs because the visible particles on each side of the event are different and

so the unconstrained minimum of the values of mT on each side of the event are not

equal as they are in the case of mT2 and mT4:

min
/q(1)
T

(
m

(1)
T (pπT , /q

(1)
T )

)
= mπ+mχ̃0

1
6= me+mχ̃0

1
= min

/q(2)
T

(
m

(2)
T (peT , /q

(2)
T )

)
(D.23)
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1

Appendix D

Some of the events can then fall into the category shown in fig. D.1a, producing a

peak of events with mT = mχ̃0
1

+mπ.

The distribution over events of mT4 will have fewer entries near the upper kinematic

limit (mT4 = mχ̃+
1

) because when more particles go undetected an event at that

limit must satisfy a larger number of constraints. For fully leptonic chargino decay,

there are six constraints of the type ∆η = 0, two p
ν(i)
T = 0 and finally the modified

constraint from eq. D.14. This effect can be seen in fig. D.2a for events where a

total of two, three and four invisible particles are produced.

A further generalisation which we do not require here might be relevant in cases

where more than one visible particle is emitted from each mother. For such decays,

one would sum the full 4-momenta of the visible particles from each decay as well

as summing the masses of the invisible particles from each side of the event and

proceed as for mT2.

D.3 Uncertainties in /pT and mχ̃0
1

The sensitivity of mTX to the estimated mass of the neutralino is shown in fig. D.2b,

where 10% (16 GeV) errors in mχ̃0
1

result in similar fractional errors in ∆Mχ̃1 i.e. of

a few tens of MeV. mTX shows similar insensitivity to measurement uncertainties

in the missing transverse momentum vector. This behaviour can be (at least par-

tially) understood from the non-relativistic limit of mT2, when the proportionality

in eq. D.14 becomes an equality and

mT2
2 − (mπ +mχ̃0

1
)2 =

1

4mπmχ̃0
1

(
mπ/pT −mχ̃0

1
pπ1
T −mχ̃0

1
pπ2
T

)2
+O

(
(vT · vT )2

)
.

(D.24)
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One can see that in eq. D.24 mπ multiplies the missing momentum, while mχ̃0
1

multiplies the pion transverse momenta.
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