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Abstract

This thesis documents the results of analyses performed searching for BSM processes in
final states consisting of b—tagged jets and missing transverse energy (Elfniss) using the

ATLAS detector at the Large Hadron Collider.

The results of searches for the direct pair production of bottom squarks decaying via
b — b+ X" are presented. The first search used 3.2 fb~' of Run 2 data at a centre-of-mass
energy (1/s) of 13TeV and placed exclusion limits on sbottom masses up to 840 GeV
for massless neutralinos [1]. The updated search uses a total integrated luminosity of
36.1fb~! and provides sensitivity to heavier sbottom masses, excluding sbottom masses

up to 950 GeV for mgo = 1 GeV.

Two searches for the pair production of third generation squarks decaying asymmetri-
cally in the one-lepton 2-b—jets and EEFiSS final state are presented. The Run 1 search,
using an integrated luminosity of 20.3 fb~! collected at v/s = 8 TeV, placed exclusion lim-
its in pMSSM scenarios with mg;3 excluded between 340 and 680 GeV for = 110 GeV.
Exclusion limits are also placed in simplified model scenarios, where m; is excluded be-
tween 300 and 510 GeV for mg =110 GeV assuming Am(%5, xY) = 5GeV [2]. The Run
2 search, performed using 36.1fb~! collected at /s = 13 TeV, placed limits in simplified
model scenarios, with sbottom masses up to 800 GeV excluded considering neutralinos
of mass 110 GeV. A statistical combination of this analysis and the 36.1fb~! sbottom
analysis extends this exclusion to 880 GeV for mgo = 110 GeV. The results of these

analyses is scheduled to be published in Summer 2017.

Finally a search for direct dark matter production in association with b—jets, in the
0-lepton, 2 b—jets and ER final state using 13.3fb~! of Run 2 (y/s = 13TeV) data
is presented. Cross section upper limits are placed, in simplified model scenarios, on a

range of scalar and pseudoscalar masses assuming a dark matter mass of 1 GeV [3].



Declaration
This thesis 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. This thesis does not exceed the word limit for the respective Degree

Committee.

John Anders

ii



Acknowledgements

Before I start writing a large list of people to thank, I'll start by apologising for missing
anybody out. The number of people who have either contributed to the work shown in
this thesis; or have provided welcome distraction from work, is quite large and adding
everyone in would probably push this document to beyond 300 pages.

Firstly many thanks to my family, especially my parents and sister, primarily for
putting up with me over the holiday periods where I was supposedly taking time off, but
spent most of it working. Also a huge thank you to the many friends who have provided
support throughout the last four years, including but not limited to Danny, Mike, Alex,
Rosie, Fionn, Jenna, Flanagan, Coops and Mike. Obviously the largest thank you in
this category goes to Sarah, who had to live with me while writing up, generally looked
after me, and was very forgiving about me leaving the country to be in Geneva, causing
me to miss most of the important dates in our relationship... sorry about that.

Moving onto the physicists. A huge thank you to Carl for programming assistance and
moral support; and to Steve and Ellis for the interesting coffee conversations. Thank you
to the Liverpool ATLAS group for continued assistance throughout my PhD. Additional
thanks to Jan for proofreading my thesis. Thanks also must go to everyone from the
Liverpool HEP group who attempted to lift the bubble chamber shield, contributing
to our Netherlands-esque run of losing three consecutive finals. Special thanks to the
16/17 squad who finally ended our cup final hoodoo, allowing me to retire from the
competition on top. Special thank you to Calum for being good company throughout
all of the analyses that we ended up working on together, and thanks to the whole of
the sbottom analysis group. At this point I have to especially thank Karlis, who after
living with me in our first year, then spending a year with me in Geneva, and finally
spending countless weekends working 7-days a week next to me in office whilst writing
up, must be sick of the sight of me and very thankful that I've finally left.

And finally, the largest thanks must go to my supervisor Monica who, throughout
working with me, has dealt with my general stupidity, the plethora of coding errors, the
time it was so hot in Geneva that I couldn’t function properly, and more recently my
slight “mocking” of her programming skills. Without her excellent supervision the work
contained within would not have been possible, and I would be (to quote her) “stuck

selling flowers at the side of the road”.

iii



Contents

Abstract i
Declaration ii
Acknowledgements iii
List of Figures viii
List of Tables xii
1 Introduction 1
2 Theoretical Overview 4
2.1 Fundamental Particles . . . . . . . . . .. .. ... ... ... . ... ... 4
2.2 Quantum Electrodynamics . . . . . . . . . ... oo 7
2.3 Quantum Chromodynamics . . . . . . . . . .. ... ... ... 9
2.4 Electroweak Unification . . . . . .. . ... ... .. ... ... ... ... 11
2.5 The Higgs Mechanism . . . . .. .. .. ... ... .. ... ... 13
2.5.1 Spontaneous Symmetry Breaking . . . . .. ... ... 13

2.5.2  Spontaneous Symmetry Breaking of the SU(2) group . . . . . . .. 14

2.5.3 The origin of the W & Z Boson masses . . . . . . ... ... ... 15

2.5.4 The origin of the Fermion Masses . . . . . . . . .. ... ... ... 16

2.6 The Standard Model . . . . . .. .. .. L o 17
2.6.1 Open questions . . . . . . . . . . . i e 18

2.7 Supersymmetry . . . .. ... e 20
2.7.1 Mass Eigenstate Mixing . . . . . . . . ... ... oL 22

2.7.2 Unification . . . . . . . . . .. ... 23

2.7.3 SUSY Breaking . . . . . . . . . . .. 24

2.7.4  Solution to the Hierarchy Problem . . . .. .. ... ... ... .. 25

2.7.5 Naturalness . . . . . . . . . e 26

2.76 R-Parity . . . . ... e 26

2.7.7 Constraints on SUSY from previous measurements . . . . . . . . . 27

2.7.7.1 Precision Measurements . . . . . . . ... ... ...... 28

2.7.7.2 Cosmological Constraints . . . . . .. ... ... ..... 29

2.7.8 Collider Constraints . . . . . . . . . . . .. . ... 29

2.8 Generic Dark Matter Models . . . . .. .. .. ... .. oL 30

iv



Contents v
3 The ATLAS Detector 33
3.1 The Large Hadron Collider . . . . . .. .. ... ... ... .. ...... 33
3.2 Luminosity . . . . . . ... 35
3.3 The ATLAS Detector . . . . . . . . . . . . . . i i 35
3.3.1 ATLAS Coordinate System . . . . . . . ... ... ... ...... 37

3.4 Imnmer Detector . . . . . . . .. . .. 38
3.4.1 Pixel Detector . . . . . . .. ... 39
3.4.1.1 Imsertable B-Layer (IBL) . . . . ... ... ........ 40

3.4.2  Semiconductor Tracker (SCT) . . . . . .. ... ... ... ..... 40
3.4.3 Transition Radiation Tracker (TRT) . . . . . ... ... ... ... 40

3.5 Calorimetry Systems . . . . . .. .. L 41
3.5.1 Electromagnetic Calorimeters . . . . . . . . ... ... ... .... 42
3.5.2 Hadronic Calorimeters . . . . . . ... ... ... .. ........ 43
3.5.3 Forward Calorimeters . . . . . . ... . ... ... .. ....... 44

3.6 Muon Spectrometer . . . . . .. .. 44
3.6.1 Toriodal Magnet System . . . . . . .. .. ... ... ... ... 45
3.6.2 Muon detectors . . . . . . ... 45

3.7 Trigger and DAQ Systems . . . . . . . . . ... 46
3.8 SCT DAQ Module Recovery application . . . . .. ... .. ... ..... 48
4 Modelling of Physics Processes 52
4.1 Introduction . . . . . . . . . . ... e 52
4.1.1 Factorisation Theorem . . . . . . . ... .. ... ... ... 52
4.1.2 The hard scattering process . . . . . . . . . . .. ... ... ... 54
4.1.3 Parton shower algorithms . . . . . . ... ... ... ... ... 55
4.1.4 Matrix element matching . . . . .. .. ... 0oL 57
4.1.5 Hadronisation . . . . . . . .. ..o o8

4.2  General overview of Monte Carlo modelling . . . . ... ... ... .... 59
4.2.1 MC Generators Used . . . . . . .. .. ... .. .. ... ... ... 61

4.3 Modelling the single-top Wit-process . . . . . . . . . ... ... .. 63
4.3.1 Diagram Removal Scheme . . . . . . .. .. ... ... .. ... 65
4.3.2 Diagram Subtraction Scheme . . . . . ... .. ... ... ... .. 65
4.3.3 Validity test of the DR and DS schemes . . . . . ... ... .... 67
4.3.4 Using a dedicated WWbb Sample . . . . . . ... ... ... .... 71
4.3.5 Conclusions . . . . . . . ... 72

4.4 Modelling the V-jets process uncertainties using a parameterisation . . . . 73
4.4.1 Parameterisation Method Overview . . . . ... ... ... .... 78
4.4.2 Validation of the Parameterisation Weights . . . . . . .. ... .. 79
4.4.3 Parameterisation usage with later versions of Sherpa . . . . . . .. 83
4.44 Conclusions . . . . . . . ... 83

4.5 Conclusion . . . . . .. L 87
5 Event Reconstruction 89
5.1 Object Reconstruction and Definitions . . . . . .. ... ... ... .... 90
5.1.1 Charged Leptons: Electrons . . . . . . ... ... ... ....... 91
5.1.2 Charged Leptons: Muons . . . . . ... ... ... ... ...... 92
5.1.3 Anti-kr Jets . . . ... 94



Contents vi

5.2
5.3
5.4

5.5

5.1.4  b—jets . . .o e 97
5.1.5 Photons . . . . . . ... 99
5.1.6 Missing Transverse Momentum . . . . .. ... ... ... ..... 100
Overlapping Physics Objects . . . . . . . . . . .. ... ... .. ..... 102
Event Cleaning . . . . . . . . .. . 103
Global event variables . . . . .. ... ... oo 106
5.4.1 Common global event variables . . . . . . ... ... ... ..... 107
5.4.2 Dedicated complex variables for the tb + E%iss analysis . . .. .. 109

5.4.3 Dedicated complex variables for the sbottom bb + EXi5 analysis . 115
5.4.4 Dedicated complex variables for the Dark Matter bb+ Eﬁ?iss analysis118
Conclusion . . . . . . . . e 119

6 Search for direct bottom squark pair production in the bb—i—E%iSs final

state 121
6.1 Analysis Motivation . . . . . . . ... ... 122
6.1.1 Signal Phenomenology . . . . . . .. . ... ... ... ....... 124
6.1.2 Run 2 Sensitivity Study . . . . . . . . ... 126

6.2 Sbottom 2015 Analysis . . . . . . . . ... 128
6.2.1 Signal Kinematic Studies . . . . . ... .. ... ... .. ... . 129
6.2.2 Signal Region Definitions . . . . . .. .. ... ... ... ... .. 133
6.2.3 Control Region Definitions . . . .. ... ... ... ... ..... 138
6.2.4 Data-driven replacement methods . . ... ... ... ... .... 140
6.2.5 Validation Region Definitions . . . . . . . .. .. .. ... ... .. 145
6.2.6 Systematic Uncertainties. . . . . . . . . . . .. ... ... ... .. 146
6.2.6.1 Detector Uncertainties. . . . . . . . ... ... ... ... 146

6.2.6.2 Modelling Uncertainties . . . . . . .. .. ... ... ... 148

6.2.7 Fitting Procedure . . . . ... ... ... ... 152
6.2.7.1 Background-only fit . . ... ... ... 0. 153

6.2.7.2 Model-dependent fit . . . . ... ... ... L. 154

6.2.7.3 Model-Independent fit . . . . . ... ... 154

6.2.8 Background-only Fit Results . . . . . .. ... ... ... ... .. 155
6.2.9 Interpretation of theresults . . . . . . ... ... ... ....... 160

6.3 Sbottom 2016 Analysis . . . . . . . . . ... 163
6.3.1 Signal Region Definitions . . . . . ... .. ... ... ... ... 165
6.3.2 Control Region Definitions . . . . . . .. .. ... ... .. ..., 168
6.3.3 Data-driven v replacement method . . . . . . .. ... ... 171
6.3.4 Validation Regions . . . . . . . .. .. ... 172
6.3.5 Systematic Uncertainties. . . . . . . . . . .. ... L. 174
6.3.6 Background-only fit results . . . . .. ... ... ... ... 174
6.3.7 Interpretation ofresults . . . . . ... ... ... ... .. ..., . 178

6.4 Conclusions . . . . . . .. . e 184
7 Searches for third generation squarks in the tb + E%ﬁss final state 185
7.1 Analysis motivation . . . . ... ... L L oL 186
7.1.1 Signal phenomenology . . . . . . ... ... L. 187

7.2 th+ ENSS Run 1 Analysis . . . ... 188

7.2.1 Signal kinematic studies . . . . . .. ... 188



Contents vii

7.2.2 Signal Region definitions . . . . . . . . .. ..o 189

7.2.3 Control Region definitions . . . . . . . .. ... ... ... ..., 192

7.2.4 Validation Region definitions . . . . . . . .. .. .. ... ... .. 195

7.2.5 Systematic uncertainties . . . . . . . .. ... ... 198

7.2.6 Interpretation of Results . . . . . .. ... ... ... ........ 199

7.3 th+ E¥SS Run 2 Analysis . . .. ... 204
7.3.1 Signal kinematic studies . . . . . . ... ... L. 205

7.3.2 Signal Region definitions . . . . . . . . . ... 0oL 206

7.3.3 Control Region definitions . . . . . . .. ... ... ... ...... 209

7.3.4 Validation Region definitions . . . . . . . .. ... ... ... ... 214

7.3.5 Systematic uncertainties . . . . . .. ..o 216

7.3.6 Intepretation of Results . . . . . ... ... ... ... ....... 217

7.4 Combination with Sbottom Analysis . . . . . . ... ... ... ...... 219
7.5 Conclusions . . . . . . ... L 221

8 Search for direct Dark Matter production in association with b—jets 225
8.1 Signal Model Overview . . . . . . . . . ... o 226
8.2 Event selection and Signal Region definition . . . . . . . .. ... ... .. 226
8.3 Control Region definitions . . . . . . . ... ... ... 0L 228
8.4 Validation Region definitions . . . . . . . . ... ... ... ... ..... 230
8.5 Systematic uncertainties . . . . . .. ... Lo 233
8.6 Results and Interpretations . . . . . ... ... ... ... ... ..., 234
8.7 Conclusions . . . . . . . . e 236

9 Summary 238
9.1 Future Outlook . . . . . . . ... 239

A Trigger selections and efficiencies 241
B Truth-level object definitions 244
C tt modelling uncertainties 245
Bibliography 247



List of Figures

1.1

2.1

2.2
2.3

24

2.5
2.6

2.7
2.8

3.1
3.2
3.3

3.4
3.5
3.6
3.7

3.8

4.1
4.2
4.3
4.4
4.5

4.6

Diagrams of the BSM signals investigated within this thesis. . . . . . . . .

Theoretical expectation and experimental measurements of the strong
coupling constant as a function of the momentum transfer of a process.
Graphical representation of the Higgs potential . . . . . . ... ... ...
ATLAS Standard Model cross section measurements for a variety of pro-
CESSES. + v v v e e e e e e e e
Evolution of the couplings in the SM and SUSY, leading to unification of
the forces. . . . . . . . L
Examples of SUSY contributions to BR(Bg — pp) . .« . o o oo oo oL
Two representative diagrams of simplified model scenarios considered
when performing searches. . . . . . . . . ... ... L
ATLAS Third Generation squark exclusion limits at the end of Run 1. . .
Feynman diagram for an example of simplified model DM production in
association with b—quarks. . . . . . . . . .. ... o Lo

The overview of the CERN accelerator complex. . . . .. ... ... ...
A cut-away view of the ATLAS detector.. . . . . . . .. ... ... ....
Cross-sectional and longitudinal views of the ATLAS ID sub-system dur-

An example of the segmentation of a LAr calorimeter barrel module. . . .
General overview of the muon system. . . . . .. .. ... ... ......
Luminosity provided by the LHC to the ATLAS detector during Run 1

(2011-2012) and Run 2 to-date (2015-2016). . . . . . . . ... .......

Schematic of the ATLAS Trigger systems in the configuration used for

Comparison between a PDF set calculated at different values of Q2.

An example of the stages involved in a generic proton-proton event.
Feynman diagrams representing single-top Wt-channel NLO and ¢t pro-
duction. . . . . . . oL
Key variables in the bb_CRstA without any selection applied, comparing
the DR and DS schemes at truth-level . . . . . .. ... ... ... ....
Selection of key variables in the bb_CRstA with an n,_jets = 2 selection,
comparing the DR and DS schemes at truth-level . . . . . .. .. ... ..
Key variables for the systematic and nominal Z — vv samples. Top row:
left pp(Z); right meg. Bottom row: left nyyuthjets, right Hy. Figures
taken from [4]. . .. ... L



List of Figures ix

4.7

4.8

4.9
4.10

4.11

4.12

4.13

4.14

4.15

4.16

5.1
5.2
5.3

5.4

6.1

6.2

6.3

6.4
6.5

6.6

6.7

6.8

Key variables for the systematic and nominal W — er samples. Top row:
left pp(W); right pr(e). Bottom row: left npyuhjets, right Hp . . . . . .. 76
Key variables for the systematic and nominal Z — ee samples. Top row:
left pp(Z); right pr(e). Bottom row: left nryuthjets, right Hp . . . . . .. 7
Representation of the bin structure for a given njets and pr(V) selection. . 78

Examples of the weights produced for the Z — vv renormalisation scale
variations . . . ... ..o e e 79
pr(V) (left) and njets (right) distributions for the ckkw30 (ME matching
up) Z —wvvsample. ... oL 80
Distributions of kinematic variables for the Z — vv renorm025 sample.

Top row: Left E%iss; right Hp. Middle row: Left b—jet multiplicity; right
me’ Bottom row: Left p]Tl, right p]T2 The statistical uncertainty on both
the nominal and variation samples are shown. . . . . ... ... ... .. 81
Distributions of kinematic variables for the Z — vv renorm4 sample. Top
row: Left EXS; right Hy. Middle row: Left b—jet multiplicity; right meg’
Bottom row: Left lel, right p’% The statistical uncertainty on both the

nominal and variation samples are shown. . . . . . . ... ... ... ... 82
Comparison between key distributions for the Z — vv 2.1 (red) and 2.2
(black) for the renormalisation variation samples. . . . . . . .. ... ... 85
Comparisons of the renormalisation down variation between the inter-
nal weights and parameterisation method for key distributions using a
reconstruction level Z-jets sample . . . . . . .. ..o oo 86
Comparisons of the renormalisation up variation between the internal

weights and parameterisation method for key distributions using a recon-
struction level Z-jets sample . . . . . . . ... oo 87

An overview of how physics objects would interact in the ATLAS detector. 90
An example of a secondary vertex due to a b—hadron decay. . . . . . . . . 97
An overview of the generic sparticle production process that is considered
for the Mp9 calculation. . . . . . . . . .. .. ... ... ... ... ... 110
Comparison between signal and background events for four key discrimi-
nating variables used in the analyses to discriminate between signal and
background events. . . . .. ... L L Lo 118

ATLAS /s = 8TeV limits placed on the simplified b— b+ X decay

SCENATIO. .« v v v v v v it e e e e e e e e 123
Representative diagram of the simplified model scenario b — b + %Y con-
sidered in this analysis. . . . . . . . ... Lo oo 124
Example Feynman diagrams for two of the dominant SM processes in the
analysis: Z+jets and t1. . . . . . ... 125
meT N-1 distribution in the SR used in the sensitivity studies. . . . . . . 127

Discovery sensitivity projections for four (5, 1)) mass scenarios, assuming
a total overall systematic uncertainty on the background estimate of 20%. 127
Comparison of the cross-sections for sbottom pair production, when mov-

ing from 8 to 13TeV. . . . . . . .. 128
Sbottom 2015 preselection distributions with the benchmark signal point
(mB’mX?) =(800,1)GeV. . . .. 132

Sbottom 2015 mgr distributions comparing the two benchmark signal



List of Figures X

6.9

6.10
6.11
6.12
6.13
6.14
6.15

6.16

6.17

6.18
6.19

6.20

7.1
7.2

7.3
7.4

7.5

7.6
7.7

7.8
7.9
7.10

Expected significance plots for the 2015 sbottom SRA250 and SRA350

TEGIONS . . . . . L e e 136
Expected significance plots for the 2015 sbottom SRA450 and SRB regions137
Truth-level pr ratio for y+jets and Z+jets processes. . . . . . . . .. ... 143
Post-fit distributions for key variables in the A-type CRs. . . . . . . . .. 158
Post-fit distributions for key variables in the B-type CRs. . . . . . . . .. 161
N-1 distributions of key variables in the SRA and SRB regions. . . . . . . 162
N-1 distributions of the mcr distribution in SRA250, with the Z-+jets

background estimated using the data-driven methods. . . . . .. . .. .. 163

Model dependent exclusion limits in the m(I;, 1Y) plane assuming BR(B —
b+ xY) = 100%, for the best expected region, and the individual signal

TEGIOMS. . « v v vt e e e e e e e e e 164
Pre-fit N-1 distributions for key variables in the A-, B- and C-type signal
TEGIOMS.  « v v v v v e e e e e e e e e e e e 168
N-1 distributions of key variables in the SRA, SRB and SRC regions. . . . 181
Model dependent exclusion limits in the m(l;, 1Y) plane assuming BR(Z; —
b+ X)) = 100%, for the individual signal regions. . . . . . .. ... .. .. 182

Model dependent exclusion limits in the m/(b, 1Y) plane assuming BR(b —
b+ xY) = 100%, for the best expected region, and the individual signal

regions with the Sbottom 2016 regions. . . . . . . . . . .. ... ... ... 183
Diagram of of the asymmetric tb + EXS decay scenario. . . . . . . . ... 186
Example of the three decay scenarios required to make the physical pro-

cess scenario for the tb 4+ EF" analysis. . . . . . ... ... ... ... .. 187
Post-fit data MC comparisons of the amrgy distribution in each SR. . . . . 201

Limits placed in (a) the natural pMSSM p-mgr3 phase space, (b) the
mj, mgo mass plane and (c) the mj, mgo mass plane. The blue curve shows
the expected confidence level at 95%. The yellow band shows the expected
confidence level at 0 = +1. The red curve shows the observed limit at
95% CLs with dashed-red curves representing the ¢ = 41 theoretical
limits on the signal cross section. . . . . . ... ... 0oL 203
Combined SR limit plot in the asymmetric simplified model scenarios
considered assuming BR(# — t + x{) = 50%. The red curve presents
the observed limit at the 95% CL. The blue curve shows the expected
confidence level at 95%. The yellow band shows the expected confidence
level at o= 1. . . . . . . . e 204
Significances for the Run 2 tb + E‘%ﬁss SRs, as defined in Table 7.19. . . . 208
Significance of the sbottom 2016 analysis SRA350 and SRA450 regions
as defined in Table 6.21, when applied to the asymmetric decay scenario. . 209
Distributions of key variables used in the definition of the CRs. . . . . . . 213
N-1 distributions of key variables in the SRinA600 and SRB regions. . . 218
Expected and observed exclusion limits of the SRs at 95% CL in the
(mg,mxg) plane for the BR(b — b+ x9) = 50% scenario. The dashed
black and solid bold red lines show the 95% CL expected and observed
limits respectively. . . . . . . . . L oL 220



List of Figures xi

7.11 Expected and observed exclusion limits of the sbottom 2016 regions at
95% CL in the (mg, mﬁ)) plane for the BR(b — b+ XV) = 50% scenario.
The dashed black and solid bold red lines show the 95% CL expected
and observed limits respectivelyExclusion limits of the three sbottom SRs
which have sensitivity in the asymmetric decay scenario at 95% CL . . . . 222
7.12 Exclusion limits produced using the combined fit procedure with the sbot-
tom 2016 and tb+ EF'* Run 2 analyses, at 95% CL in the (m;, myo) plane
for the asymmetric decay scenario with BR(b — b+ X?) = 50%. The best
expected exclusion for the sbottom analysis (green) and tb—I—E%ﬁSS analysis
(pink) are also shown for comparison. . . . ... ... ... .. ...... 223

8.1 Leading-Order cross sections for simplified model production of DM in

association with b—quarks. . . . . . . . . .. ... oL 226
8.2 Post-fit distributions of key kinematic variables in the CRs. . . . . . . .. 231
8.3 Post-fit distributions for key variables in the one- and two-lepton VRs. . . 233
8.4 N-1 distributions of a key variables used in the SR. . . . ... ... ... 235
8.5 Cross section upper limits placed on the production of scalar mediators

assuming a DM mass of 1 GeV for 13.3fb~! of data. . . ... ... ... 236
8.6 Cross section upper limits placed on the production of pseudoscalar me-

diators assuming a DM mass of 1 GeV for 13.3fb~! of data. . . ... .. 237
A.1 Efficiency of the ErT]rliss trigger as a function of the E%ﬁss present in the

event. . ... 242
A.2 Single lepton trigger efficiencies. . . . . . .. ... oL 242
A.3 2-dimensional trigger efficiencies for the hyperbolic selection used in the

dark matter analysis. . . . . . .. .. Lo Lo 243
A.4 Efficiency of the single photon trigger as a function of the photon pr.. . . 243

C.1 Comparison between Sherpa and Powheg ¢t samples . . . ... ... ... 245



List of Tables

2.1
2.2
2.3
2.4
2.5

3.1
3.2
3.3

3.4

4.1

4.2

5.1
5.2
5.3
5.4
5.5

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10

6.11

6.12

An overview of the particles described by the SM . . . . . . ... ... .. 5
An overview of the chiral supermultiplets required by Supersymmetry . . 22
An overview of the gauge supermultiplets required by Supersymmetry . . 22
An overview of the gauge and mass eigenstates of the SUSY particles. . . 23
An overview of the parameters in the pMSSM. . . . . . . ... ... ... 28
An overview of the intrinsic accuracy of the ID components . . . . . . .. 39
An overview of the energy resolution of the calorimetry systems . . . . . . 42
The data quality efficiency of the SCT subdetector for the three years of

Run 1. . . . . . e 49
The data quality efficiency of the SCT subdetector for the final year of

Run 1 and the two years of Run 2 data-taking. . . . ... ... ... ... 50
Comparison of the single-top DR and DS schemes in the sbottom bb_CRstA
region with 3.2 fb=1. . . . ... 67
Truth-level yields for the combined ¢ and single-top processes and the
WWbb process in the bb_CRstA and bb_SRinA regions. . . . .. ... .. 71
Electron object definition requirements for Run 1 and Run 2. . . . . .. 92
Muon object definition requirements for Run 1 and Run 2. . . . ... .. 94
Jet object definitions for Run 1and Run 2. . . ... ... ... ...... 96
b—jet object definitions used in Run 1 and Run 2. . . ... .. ... ... 99
Photon object definitions used in Run 1 and Run 2. . . .. ... ... .. 100
Sbottom 2015 analysis, preselection definition. . . . . . . . . ... ... .. 130
Sbottom 2015 analysis, expected event yield at the preselection level. . . . 131
Sbottom 2015 analysis A-type SR definitions . . . . . .. ... ... ... 134
Sbottom 2015 analysis B-type SR definition . . . . . . . .. ... ... .. 135
Sbottom 2015 expected SR yields . . . . . .. ... ... . 135
Sbottom 2015 analysis A-type CR definitions . . . . . .. ... ... ... 139
Sbottom 2015 expected yields for the A-type CRs . . . . . . . ... .. .. 139
Sbottom 2015 analysis B-type CR definitions . . . . . .. .. .. ... .. 140
Sbottom 2015 expected yields for the B-type CRs . . . . . . . .. ... .. 140
Sbottom 2015 analysis CR definitions used in the implementation of the
~v+jets replacement method. . . . . . . ..o oL oo 144

Expected yields of the SM background processes and observed events with
3.2fb~! in the regions defined for the y+jets alternative data driven method.145
Sbottom 2015 analysis VR definitions . . . . . . .. .. .. ... ... .. 146

xii



List of Tables xiii

6.13

6.14

6.15

6.16

6.17

6.18

6.19

6.20

6.21
6.22
6.23
6.24
6.25
6.26
6.27
6.28

6.29

6.30
6.31
6.32
6.33

6.34
6.35
6.36

6.37

Overview of the dominant detector and modelling uncertainties in the

2015 sbottom SRs . . . . . . . .. 151
Normalisation factors for the main backgrounds in the A-type regions
using the background-only fit with 3.2fb=*. . . . . .. ... ... ... .. 155

Fit results in the CRs and VRs defined for the A-type SRs with an in-
tegrated luminosity of 3.2fb~! The results are obtained using the back-
ground only fit procedure. The errors contain both statistical and sys-
tematic uncertainties. . . . . . ... L. oo 156
Fit results in A-type SRs with an integrated luminosity of 3.2fb~!. The
results are obtained using the background-only fit procedure. The uncer-
taintes shown contain only the systematic uncertainties on the background
prediction. . . . . . . ..o 157
Normalisation factors for the main backgrounds in the B-type regions
using the background-only fit with 3.2fb=1. . . . . ... ... ... ... 157
Fit results in the CRs and VR associated with the B-type SR for an in-
tegrated luminosity of 3.2fb~!, using the background-only fit procedure.
The uncertainties shown contain both the systematic and statistical un-
certainties. . . . . . . . L L 159
Fit results in SRB for an integrated luminosity of 3.2fb~!. The results
are obtained using the background-only fit procedure. The errors shown
contain only the systematic uncertainties on the background estimate. . . 160
95% CL upper limits on the visible cross section of a generic BSM pro-
cess (0vis), the number of expected signal events (S%,) and the limit on
the number of expected signal events, taking into account the expected

number of background events (S32). . . .. ... .. 160
Sbottom 2016 analysis A-type SR definitions . . . . . .. ... ... ... 165
Sbottom 2016 analysis B-type SR definition . . . . . . . .. ... ... .. 166
Sbottom 2016 analysis C-type SR definition . . . . . ... ... ... ... 167
Sbottom 2016 analysis A-type CR definitions . . . . . ... ... ... .. 169
Sbottom 2016 analysis B-type CR definitions . . . . . . ... ... .. .. 170
Sbottom 2016 analysis C-type SR definition . . . . . . .. ... ... ... 171
Overview of the Sbottom 2016 VR and SR definitions. . . . . ... .. .. 173
Overview of the dominant detector and modelling uncertainties in the

2016 sbottom SRs . . . . . . . . . 175
Normalisation factors for the main backgrounds using the background-

only fit with 36.1fb=1. . . . . .. ... 175

Background-only fit results for the A-type CRs of the sbottom 2016 analysis.176
Background-only fit results for the A-type VRs of the sbottom 2016 analysis.176

Background-only fit results for the sbottom 2016 A-type SRs. . . . . . .. 177
Normalisation factors for the main backgrounds using the background-

only fit with 36.1fb=1. . . . . . . ..., 177
Background-only fit results for the sbottom 2016 B-type CRs. . . . . . . . 178

Background-only fit results for the sbottom 2016 B-type VRs and SR. . . 179
Normalisation factors for the main backgrounds in the C-type regionsus-
ing the background-only fit with 36.1fb=%. . . . . . .. ... ... .. ... 179
Background only fit results for the control regions associated with the
SRC region. All uncertainties include both statistical and systematic
uncertainby. . . . .. .. oL 180



List of Tables xiv

6.38

6.39

7.1
7.2
7.3

7.4
7.5
7.6

7.7

7.8
7.9
7.10

7.11
7.12
7.13
7.14
7.15

7.16

7.17
7.18

7.19
7.20
7.21
7.22
7.23
7.24

7.25
7.27

7.26

Background only fit results for the VR and SR associated with the SRC
region. All uncertainties include both statistical and systematic uncertainty.180
95% CL upper limits on the visible cross section of a generic BSM pro-
cess (0yis), the number of expected signal events (S%.) and the limit on

obs
the number of expected signal events, taking into account the expected

number of background events (S32). . . . ... ... 181
tb + Effniss Run 1 analysis, preselection definition. . . . . . . .. ... ... 189
tb + EXS Run 1 inclusive SR definitions. . . . . ... ... ... ..... 191
Expected yield values for the inclusive SRs, with the signal point the SRs

were optimised for presented for comparison. . . . ... ... ... .. .. 191
tb+ EMiss Run 1 exclusive SR definition. . . . . . ... ... ... ... .. 192
th + ErT]rliSS Run 1 exclusive SR yield. . . ... ... ... ... ... .... 192
Summary of the selections used to define the top CRs in the tb + E%liss

Run 1 analysis. . . . . . . . .. 193
Summary of the selections used to define the W+jets CRs in the tb+ E%iss

Run 1 analysis. . . . . . . . .. 194
Background fit results for the inclusive CR regions. . . . .. .. .. ... 194
Background fit results for the exclusive CRs. . . . .. .. .. .. .. ... 195
tt and W+jets normalisation parameters corresponding to the fit per-

formed for each SR of the tb + E¥5 Run 1 analysis using 20fb=1.. . . . . 195
Summary of inclusive tb + EIT]rliSS VR definitions. . . . . ... ... ... 196
Summary of selections used in the exclusive tb + E‘{Jiss Run1 VRs. . . .. 196
Background fit results for the inclusive VRs. . . . . . . . .. ... ... .. 197
Background-only fit results for the exclusive VRs. . . . . . . . ... .. .. 197
Overview of the dominant detector and modelling uncertainties in the

Run 1 tb+ E%ﬁss analysis. . . . . .. Lo 199
Background fit results for all SRs in the tb + E%liss Run 1 analysis. . . . . 200
Significance of the excesses in the Run 1 tb + EXS analysis. . . . . . . . . 200

Breakdown of upper limits. Left to right: 95% CL upper limits on the

visible cross section ((€Ac)% ) and on the number of signal events (Sop,

). The third column (S22 ) shows the 95% CL upper limit on the number

ex
of signal events, given thz expected number of background events . . . . 201
Summary of the Run 2 tb + E%liss SRs. . . .. . 207
Overview of the control regions associated to the SRinA selections. . . . . 210
Summary of the control regions associated to SRB. . . . . .. .. ... .. 211
Pre- and post-fit background expectations in the A-type control regions.
The errors shown are the statistical plus systematic uncertainties. . . . . . 212
Pre- and post-fit background expectations in the B-type control regions.
The errors shown are the statistical plus systematic uncertainties. . . . . . 212
Normalisation parameters corresponding to the fit performed for the tb+
Efrniss Run 2 analysis. . . .. .. .. . 213
Summary of the A-type VRs. . . . . . . . . . ... 214

Pre- and post-fit background expectations in the A-type validation re-
gions. The errors shown are the statistical plus systematic uncertainties. . 215
Summary of the B-type Validation Regions. . . . . .. .. ... ... .. 215



List of Tables XV

7.28

7.29

7.30

7.31

8.1
8.2
8.3
8.4
8.5

8.6
8.7
8.8

8.9
8.10

B.1

Pre- and post-fit background expectations in the SRB validation and sig-
nal regions. The errors shown are the statistical plus systematic uncer-
tainties. Uncertainties on the fitted yields are symmetric by construction,
where the negative error is truncated when reaching to zero event yield. . 216
Overview of the dominant detector and modelling uncertainties in the

Run 2th+ EMSS SRS . . . .ot 217
Pre- and post-fit background expectations all signal regions. The errors
shown are the statistical plus systematic uncertainties. . . . . . . . .. .. 218

Model-independent upper limits on the cross section of a generic BSM
process. Left to right: 95% CL upper limits on the visible cross section
((eAo)% ) and on the number of signal events (S%_ ). The third column
(S25 ) shows the 95% CL upper limit on the number of signal events,

exp

given the expected number of background events . . . . . .. .. .. ... 218
Summary of the SR selections. . . . . . ... ... oL 227
Expected pre-fit background yields in the SR. . . . . . ... .. ... ... 228
Summary of the selections of the control regions of the analysis. . . . . . . 229

Fit results in all control regions for an integrated luminosity of 13.3fb=1.. 230
Normalisation factors for the main backgrounds in the DM+bb analysis
using the background-only fit with 13.3fb=Y . . . ... .. ... .. ... 230
Summary of the selections of the validation regions of the analysis. . . . . 232
Fit results in all validation regions for an integrated luminosity of 13.3 fb—1.232
Overview of the dominant detector and modelling uncertainties in the

DM+bb SR . . . . 234
Fit results in the SR for an integrated luminosity of 13.3fb=1. . . . . .. 235
Model-independent upper limits on a generic BSM cross section. . . . . . 236

Truth-level Object Definitions . . . . . . . . . .. ... ... .. ... ... 244



Chapter 1

Introduction

The Standard Model (SM) of particle physics has proven to be a robust framework to
describe the natural world. It has been placed under more and more scrutiny during
the years of data-taking by the experiments at the Large Hadron Collider (LHC) but,
as of yet, remains the most complete picture of nature that we possess. This is not
to say that the theory is without fault, as it does not explain everything that we see
in nature. Significant effort is made to investigate Beyond the Standard Model (BSM)
physics, seeking to further our understanding of the universe. Searches for evidence of
Supersymmetry (SUSY) or other BSM physics plays a significant part in the research
programs for the two general purpose detectors, ATLAS and CMS, at the LHC.

This thesis' proceeds as follows. The first chapter introduces the SM, building from
the electromagnetic Lagrangian, through to the Higgs mechanism and electroweak sym-
metry breaking. Problems with the SM are discussed, and the theory of SUSY is dis-
cussed as a possible extension of the SM. Additionally a generic dark matter production
model, as searched for at the LHC, is introduced.

This is followed by a brief introduction of the LHC complex, and a more in-depth
overview of the ATLAS (A Toroidal LHC ApparatuS) detector. This chapter culminates
in a review of the author’s work developing an application for the online recovery of
Semiconductor Tracker (SCT) modules.

A chapter introducing the requirements taken into account when modelling physical
processes follows, including the considerations made when building a Monte Carlo gener-

ator. This chapter also contains the author’s work investigating: the interference effects

'For the purposes of this thesis the convention i = ¢ = 1 is used throughout.

1



Chapter 3. Introduction 2

between the single-top and tt processes; and producing a parameterisation to estimate
the modelling uncertainties associated with the V+jets (V = W/Z) processes.

Subsequently the physics objects used in the analyses are presented, with the dif-
ferences between the Run 1 and Run 2 definitions noted. This chapter also contains a
comprehensive overview of the kinematic variables used in the analyses.

Three analysis chapters follow from the above, each containing the results of searches
for BSM physics. In all cases, the author has contributed to the analyses covering
a variety of aspects which include the definition of the event selection optimised to
maximise signal over SM background yields, the estimate of the SM background using
partially data-driven techniques, the estimate of the systematic uncertainties and the
statistical interpretations of the results. The most relevant contributions concerning the

above topics are reported.

b t/b
p - P - w
b % b/t -0
- 1 L X
- -~ Xit !
B -0 o~ o
b X1 b/t X1
D b
) b/t
(a) Bb — bb+ 050 (b) Bb/E — bt + X7 %3
g b
¢/a
—f—
X
8 b

(¢) Direct DM production

FIGURE 1.1: Diagrams of the BSM processes investigated within this thesis. (a) Direct
sbottom pair production: bb — bb + )2(1))2[11~(Chapter 6). (b) Direct sbottom/stop pair

production decaying asymmetrically via bb/tt — bt + )Z{E)Z[f (Chapter 7). (c) Direct
production of dark matter, (Chapter 8).

The first analysis chapter contains the results of the Run 2 searches for direct sbottom
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pair production, as seen in Figure 1.1(a), in the 0-lepton, 2-b—jets and EXs* final state.
The first of these searches was performed using the 3.2 fb~! of luminosity collected during
2015. The second search is an improvement and an update of the previous analysis using
the full 2015 and 2016 dataset with a total luminosity of 36.1fb~1.

The second analysis chapter documents two searches performed to target more com-
plex signal models where more than one decay mode is kinematically allowed. Such
scenarios, referred to as asymmetric (or “mixed”) scenarios, arise from either bottom
or top squark pair production and this is shown in Figure 1.1(b). These searches were
performed in the one-lepton, two-b—jet and E%ﬁss final state. The first of the analyses
presented uses the Run 1 dataset comprising a total luminosity of 20.1fb™! at a centre
of mass energy /s = 8 TeV. The author has led the update of this analysis using the
201542016 Run 2 dataset, building on the Run 1 analysis and targeting similar models
at a higher centre of mass energy, /s = 13 TeV.

The final analysis chapter presents a search performed using the Run 2 data in-
vestigating direct dark matter production in association with b—jets. The final state
investigated contains 0-leptons, 2-b—jets and Er’f}iss. The full 2015 dataset (3.2fb~!) and
a partial 2016 dataset (11.1fb~!) is used resulting in a total luminosity of 13.3fb=!.

The presented analyses using the full Run 1 and partial Run 2 datasets have been
published in Ref. [2], Ref. [1] and Ref [3]. The analyses using the full Run 2 dataset are

in the final stages of approval within the ATLAS collaboration.



Chapter 2

Theoretical Overview

In this chapter an overview of the building blocks of the Standard Model of particle
physics is discussed. This includes an overview of the Lagrangians for quantum electro-
dynamics and quantum chromodynamics and finally the Lagrangian for the electroweak
force. An overview of the Higgs mechanism and spontaneous symmetry breaking is pro-
vided, resulting in the full formalism of the Standard Model. Shortfalls in the Standard
Model and unanswered questions, such as the Higgs hierarchy problem and the nature
of dark matter, are discussed, before introducing supersymmetry as a possible solution

to these questions.

2.1 Fundamental Particles

The Standard Model (SM) is a theory of interactions between the fermionic particles and
three of the four fundamental forces: electromagnetism (EM); the strong force; and the
weak force. The SM also implies the existence of the Higgs boson which is required to
generate the masses of the weak vector bosons. An overview of the particles as described
by the SM is presented in Table 2.1.

The forces present in the SM arise due to symmetries relating the quantum numbers of
particles and the conservation of these quantum numbers dictated by Noether’s theorem.
For example, the discovery of baryons composed of three of the same type of fermion (for
example the AT baryon consisting of three up-type quarks) requires the introduction
of a new quantum number (referred to as colour), in order for the state to satisfy the
Pauli exclusion principle. The introduction of the colour charge implied a symmetry,

leading to the description of strong force.
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Fermions
Generation Name Label | Spin | Charge [e] Mass
Up-quark u 1/2 +2/3 2.2MeV
Down-quark d 1/2 -1/3 4.7MeV
! Electron e 1/2 -1 0.511 MeV
Electron-neutrino Ve 1/2 0 < 2eV
Charm-quark c 1/2 +2/3 1.27 GeV
Strange-quark s 1/2 -1/3 96 MeV
" Muon U 1/2 -1 105 MeV
Muon neutrino vy 1/2 0 < 2eV
Top-quark t 1/2 +2/3 174.2 GeV
Bottom-quark b 1/2 -1/3 4.18 GeV
IH Tau T 1/2 -1 1.78 GeV
Tau-neutrino Vr 1/2 0 < 2eV
Bosons
Force Name Label | Spin | Charge [e] Mass
Electromagnetic | Photon vy 1 0 0
strong Gluon g 1 0 0
weak W-boson W 1 +1 80.4GeV
weak Z-boson Z° 1 0 91.2GeV
- Higgs Boson h 0 0 125.1 GeV

TABLE 2.1: An overview of the particles described by the SM. Particle masses taken
from [5].

Fermions are the constituents of matter, and have intrinsic spin, s, of 1/2. Everyday
matter such as protons, neutrons and atomic nuclei are composed of the lightest fermions,
referred to as the first generation fermions. The heavier fermions of the second and third
generations are produced predominantly in high energy particle collisions. Fermions can
be further categorised into particles that can interact via the strong force, known as
quarks, and particles that do not interact via the strong force, known as leptons.

The quarks themselves can be categorised into up-type quarks (u, ¢, t) which have
electromagnetic charge +2/3, and down-type quarks (d, s, b) which have charge —1/3.
Quarks also carry the colour charge and exist in a colour triplet, enabling interactions via
the strong force. The left-handed up- and down-type quarks can interact via the weak
force, as they form part of a weak isospin doublet. All quarks, except the top-quark,

undergo hadronisation after a period of time resulting in baryons or mesons. As the
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top-quark is much more massive than the other quarks, with a lifetime 7, ~ 0.5 x 10%*s,
it decays via the weak force before it can hadronise.

Similarly to the up- and down-type quarks, the left-handed leptons also form isospin
doublets under the weak force. The charged leptons (e, u, 7) have electromagnetic

charge —1, whereas the neutrinos (ve, v, v,,) are chargeless.

The vector bosons (v, g, W, 79 are force mediators and have intrinsic spin of 1. In
the SM, the vector bosons are exchange particles, for example two particles interacting
via the electromagnetic force will exchange a photon. The concept of gauge invariance
suggests that all force mediators should be massless, as is the case for the photon and
gluon. This is not the case for the W and Z bosons which have mass, but are not
allowed to have Dirac mass terms in the Lagrangian. The Higgs mechanism is required
to generate the W and Z masses. The Higgs boson is the only known fundamental
scalar (s = 0) and unlike the other bosons in the SM, the Higgs boson is not associated
directly with one of the fundamental forces. Instead, the Higgs is an excitation of the
Higgs field. The Higgs field permeates through the universe and interacts (via the Higgs
boson) with particles to provide mass to the massive particles, allowing the W and Z
bosons to have mass terms and also obey gauge invariance.

As alluded to above, the main guiding principle in the construction of the SM is
the concept of gauge invariance. The interactions described by the SM arise due to
the requirement that the forces are locally gauge invariant. Local gauge invariance
implies that the interactions are invariant under local gauge transformations. The SM
is built by applying local gauge invariance to the three forces, and in doing so the
interactions between the fermions and the bosons arise naturally. The SM can be written
in shorthand as SU(3)c x SU(2), x U(1)y, with each component corresponding to the
symmetry group which generates the interactions (eg SU(3)c corresponding to colour,
SU(2)L, corresponding to weak-isospin and U(1)y corresponding to the hypercharge).

The derivations of quantum electrodynamics (QED), quantum chromodynamics (QCD)
and electroweak (EW) unification closely follow Ref. [6]. As an initial step in building
the SM Lagrangian it is intuitive to begin with the simplest interactions described by

the SM: QED.
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2.2 Quantum Electrodynamics

The Lagrangian for QED can be formed by starting with the Dirac Lagrangian and
applying local gauge invariance. It is easily recognised that under a global phase trans-
formation (a) of the wavefunction, 1, of the form ¥(x) — 9'(x) = ey (z), Equation

2.1, which contains the Dirac mass term m, is invariant.

EDirac = ’MZJ’Y‘U‘8M¢ - qu}d} (21)

However under a local phase transformation of the form v (z) — ¢/ (z) = €'*®)4)(z) this

is not the case, as can be seen in Equation 2.2.

ED’L"I‘QC — ‘chirac = iQZIVM‘?u?/}, - m@/wl
_ i@e—ia(x),yuau [eia(x)w] - m&e—ia(x)eia(x)w
o | | : (2.2)
= ipe” Oy (D0, + i DY a(x)]) — miy
= Wy Outp — mPyp + Yy, la(x)).
In order to construct a locally gauge invariant Dirac Lagrangian, the derivative of the
wavefunction must transform in the same manner as the wavefunction itself, D, (z) —

D' (z) = @) D ,p(x). To do this, the covariant derivative D,, is defined as:

D, = 8, + icA,,. (2.3)

The gauge field (A,) is introduced, which transforms as:

1
Ay — A=A, - gﬁua(x). (2.4)

The Dirac Lagrangian can then be rewritten with the covariant derivative, which in-
troduces the A, term into the Lagrangian, corresponding to the photon, or in a more

generic case, the mediator of the force. The associated kinetic energy term is given by:

Foo = ie([0,A)) — [0,A,]). (2.5)

By introducing the covariant derivative into the Lagrangian, it can be shown that the

Lagrangian is now invariant under local gauge transformation:
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Lirac — Lipirae = /7Dl — miyf
= il/;efm(m)'y“(au +ieA, — if)ﬂa(ac))[em(m)i/}] — mape @) i)y,
= iq/je_ia(z)’y“(em(x)auw + ieAMem(z)d)
— i@y, a(x)] + i@ ya, [a(x)]) — miy
= Wy Dytp — maip.
(2.6)
A complete Lagrangian for QED can now be obtained by adding in the kinetic energy

1 .
term — g Fy, B

ﬁEM = _%FMVFMV + “Z}lpf‘/} - mr(/}(/} (27)

It is seen that by forcing the Lagrangian to be locally gauge invariant and hence in-
troducing the covariant derivative, interactions between the force (A,) and the matter
fields () arise naturally.

It is at this stage that it is useful to investigate a scenario where a Dirac mass term is
introduced into the Lagrangian for the mediator. For brevity, only the transformation of
the Dirac mass term is considered, as the invariance of the terms in the above Lagrangian

has already been demonstrated:

L =m?A, A"
L— L =m?A, A"
1 1 (2.8)
= m* (A, ~ S Oua(2))(A" = —0%a(z))
#m2A, A",

It is seen that the introduction of a direct Dirac mass term into the Lagrangian is not
locally gauge invariant. Another important aspect characterising the QED Lagrangian,
is the commutation relation between the covariant derivatives taken at two different

gauges:

(D, D)) = (0, +ieA,) (0, +ieA,) — (0, +ieA,) (0, + ieA,)
= [0y, 0y) +ie([Oy, Au] — [0n, ALl) (2.9)

=iely,.
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Due to the abelian nature of QED, it can be seen that the commutator reduces to the
classical EM result.
2.3 Quantum Chromodynamics

The Lagrangian for quantum chromodynamics (QCD) can be built in a similar man-
ner to the QED Lagrangian, using the concept of gauge invariance. However further

experimentally verified considerations must also be taken into account:

e quarks are the constituents of hadrons;

quarks are fermions which can interact via the colour charge;

the colour charge obeys an SU(3) symmetry;

the colour interaction is mediated by the gluon, which does not interact via any

other force.

Requiring the colour charge to obey an SU(3) symmetry suggests that a QCD La-
grangian can be constructed based upon non-Abelian SU(3) Yang-Mills theory [7]. This
requires that the fermion wavefunctions (Dirac spinors) are written as 3-vectors consist-

ing of the three colours vy:

(e
77ij = 1/19 ) wff = (1/_}7”’ @Z_Jg’q/_)b)' (210)
(0

Following from the above, a QCD Lagrangian can be constructed of the form:

1 —f,.
Lqcp = —ZFﬁVFA“W + E %f(llpij - mf(sij)%f' (2.11)
f

The QCD Lagrangian is summed over the quark flavours (f) and the colour charges (a).
The covariant derivative and field strength tensor for QCD are also slightly different
with respect to QED:

D% = 0"05 + igsti; Al (2.12)

ng = 8MA3 - 8VAZ - gsfabcAZA,cj- (2.13)
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The gauge coupling (gs) term present in both Equations 2.12 and 2.13 is similar to the
charge in QED and regulates the strength of the interaction. The covariant derivative
contains the three colour matrices (tf;) which are the generators of the SU(3) group.
The definition of the field tensor contains terms proportional to the coupling, which
correspond to a self-interaction between the mediators of the field. Further to this, these
terms contain the structure constants of the SU(3) algebra (fup.), which are defined via

the commutation relations:

[taa tb] = i fabcte- (2.14)

A very important property of QCD is that the gauge coupling, is dependent upon the

momentum transfer of a process (Q?):

93(@2) = PRIWIZRS (2~15)

known as a running coupling (as = g2/4), this relationship is shown in Equation 2.15.
This leads to two important physical observations, asymptotic freedom and confinement.

In the asymptotic limit at high energies (Q? — 00), it can be seen from Equation
2.15 and Figure 2.1 that the strong coupling tends to 0. It is in this regime that QCD
calculations are performed as quarks and gluons can be treated as quasi-free particles.
The range where the assumption that quarks and gluons are free is known as perturbative
QCD (pQCD). For physics at the LHC, ag is evaluated at the characteristic scale of
the interaction being considered, for example, for Z° boson production «g is evaluated
at the Z-mass with a value of 0.118. Contrastingly, at low energies (Q> — A(QQCD)
the strong coupling tends to infinity. Aqcp is known as the hadronisation scale and is
usually taken to be around the pion mass (/200 MeV). A consequence of this behaviour
is that only colourless states are observed in nature, as at low energies coloured states
hadronise. The physical representation of this is that bare quarks and gluons are not
observed directly in particle detectors. Instead they are observed as a flow of hadrons,

known as a jet.
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FIGURE 2.1: Theoretical expectation and experimental measurements of the strong
coupling constant (ay) as a function of the momentum transfer of a process (Q2).
Taken from [5].

The modelling of proton-proton collisions requires additional information due to the
energy dependence of the strong coupling and the substructure of the proton. Aspects

involved in the modelling of proton-proton collisions are discussed in Section 4.

2.4 Electroweak Unification

The weak force can be constructed in a similar manner to QCD, via a non-Abelian Yang-
Mills SU(2) theory, modelling the interactions between the left-handed fermions. The
electromagnetic and weak interactions are themselves manifestations of the Electroweak
(EW) force. When unifying the electromagnetic and weak forces into a single interaction
described by a Yang-Mills theory [8, 9, 10], the symmetry group is SU(2)r, x U(1)y,
corresponding to the SU(2)y, group of the weak force and the U(1)y group which is similar
to electromagnetism, however now the force acts upon the hypercharge (Y = 2(Q —T3),
where T3 is the third component of weak isospin), with the coupling gy. As such, the
mediator of this force is no longer the photon, and instead the mediator is represented

by B,,. The EW Lagrangian can be written in the form:

1

1 .
— 22

B B" + (il — m)y. (2.16)
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It differs from the EM Lagrangian as there are now multiple field terms: wa which
corresponds to SU(2)z,, the group of the weak isospin interaction interacting with only
the left-handed fermions; and B,,,, the field corresponding to the U(1) hypercharge. The

corresponding covariant derivative and kinetic terms are:

i - Y
D,=0,+ %?.WH + zgygB”, (2.17)
W;V ='W, — "W, — gweiﬂfwgwj. (2.18)

The By, term is of the same form as F),, in Equation 2.9. The field tensor term for
the weak force follows a similar structure to that of QCD, requiring the summation over
the three SU(2) gauge fields and also includes a self-interaction term proportional to the
coupling (gw). The self-interaction term again arises due to the non-Abelian nature of
the SU(2) group, and this term also contains the structure constants of the group (e“%).
The covariant derivative is also similar to QCD, containing the three generators of the
group (7).

An important aspect to note is that the weak components of the Lagrangian act only
on the left-handed isospin doublets (Equation 2.19) of the Standard Model, whereas
the hypercharge components act on both the left- and right-handed components. The

right-handed components are singlets under the SU(2)z, symmetry:

6; MZ TL_ dL ST, bL

QbLef‘c = > s ) 5 ) (219)
I/E I/f Vz uy, cy, tr,

YRight = €Rs R, TR, AR, UR, SR, CR, DR, LR. (2.20)

The direct inclusion of a Dirac mass term for the B, and WS’1’2 fields is irreconcilable
with local gauge invariance. However, the physically observed photon and weak vector
bosons are the mass eigenstates of the W), and B, fields. It is this incompatibility which
requires the introduction of another method to produce massive gauge bosons, known
as the Higgs mechanism.

Before introducing the Higgs mechanism, it is possible to foreshadow the relationships
between the mediator states used in the Lagrangian, and the physical states, shown in
Equation 2.21. The photon and Z-boson are related to the WS and B, states by the

weak mixing angle (fy):
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+ _ 1 12
W = 1/V2(W) £iW}),
v = Wj’ sin Oy + By, cos Oy, (2.21)
70 = Wi’ cos Oy + B, sin Oy

The W-bosons are charged (Q = +1) and the Z° and « are neutral.

2.5 The Higgs Mechanism

Local gauge invariance was integral in the construction of the Lagrangians that have
been considered in earlier sections. It can be shown that by adding a Dirac mass term
to either the QCD or EW Lagrangians the princple of local gauge invariance is broken.
For QED and QCD this is not a problem, as the respective vector bosons for these
forces are massless. However, for the massive electroweak bosons this poses a problem.
As the concept of local gauge invariance is well founded, with the experimentally verified
predictions of QED and QCD, it is desirable to propose an alternative mechanism to
generate the W+ and Z° masses conserving the principle of local gauge invariance. The
Higgs mechanism [11, 12, 13] was originally formulated in 1964 and is explained in the

following.

2.5.1 Spontaneous Symmetry Breaking

Consider a Klein-Gordon Lagrangian for a scalar field with a modified mass term, p,

and a field self-interaction term \:

1 1 1
Lo = 50u00" + 51*¢" — N6, (2.22)

When compared to the unmodified Klein-Gordon Lagrangian, it is seen that this mod-
ified Lagrangian has an unphysical (complex) mass term. Comparing Equation 2.22 to
a generic Lagrangian of the form £ =7 — U, T corresponds to the kinetic energy term

(19,0"), and the potential term (U) can be written as:

Up) = —%#%2 - %A%A‘, (2.23)

which can be graphically represented as shown in Figure 2.2.
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FIGURE 2.2: Graphical representation of the Higgs potential.
Taken from [14].

The ground state of this potential is then found by expanding around the minima.
Considering a one-dimensional case there are three possible values where g% =0: ¢ =
0; and ¢ = i%. By inspection of this potential it can be seen that ¢ = 0 corresponds to
a maxima, whilst ¢ = £ correspond to two minima. It is now possible to rewrite the

Lagrangian for this field in terms of a new variable 7:

n=¢+hE (2.24)
A
The rewritten Lagrangian takes the form:

)\2,,74 :U’4
e (2.25)

1 1
Ly = 50umd"n + §u2772 + pAn® —

The Lagrangian now contains a mass term (% ©?n?) with the correct sign, corresponding
to a field with a boson of mass m = y/2u. The higher order terms in 7 are the field
self-coupling terms corresponding to triple and quartic couplings.

Upon comparing Equation 2.25 to Equation 2.22, the rewritten Lagrangian is no
longer invariant under the transformation n — —n. The symmetry of the Lagrangian
has been broken by the act of chosing to work with one of the ground (or vacuum) states.

This is known as spontaneous symmetry breaking.

2.5.2 Spontaneous Symmetry Breaking of the SU(2) group

Extending the scalar singlet in the previous example to a complex scalar SU(2) doublet,
will lead to the spontaneous symmetry breaking of the SU(2) group, and eventually a
method for the generation of the W and Z boson masses. The required form of the

complex scalar doublet is:
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o= Pa| _ [P1tid2 ’ (2.26)
®b ¢3 + 1

leading to a Lagrangian for this field of the form:

Li = 50,001 (0"0) + Lu2(616) — X610 (227

Requiring the above Lagrangian to be invariant under local SU(2) transformations im-
plies the introduction of the covariant derivative and field terms defined in Equations

2.17 and 2.18 respectively. The Lagrangian now becomes:

1 igw

- Y ’ v r
L= 5[(8“ + TT.WH + ingBu)ﬁb]T[(au + ZQTW?'WM + Z‘gnyu)gb]

1

1 1 1 (2.28)
+ 5 (@10) = TN (10)" = W W — 2By B

Using the same approach introduced in the previous section, it is found that the potential
is minimised when ¢f¢ = —p? /A2 A gauge is chosen, such that ¢; = ¢g = ¢4 = 0, with
¢3 = —p? /A% = v%, where v is known as the vacuum expectation value (VEV). For this

particular gauge, when expanded around the minima, Equation 2.26 becomes:

0 0
b0 = = : (2.29)
v v+ h(x)

By substituting the above minimised field term into Equation 2.28 and expanding the
terms in a similar manner to Equation 2.25, it is found that the equation contains a

mass term for the ¢—field, corresponding to a scalar boson with mj;, = v2v2.

2.5.3 The origin of the W & Z Boson masses

With the Lagrangian described in Equation 2.28, it is now possible to “give” mass to
the W and Z bosons, by taking the covariant derivative terms:
1 gw

LY igw . -, . Y
5[0+ EEW, +igy 5 Balt (0" + %T.Wﬂ +igy 5 B")¢). (2.30)

Expanding the above equation by performing the summation over the SU(2) generators,
introducing the ground-state Higgs field, and defining h.c, as the Hermitian conjugate

leads to:
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1 W3+ gyB Wl —iw? 0
S owWi v B gw(W, =iW,) the. (2.31)
gw(Wl} + ZW;%) —waE + g9y By v

The physical W+ are then defined as a linear superposition of the Wy and W5 fields of
the forms: WHi = %(Wl} + zWﬁ) Expanding the above expression and including the

Hermitian conjugate terms, yields:

1 _ v?

ZUQQ\QN(W,]LW“ )+ g(gYBu — gwW3)(gy B* + gwW*"?). (2.32)
The first term in this expression is identified as the mass term for the W¥ fields, corre-
sponding to myw = %ng. The final term in the expression concerns the Z° boson and

photon and can be rewritten in matrix form as:

v? 9 —gvgw\ [WH?

5 (Wj BH) (2.33)

—gvgw 9% B

This 2 x 2 matrix can then be diagonalised to give the massless photon state (A,) and

the physical Z—boson state (Z°), with mass given by:

v
mz = 5\ 9% + - (2-34)

Due to the dependence of my on the weak-coupling, it is possible to write a relationship
between the W and Z boson masses. Equation 2.21, previously introduced the weak
mixing angle, also known as the Glashow-Weinberg angle, 6y, which can be defined as
either sin(6w) = gy/y/ 9% + 9% or mw = my cos(fw).

This relationship acts as a powerful theoretical prediction of the SU(2)r,x U(1)y
theory, as contained within is the unification of the electromagnetic and weak forces and

the spontaneous symmetry breaking provided by the Higgs mechanism.

2.5.4 The origin of the Fermion Masses

An additional attribute of the Higgs field is that it also gives rise to the fermion masses
in a simple manner, by introducing Yukawa mass terms into the Lagrangian. The terms

can be written of the kind:

grPLOYR, (2.35)
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Where gf is the Yukawa coupling between the fermion and the Higgs field, and the
1 terms correspond to the wavefunction of the fermion. After spontaneous symmetry

breaking, in the ground state of the Higgs potential, this becomes:

gf%l/?chﬁwR, (2.36)

resulting in a mass term for the fermion:

_9v
ek

The Yukawa couplings, and hence the fermion masses, are not predicted in the SM and

(2.37)

mp

must be experimentally measured.

2.6 The Standard Model

A compact formalism of the SM Lagrangian is shown in Equation 2.38. Contained within
the equation are the kinetic terms of the three fundamental forces (SU(3)cx SU(2)r x
U(1)y), the interactions between the fermions and the forces (contained within the
coveriant derivative term), the Yukawa terms related to the fermion masses, and the

Higgs kinetic and field terms.

Lsy = —%FWFW

+ i Iy + h.c (2.38)

+ Yiyijbio + | Dudl® — V().
The predictions from the above Lagrangian are experimentally verified to an incredible
degree by many experiments and across a wide range of energy scales. Figure 2.3 shows
the cross section predictions for a variety of SM processes as measured by the ATLAS
experiment. The cross sections are related to the probability of a given process occuring,
and are further discussed in Chapter 4.1.1. The grey boxes are the theoretically predicted
cross sections at the relevant energy scale for the processes under consideration and the
coloured boxes are the experimentally measured values for the cross section. As seen
in the plot there is remarkable consistency between the theoretical predictions and the

experimentally measured values.
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Standard Model Production Cross Section Measurements

Status: August 2016
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FIGURE 2.3: An overview of the cross section predictions taken from the SM (in grey)
compared to the experimentally measured values at /s = 7,8,13 TeV (blue, orange
and purple respectively).

Taken from [15]

~
~

With the discovery of the Higgs Boson in 2012 [16, 17, 18, 19], with mass my,
125 GeV the final piece of the SM was confirmed, validating the theory of electroweak

symmetry breaking and the concept of gauge invariance.

2.6.1 Open questions

Even with the discovery of the Higgs boson many questions remain unanswered. In
fact, the very discovery of the Higgs boson causes a new problem to arise, known as the
hierarchy problem [20, 21, 22, 23].

An intuitive way to consider the hierarchy problem is to postulate that there is no
new physics between the current electroweak scale (taken to be the Higgs mass) and
the Planck scale (where gravity is equally as strong as the other forces) mpjgner ~
10' GeV. Assuming that there exists a fundamental theory which unifies the SM and
gravity, then the ratio of the EW symmetry breaking scale and Planck scale is very small
(mn /M pranck =~ 10717) which seems unnatural.

A more mathematically rigorous way of evaluating this is to consider quantum loop

corrections to the Higgs mass known as the technical hierarchy problem. Particles that
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gain mass by the Higgs mechanism are involved in quantum loop corrections to the
physical Higgs mass. Equation 2.39 considers the first order correction to the Higgs

mass from a fermion (f).

2
g
Am3 = —8—7:2(A%V+) — 6m3In(Auy /my) + .. (2.39)

To regulate the loop integral an energy scale cut-off is introduced (Ayy) which is the
energy scale at which new physics would be present. If, in this scenario the scale at
which new physics is introduced is the Planck scale (A = mpjanck) and the correction to
the Higgs mass is calculated for the top-quark, then the magnitude of the correction is
of the order 30 times larger than the known value of Amj, ~ 90 GeV. This discrepancy
between the measured value and the theoretically predicted value is one hint that new

physics must exist somewhere between the electroweak and Planck scales.

Astronomical observations also provide hints of new physics beyond the Standard Model
(BSM). Measurement of galactic rotation curves represent the orbital velocities of stars
in galaxies and the distance of the star from the galactic centre. When comparing the
rotation curve expected due to the luminous matter present in the galaxy, with the
observed rotational curve, there is a discrepancy which implies additional, non-luminous
matter present in these galaxies [24]. This extra matter, known as Dark Matter (DM)

due to the fact it does not interact with light, remains unexplained in the SM.

The theoretical predictions of the SM are generally in very good agreement with a
wide range of experimentally measured values however, some discrepancies are known.
Another hint of BSM physics is related to the anomalous magnetic moment of the muon.
The Dirac equation predicts a magnetic moment of the muon g, = 2 at tree level. When
taking into account higher order corrections from SM particles, the magnetic moment
of the muon is expected to increase slightly. The contribution to the magnetic moment
from the higher order corrections is known as the anomalous magnetic moment, and is

defined as:

a, = 21—~ (2.40)

Using Equation 2.41, the magnetic moment of the muon can be determined experi-
mentally to a very high precision by measuring the precession frequency of muons in a

magnetic field, such as when in a storage ring.
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Previous experiments have measured a discrepancy between the theoretical value of a,,
and the experimental value, measured to be ~ 3.4 —3.60 [25]. A further measurement of
the anomalous magnetic moment of the muon is planned in 2018 with the g-2 experiment
in Fermilab [26]. If the discrepancy between the experimental value and the theoretical

value persists, it could suggest extra non-SM particles involved in the loop corrections.

A final unresolved question arises when considering the possibility of developing a grand-
unified theory (GUT). When creating a GUT it is supposed that the three forces cur-
rently explained by the SM are representations of a single force. If this is the case, then
the running couplings related to the forces in the SM should all converge at a certain
energy. If the couplings as currently described by the SM are extrapolated to higher
energies then it is seen that the three forces do not converge at the same point. To
correct this, BSM physics can contribute to the running of the couplings, allowing the

forces to converge at the same point.

2.7 Supersymmetry

There are many possible ways to propose BSM physics. For example, a simple method
to provide a candidate for DM and its interactions would be to insert new terms into
the SM Lagrangian that directly satisfy the postulated DM interactions. An example of
this is discussed in Section 2.8.

Another method to generate BSM physics is to continue with the previous theme of
symmetries, as the concept of symmetry was an integral component in the creation of the
SM. The concept of supersymmetry (SUSY) [27, 28, 29, 30, 31, 32, 33, 34] introduces an
internal symmetry between bosons and fermions, such that a fermionic state can change
to a bosonic state, and vice versa. The following derivations closely follow Ref. [35].

Introducing a symmetry of this form is not arbitrary, as the Coleman-Mandula the-
orem [36] states thats that there is no non-trivial way to extend the Poincaré algebra
(generators of Lorentz boosts and rotations) when considering three space-like and one
time-like dimension, and maintain non-zero scattering amplitudes. The theorem postu-
lates that the only non-trivial mix of Poincaré and internal symmetries is the product

of the two (Poincaré x Internal). Thankfully there is a loophole in the theorem, due to
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the axiom that the internal symmetries considered were bosonic in their nature. When
considering a fermionic operator (the type of operator that would be required to change
a boson into a fermion), the Coleman-Mandula theorem no longer prevents the inclusion
of this symmetry. As such, it is possible to introduce an operator (@) to transform

between fermionic and bosonic states:

Q|¢Boson> X |¢Fermion> Q|'¢Fermion> 0.8 |'¢Boson> (242)

This new symmetry introduces a group orthogonal to the SM, leading to a representation
of the form SU(3)cx SU(2)r,x U(1)y x SUSY. The orthogonality of this group implies
that the SM quantum numbers of a particle will not change when that particle undergoes
a SUSY transformation. This increases the number of degrees of freedom in the theory
and doubles the number of particles. The consequences of this are two-fold, the first
being that for each particle in the SM there exists a supersymmetric version of the
particle, known as a superpartner. The superpartners have identical mass and quantum
numbers, but differ by half a unit of spin. The second consequence is that the SM
particles and their superpartners can be placed in supermultiplets. There are two types
of supermultiplet, chiral multiplets, and gauge multiplets.

The SM fermions are one component of a chiral multiplet, with the other component
being their scalar superpartner. The naming convention of the supersymmetric particles
present in the chiral multiplets is to introduce the pre-fix “s” for scalar, and example of
this is the stop which is the superpartner of the top quark. The SM vector bosons are
one component of the gauge multiplets, with the other component being the relevent
spin—% superpartner. The convention for the super partners in this case is that “ino”
is appended to the end of the boson name, for example the superpartner of the gluon,
becomes the gluino.

The final particle that remains to be placed in a supermultiplet is the Higgs boson.
In the SM there exists one Higgs doublet. The doublet couples with the up-type quarks
and its charge conjugate couples with the down-type quarks. When introducing the
superpotential, this is no longer allowed due to charge conservation requirements.

Instead an extended Higgs sector is required as a prelude to SUSY, which requires two
doublets. One doublet (H,) gives masses to the up-type quarks, and the other doublet
(Hg) gives masses to the down-type quarks. These two doublets introduce four gauge

eigenstates: HY, HY, H and H, which mix to form the mass eigenstates: h%, H?, A°
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and H*. In this scenario the lighest CP even mass eigenstate (h°) is the SM Higgs boson
and the other mass eigenstates are decoupled at high masses. It is the gauge eigenstates
introduced by the extended Higgs sector that are placed into multiplets with their SUSY
counterpart. Continuing the previously defined nomenclature, the superpartners of the

Higgs bosons are referred to as Higgsinos.

Names Symbol spin 0 spin % SU(3)ex SU(2)x U(1l)y

squarks, quarks Q (uz, d~L) (ur, dr.) (3, 2, %)
(3 families) u (T ul (3,1, -2)

| | g 5.1, 0)

sleptons, leptons L (7, €1) (v, er) (1,2, -3)
(3 families) e & el (1,1, 1)
Higgsinos, Higgs H, (HF, H) (hﬂf, HY) (1,2, +3)
Hy | (H}. Hy) | (HY, Hy) (1,2 -3)

TABLE 2.2: An overview of the chiral supermultiplet groupings required by Supersym-
metry. The table presents the eigenstates under the SUSY transformation, which do
not correspond to the mass eigenstates, which are described in Table 2.4.

Names spin spin 1 | SU3)ex SU(2)Lx U(L)y
gluino, gluon g g (8,1,0)
winos, W-bosons | W+ W° | wEw?° (1,3,0)
bino, B-boson B° B° (1,1,0)

TABLE 2.3: An overview of the gauge supermultiplet groupings required by Super-

symmetry. As in the previous table, this table shows the eigenstates under the SUSY

transformation, which do not correspond to the mass eigenstates, which are described
in Table 2.4

Tables 2.2 and 2.3 give an overview of the supermultiplet groupings of particles and

sparticles required in the minimal supersymmetric standard model (MSSM).

2.7.1 Mass Eigenstate Mixing

An aspect of SUSY as it would present itself in nature is the difference between the
gauge eigenstates of the theory and the mass eigenstates. The superpartners that are
represented in the chiral and gauge multiplets of Tables 2.2 and 2.3 are not necessarily

the physical mass eigenstates.
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Table 2.4 contains the gauge and mass eigenstates of SUSY and the extended Higgs
sector. There is mixing between the neutral electroweak gaugino and higgsino eigen-
states to produce four neutral particles, referred to as “neutralinos” ()2?727374). Mixing
also occurs between the charged electroweak and Higgsino eigenstates to produce two
“chargino” states ()ZfQ). Mixing is also present in the squark sector, the amount of
which is related to the masses of the relevant SM particles, and as such is only signif-
icant for the top and bottom squarks and the tau sleptons. The gauge eigenstates of
the stop are denoted by 7, and tg. The left and right terms here do not refer to the
“handedness” of the particle, but instead refer to the handedness of its SM partner. The
gauge eigenstates of the stop mix to form two mass eigenstates (1, %), with the #; the
lighter state. As the superpartner of the left-handed bottom quark (EL) is placed in a
doublet with the 77, similar mixing occurs between the sbottom gauge eigenstates, to
produce two mass eigenstates (131, 52); and the stau gauge eigenstates, producing again

two mass eigenstates (71, 72).

Names Spin | Rp | Gauge Eigenstates | Mass Eigenstates
Higgs Bosons | 0 +1 | HY HY, HI H; ho, HC, A° H*
ﬁL,ﬁR,CZL,JR same
squarks 0 -1 S5.,8Rr,CL,CR same
tr,tr,br,br t1,12,b1,bo
€L,ER, Ve same
sleptons 0 -1 AL, AR, Uy same
TL, TR, Ur T1, T2, Ur
neutralinos % -1 BO,WO,ﬁS,flg %3, %3, %9, %3
charginos % -1 Wi, I:I{f, I;I; )Ndi, )@t
gluino % -1 g same

TABLE 2.4: An overview of the gauge and mass eigenstates of the SUSY particles and

2.7.2 Unification

the extended Higgs sector.

A beneficial aspect of SUSY is that it leads naturally to the unification of the strong
and electroweak forces. The evolution of the couplings in the SM are shown in Figure
2.4. It can be seen that the evolution of the couplings as a function of energy does
not converge (dashed line), which contradicts the prediction that there is a GUT scale

where the forces unify. The addition of sparticles results in extra contributions to the
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renormalisation of the couplings. These extra contributions change the evolution of the

couplings such that at very high energies the couplings converge (solid line), suggesting

the unification of the forces.
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FIGURE 2.4: Evolution of the couplings in the SM (dashed) and SUSY (solid,

various sparticle mass assumptions).
Taken from [35].

2.7.3 SUSY Breaking

with

The masses of the superpartners are known not to be the same as the SM particles at

the energy scales currently investigated. For example, no particles have been observed

consistent with a spin 0 electron at the mass 511keV. This implies that SUSY must be

a broken symmetry at the electroweak scale.

The concept of symmetry breaking has been previously discussed with regards to the

Higgs Lagrangian. A similar method can also be applied to the SUSY Lagrangian to

break the symmetry. Assuming that the super potential is symmetric about the origin,

but is no longer symmetric (a non-zero vacuum expectation value) when in the ground

state, results in different masses for the individual components of the supermultiplets.

In order to maintain the beneficial aspects of the theory, whilst breaking the symmetry,

the SUSY Lagrangian must be written in the form:
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L= Lsusy + Lsoft (2.43)

The Lsysy term contains all of the gauge and Yukawa couplings, while the L,,f; term
contains only positive mass/gauge parameters, as a consequence of requiring the energy

of the ground state to be positive.

2.7.4 Solution to the Hierarchy Problem

The introduction of a boson (fermion) of equal quantum numbers and mass to each
SM fermion (boson) can now be used in order to solve the hierarchy problem discussed
in Section 2.6.1. When assessing the quantum corrections to the Higgs mass from the
introduction of SUSY, the contributions from the superpartners must be taken into
account. Equation 2.39 displays the correction to the Higgs mass due to the coupling
between a fermion (g¢) and the Higgs. However the contribution from the superpartner
(a scalar in this case) also enters via loop corrections. The correction due to the coupling

of a scalar particle to the Higgs is seen in Equation 2.44.

Am,% = %(A%V —2m2In(Ayv/ms) + ...) (2.44)

There is a sign difference between the fermion correction and the bosonic correction,
implying that the introduction of the superpartner can cancel the contribution of the
SM particles. More explicitly, Equation 2.45 demonstrates that with the assumption

that the mass of the fermions and bosons are the same (the couplings are related as

gj% = —gs) then the contributions will cancel perfectly, leaving only the bare Higgs mass.
)\2
Amjy = 5 [(m§ — m3) In(Avy /ms) + 3m In(m/my)] (2.45)

The requirement that SUSY must be a broken symmetry in the form of Equation 2.43,
allows for the cancellation described above to still occur, assuming the mass scale of the
breaking provides contributions to the Higgs mass, as in Equation 2.46. The mass of
the “soft” breaking term cannot be too large, in order to solve the hierarchy problem
without resorting to fine tuning of the SUSY parameters.

2

i In(Auy/Masoft) + -] (2.46)

Am% = mgoft[w?
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2.7.5 Naturalness

Breaking the SUSY potential results in the sparticles possessing different masses com-
pared to their SM counterparts, however there are no fixed requirements on what the
sparticle masses should be. The concept of naturalness [37] can be used as a guideline
to create a general SUSY mass hierachy. A possible way to envisage naturalness is via
the tree-level relation:

2

m
— D2 = |+ ik, (2.47)

where the m%u term is the Higgsino mass term and g is the higgino mass parameter.

Any sparticles which would contribute to the right hand side have values that are related
and can be set to preseve the observed scale of electroweak symmetry breaking.

This implies that the higgsinos must be light (as they are guided by the p parameter).
In addition the sparticles that contribute to loop corrections to the Higgsino mass,
such as the stop (via one loop corrections Am%), and also the gluinos (via two loop
corrections Am%), must be light. The contributions to the correction to the higgs mass
are illustrated below in Equation 2.48, showing that to first and second order the stop
and gluinos contribute to the higgs mass. In addition to a light stop, the sbottom mass is
also expected to be small as the top and bottom quarks reside in a weak isospin doublet

in the SM.

Am? o log(m;)
(2.48)
Am3 o log(1/mg)
The implications of naturalness suggest the third generation sparticles (the stop and
sbottom) and the gluinos have masses of around the TeV scale. The first and second

generation squarks are allowed to have a very high mass, and can be treated as decoupled

from the gluinos and third generation squarks.

2.7.6 R-Parity

Introducing a theory that increases the number of particles, and hence couplings, can
result in theoretical predictions that conflict with experimental observations. A conse-
quence of SUSY is that a coupling is introduced that would lead to proton decay within
seconds, whereas experimental measurements have placed stringent limits on the proton

lifetime of > 2.3 x 10335 [38]. One way to satisfy the proton lifetime in the context of
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SUSY is to introduce a new quantum number, referred to as R-parity (R),), defined in
Equation 2.49, which must be conserved in all interactions. R-parity is calculated at a
vertex using the spin (s), baryon number (B) and lepton number (L) of the particles

entering and exiting the vertex.

Rp = (—1)%3B+L (2.49)

The introduction of R-parity disallows all lepton number violating terms in the SUSY
Lagrangian and thus prevents rapid proton decay. A consequence of R-parity conser-
vation for collider experiments is that SUSY particles must be produced in pairs. The
initial state of a pp collision is Rp = 1, and to conserve R-parity, two SUSY particles
must be produced to conserve R-parity. Subsequent decays of the sparticles produced
in the interaction must also maintain R-parity, such that the lightest supersymmetric
particle (LSP) must be stable. The LSP in R-parity conserving scenarios can be a can-
didate for Dark Matter. In the models considered in this Thesis the LSP is the lightest

neutralino .

2.7.7 Constraints on SUSY from previous measurements

Many direct searches for SUSY have been performed by a variety of experiments with no
significant signs of SUSY, limits were placed on parameters in the SUSY phase space. In
addition to this, limits can also be placed on SUSY models from precision measurements
and, for scenarios that provide a DM candidate, cosmological measurements. Due to
the wide variety of SUSY models available, with many differences between them, the
constraints in this section will be discussed in relation to the phemonenologcal Minimal
Supersymmetric Standard Model (pMSSM).

Unlike GUT theories, which attempt to evolve a set of minimal parameters down to
the EW scale, the pMSSM seeks to describe SUSY at the EW scale using a set of 19

experimentally or theoretically motivated parameters, described in Table 2.5 [39].
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Parameter Description
tan(f3) Ratio of the VEVs of the two Higgs
doublet fields, expected to lie

between 1 < tan 8 < my¢/my.

Ma Mass of the pseudoscalar Higgs boson (A)
m Higgsino/Higgs mass parameter
My, Ms, M3 Bino, wino and gluino mass parameters

Mg, Mag, Mg, , M, Meg First/second generation sfermion masses

Mg, Mgy, My, M, Mg Third generation sfermion masses

A, Ap, Ar Third generation trilinear couplings

TABLE 2.5: An overview of the parameters in the pMSSM. The range of expected
values for tan 3 is taken from [40].

2.7.7.1 Precision Measurements

The introduction of a set of new heavy particles would imply changes to the SM predicted
cross sections of many processes. Precision flavour physics, and the measurement of
the branching ratios (BR) of very rare loop processes can provide insight into possible
BSM physics, including SUSY. For example the branching ratio of the rare SM process
Bg — pp can be enhanced by the presence of SUSY particles in loop processes. Examples
of the extra loops that will contribute are shown in Figure 2.5. The measurement of
BR(Bs — pp) provides limits on the these possible BSM contributions [41] as the
measurement is found to be consistent with the SM expectation. However this is just
one possible decay that could be enhanced by SUSY particles and there are many SUSY
models that do not include enhancements in this channel.
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FIGURE 2.5: Examples of the SUSY contributions to BR(Bg — pu).
Taken from [42].
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2.7.7.2 Cosmological Constraints

With the assumption of R-parity conserving SUSY providing a candidate for DM, con-
straints on SUSY can also be provided by cosmological measurements. Whilst SUSY can
provide a DM candidate, this is not the only necessity in order to explain the abundance
of DM in the universe, as it must also explain the DM relic density. The DM relic density
is the amount of DM that remained after the universe expanded to a level where the
probability of DM annihilation becomes very low, measured to be 26% [43] by the Planck
collaboration. In order to satisfy the relic density provided by this measurement, as-
suming that DM arises from weakly interacting massive particles (WIMPs), constraints
can be placed on key pMSSM variables, such as the LSP mass. These constraints can
prevent the predicted DM mass in pMSSM models from being too large, however smaller

values of the LSP mass are acceptable if significant mixing occurs between the gauginos.

2.7.8 Collider Constraints

Searches for the direct production of R-parity conserving SUSY particles have been a
major component of the physics programmes of many particle colliders. Focusing on the
LHC-era, searches for direct sparticle production can be split into multiple categories
depending upon the sparticle that is being seached for. In this thesis the main focus is
on the direct pair production of the third generation squarks, the stop and sbottom.
When performing a search for third generation squarks, most analyses use simpli-
fied model scenarios. In these scenarios additional assumptions are made, such as the
branching ratio for the decay under consideration is 100%, and that no other sparticles
other than those which are under consideration are present. Whilst these scenarios are
not representative of how SUSY would present itself in nature, they are useful as a tool
to search in a generally model independent manner. Examples of two simplified models

that are searched for are shown in Figure 2.6.
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FIGURE 2.6: Representative diagrams of the simplified model scenarios considered
when performing searches.

Figure 2.7, shows the ATLAS limits on simplified model scenarios at the end of Run
1 for both stop and sbottom pair production, assuming a BR of 100% for the decay to
a top-/bottom-quark, (where the top-quark can also be offshell) and X9 [2].
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(a) ATLAS Limits on various stop decay scenarios. (b) ATLAS Limits on a simplified sbottom decay
scenario.

Ficure 2.7: ATLAS third generation squark exclusion limits at the end of Run 1.
Taken from [2].

2.8 Generic Dark Matter Models

The astrophysical observation of DM, previously introduced as a open question in the
SM, suggests that DM is non-baryonic. The abundance of DM has been measured by
the Planck collaboration and corresponds to 26% of the mass-energy content of the

universe [43], the nature of which we know very little about. One of the best motivated
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candidates for a DM is a weakly interacting massive particle (WIMP). If this is the case,
then it may be possible to produce DM directly at the LHC.

Different approaches can be used to investigate direct DM production. Effective Field
Theories (EFTs) can be used with the interactions described by contact operators in an
EFT framework [44, 45, 46]. The validity of these models requires the assumption that
the mass of the mediator between the SM and the dark sector is much larger than the
energy scale of the interaction. This is valid for direct and indirect dark matter searches,
as the energy of the interaction is much lower than the energy scale of the mediator, for
example in direct detection measurements the collision of DM with atomic nuclei which
is O(keV) [47].

If the interaction between the SM and the DM particles is at an energy similar to
the centre of mass energy of the collision, then EFTs are no longer valid, and simplified
models must be used where the mediator between the SM and DM is considered. When
producing a simplified model there are a variety of assumptions that must be made,
whilst also maintaining a UV complete theory. Primarily the assumptions are related
to the properties and interactions of the mediator. The mediator is taken to be either a
scalar (¢), or a pseudoscalar (a) where the associated scalar is decoupled. The simplified
model scenarios are considered to be the most appropriate method to model direct
DM production at the current LHC energies [48, 49]. Due to the assumptions made
when producing the simplified model scenarios it is non-trivial to compare the results
of a direct DM search and a collider DM search. To place results produced with the
simplified model scenarios on the same footing at the direct detection results requires
further assumptions to be placed on the simplified model scenarios. These additional
assumptions enable the model to be evolved down to the same scale as the interactions

expected in the direct detection experiments.
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-
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FIGURE 2.8: Feynman diagram for an example of simplified model DM production in
association with b—quarks, with either a scalar (¢) or pseudoscalar (a) mediator.
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A representative Feynman diagram of an example simplified model is shown in Figure
2.8. The couplings between the mediator and both, the fermionic sector, and the dark
sector are taken to be Yukawa-like. The simplified model scenario can be fully described
by four parameters: the DM-mediator coupling, g,; the fermion-mediator coupling, g ;
the mediator mass mg; and the DM mass m,. An additional assumpution of equal
couplings g, = gy = g can be made for simplicity. This scenario provides an agnostic
method to investigate DM production in a collider environment, whilst introducing as

few extra unknown parameters as possible.
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The ATLAS Detector

This chapter contains a brief introduction to the Large Hadron Collider (LHC), including
an overview of the accelerator stages required to inject a particle into the LHC. The
concept of luminosity is introduced. Finally, an indepth review of the ATLAS detector
systems is given, including a breakdown of the detector sub-systems, the trigger and

data acquisition (DAQ) systems.

3.1 The Large Hadron Collider

The LHC is a hadron-hadron synchrotron collider situated on the Franco-Swiss border
at CERN. The LHC has the capability to collide protons at centre of mass energies of
up to 14TeV. The Run 1 operational energies of 7 and 8 TeV were the highest energy
(proton) collisions ever performed; this was then increased to 13 TeV for Run 2. LHC
operations began in 2010 (at 7TeV) in the 26.6 km long LEP [50] tunnel at an average
depth of 100m, and the first collisions occurred in December 2009. The LHC is able
to perform both proton-proton collisions and collisions involving lead ions (proton-lead
or lead-lead). For the purposes of this thesis only proton-proton collision events are
considered.

The CERN accelerator chain is shown in Figure 3.1. Protons are first accelerated in
the pre-accelerator chain [51] before they are able to enter the LHC. At the beginning of
the complex, hydrogen atoms are ionised in order to produce protons. These protons are
injected into LINAC2 and accelerated up to 50 MeV using a series of Radio-Frequency
(RF) cavities. From LINAC2 the protons then enter the Booster where they reach an
energy of 1.4 GeV. After the Booster, the particles enter the Proton Synchrotron (PS)

33
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reaching an energy of 25 GeV. It is in the PS that the protons are formed into bunches,
thanks to the acceleration provided by RF cavities. After the PS, the protons enter
the Super Proton Synchrotron (SPS), which is the penultimate accelerator before the
protons enter the LHC. The SPS accelerates protons to an energy of 450 GeV, while
maintaining the bunch structure, and then injects the protons into the LHC.

Beams of protons are injected into the LHC ring in both clockwise and anti-clockwise
directions allowing for collisions at the four Interaction Points (IPs) corresponding to
the ATLAS, CMS, LHCb and ALICE experiments. Each beam is accelerated by 8 RF
cavities and follows a curved trajectory around the ring due to 1232 superconducting
dipole magnets which operate at a temperature of 1.9 K. Additional focusing magnets
(quadrupoles, sextupoles and higher orders) are also installed around the ring to provide
optical corrections to the beam.
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SPS

CN(/]?\

BITE Gran Sasso
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FIGURE 3.1: An overview of the CERN accelerator complex. Protons are accelerated
in stages, reaching a higher energy at each stage. The protons begin at the LINAC2,
and are accelerated in the Booster, PS and SPS before entering the LHC.
Taken from [52]



Chapter 3. The ATLAS Detector 35

3.2 Luminosity

In order to calculate the number of expected events for a given process both the cross-
section (o) and the integrated luminosity (L) must be known. The integrated luminosity
is a measure of the total number of collisions that occur over a period of time, which
is calculated as the integral, with respect to time, of the instantaneous luminosity (L£).

The number of expected events for a process (X) is then given by:

N Total Events(pp — X) = 0.(pp—)X)L = U(pp%X) /ﬁdt (31)
£ Nimofierr (3.2)
dre, B* '

The instantaneous luminosity is entirely dependent upon accelerator parameters,
[53], and for a proton-proton collider is given by Equation 3.2. In this equation Ny is
the number of protons per bunch, n; is the number of bunches per beam, fiey is the
revolution frequency, -, is the relativistic gamma factor, €, is the normalised transverse
beam emmision at the IP, 8* is the beta function describing the beam envelope at the
IP, and F is a geometric luminosity reduction factor caused by crossing angle between
the beams at the IP.

The calculation of the total luminosity is performed as a sum over a number of
“luminosity blocks”, which are the smallest time interval for which the instantaneous

luminosity is calculated [54].

NrB
L= Li-At. (3.3)

Each luminosity block corresponds to a time period of &~ 1 minute. Equation 3.3
presents the total integrated luminosity as the sum of the number of luminosity blocks

(NLB), the integrated luminosity calculated per block (£;) and the time-period for each
block (At;).

3.3 The ATLAS Detector

The ATLAS detector [55] is one of two 47 general purpose detectors (GPD) on the LHC
ring. Among the main physics goals of ATLAS are the discovery and measurement of the

Higgs boson, searches for BSM physics, and precision measurements of SM processes.
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With such a wide ranging physics programme, the detector must be capable of fufilling

a set of general requirements to adequately measure physics objects:

e Tracking detectors providing good charged particle momentum measurement en-
abling particle reconstruction. This also enables the identification of both b—jets

originating from b—quarks from the reconstruction of a secondary vertex.

e Electromagnetic (EM) and hadronic calorimeter systems for the measurement and
identification of electrons, photons and jets. These systems are also required to
accurately measure the total transverse energy in an event. The total transverse
energy is required to calculate the missing transverse momentum (EEFiSS) in the
x-y plane, as defined in Section 3.3.1, using momentum conservation, which is of

great importance to many BSM physics searches.

e A muon spectrometer system for muon identification and good momentum reso-

lution up to a very high transverse momentum.

e A trigger system to efficiently record a wide variety of physics processes based
upon the presence of certain objects, whilst also allowing for a reasonable readout

rate.

e A fast data acquisition (DAQ) system to readout the data collected by the detector

with a high data-quality (DQ) efficiency.

Satisfying the above requirements guided the design of the detector. ATLAS consists
of multiple detector systems, shown in Figure 3.2, which are grouped into four sub-
systems.

The closest sub-system to the beampipe is the Inner Detector (ID), allowing for
charged particle tracking in ATLAS. The ID consists of two silicon based detectors:
the pixel detector, which makes use of silicon pixels, and is the closest detector to the
beampipe; and the Semi-Conductor Tracker (SCT) detector, which consists of silicon
strips. The final ID subdetector is the Transition Radiation Tracker (TRT) composed
of gaseous straw tube trackers. The ID sub-system is encased in a 2T magnetic field
provided by a solenoid magnet on the outside of the ID environment. For Run 2 an
Insertable B-Layer (IBL) was installed as an additional component of the pixel detector,
providing an extra layer of pixel sensors closer to the IP.

Beyond the solenoid magnet is the calorimeter sub-system: the EM calorimeter,

consisting exclusively of Liquid Argon (LAr) sampling calorimeters; and the hadronic
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calorimeter, formed of scintillator-tile calorimeters in the central region and LAr calorime-
ters in the end-caps. The solenoid and barrel EM calorimeters are placed in the same
cryostat to provide the required cooling for the LAr.

The outermost layer of the detector is the muon spectrometer, consisting of tracking
chambers and a toroidal magnetic field generated by three magnets, two in the end-caps
and one in the central region.

For the remainder of this chapter a more detailed overview of the ATLAS detector

sub-systems is presented, in order of increasing distance from the beam-pipe.

25m

Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

FicURE 3.2: Cut-away view of the ATLAS detector, with each detector system la-
belled. The detector systems are grouped into four sub-systems: the Inner Detector,
EM calorimeters, hadronic calorimeters, and the muon spectrometer. Taken from [55].

3.3.1 ATLAS Coordinate System

Before proceeding with a detector overview, it is useful to describe the right-handed
coordinate system used by ATLAS. The origin of the coordinate system is defined as
the nominal interation point. The z-axis is defined by the beam pipe direction, with
the z-y plane orthogonal to the beam direction. The positive z- and y- axes are defined
as pointing towards the centre of the LHC ring and upwards, respectively. In terms of
event kinematics it is more beneficial to use the azimuthal angle (¢) defined around the
z-axis, and the polar angle () which is the angle from the z-axis. In place of the polar

angle the pseudorapidity (for massless particles), n, and rapidity (for massive particles),
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y, are used as differences in pseudorapidity (An) are invariant with respect to boosts

along the z-axis, and are defined in Equations 3.4a and 3.4b respectively.

0
7 = Intan 2 (3.4a)

1 E+pz
S| ( ) 3.4h
y=5m{5—,, (3.4b)

AR, the distance between two particles in the pseudorapidity-azimuthal angle space, is

defined in Equation 3.5.

AR = \/A¢? + A, (3.5)

Finally when considering the momentum of physics objects, the transverse momen-
tum (pr) is usually used, which is the projection of the momentum onto the transverse
(z-y) plane. The missing transverse momentum Effmss is defined as the absolute value
of the vectorial sum of the pp of all objects in the detector and is further explained in

Section 5.1.6.

3.4 Inner Detector

The ID sub-system, Figure 3.3, is the closest sub-system to the IP and consists of three
complementary detectors: the pixel detector, the semiconductor tracker (SCT), and the
transition radiation tracker (TRT). The three main purposes of the ID are the iden-
tification of primary and secondary vertices, charged particle position and momentum
measurements, and electron identification. Table 3.1 shows the resolution of the indi-
vidual components of the ID sub-system.

The resolution of charged tracks in the ID subsystem provides a transverse momentum
resolution of 4.8x1072-pr [%] for electrons [56] and between 4-20% for muons when only
considering the ID. If information from the muon spectrometer is included the transverse
momentum resolution for muons is between 4-10% [57].

During Run 1, the radius of the ID was 5 < r < 120 cm, with a longitudinal distance
of 6.2m, providing pseudorapidity coverage of |n| < 2.5. During the first LHC long
shutdown the IBL [58] was added to the detector. The introduction of the IBL provided
an additional layer of pixel sensors at a radius of 3 cm away from the beam. This extra
layer of pixels provides further tracking information, allowing for improved identification

of secondary vertices, greatly improving b—jet identification.
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The ID region is fully encased in an 2 T solenoidal magnetic field, which is generated
by a solenoid magnet located outside the TRT. The two silicon based detectors (the
pixel detector and SCT) are cooled to a temperature of around —20° C to provide the

optimal operating conditions for the sensors.

Detector Component | Sensor element size [um] | Intrinsic resolution [pm]
IBL 50 x 250 8 x 40

Pixel 50 x 400 10 x 115

SCT 80 17

TRT 4000 130

TABLE 3.1: An overview of the intrinsic accuracy of the ID components. The sensor

element size corresponds to the active detector component of the sensor. The sensor

element size and intrinsic resolution are given in terms of (R-¢,z) for the IBL and pixel
detectors, and (R-¢) for the SCT and TRT. Taken from [59]
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Ficure 3.3: Cross-sectional and longitudinal views of the ATLAS ID sub-system
during Run 1.

3.4.1 Pixel Detector

The closest sub-detector to the beampipe is the pixel detector, consisting of 1744 identi-
cal silicon pixel modules. The pixel sensors are 250 ym thick, with dimensions 19x63 mm?,
resulting in an intrinsic accuracy of 10 um in the R, ¢ plane and 115 ym along the z-axis.
The detector is divided into three barrel layers and two end-caps each composed of three

disks.
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3.4.1.1 Insertable B-Layer (IBL)

Prior to the beginning of Run 2, it was expected that there would be some degradation
of the pixel detector barrel layers from the high radiation environment close to the
beam-pipe. This is due to radiation damage causing the loss of charge carriers in the
active material reducing the number of hits in the pixel detector. In order to counteract
these losses the IBL was scheduled to be installed between Run 1 and Run 2. The IBL
was successfully installed and commissioned during 2015. The IBL consists of 224 pixel
sensors arranged in a single barrel layer. The sensors are of a different design to the
modules used in the pixel detector with dimensions 21x19mm? and thickness 200 ym

[60].

3.4.2 Semiconductor Tracker (SCT)

The SCT is a silicon strip detector stationed outside the pixel detector. The SCT consists
of 4088 modules, split over 4 barrel layers (2112 modules) and two end-caps with nine
disks each (1976 modules per end-cap). The general structure of all modules is the same,
however, different designs are used for the barrel and end-caps. Each module consists of
two strip layers with a mean strip pitch of 80 ym and a stereoangle of 40 mrad between
the layers. This provides an intrinsic accuracy of 17 um in R, ¢ coordinates and 580 um

in the z direction.

3.4.3 Transition Radiation Tracker (TRT)

The final ID sub-system is the TRT, a gaseous straw tube tracking detector situated
outside the SCT. The TRT straws are 4 mm in diameter with an intrinsic accuracy of
130 um per straw in the R, ¢ plane. Similarly to the other ID sub-systems the TRT
is split into a barrel region and two end-cap regions. The barrel region contains 73
straw planes of length 144 cm, that are parallel to the beampipe. The end-cap straws
are arranged radially in wheels around the beampipe, with straw length 37cm. Each
straw is inter-leaved with transition radiation material and when a charged particle
passes through the material boundaries it will emit transition radiation, this provides
electron identification information up to |n| < 2.0 using the transition radiation emitted
by the electron. This information is complementary to the measurements from the

electromagnetic calorimeters.
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3.5 Calorimetry Systems

The calorimetry sub-systems are situated outside the ID and solenoid magnet, shown
in Figure 3.4. There are two types of calorimetry used in ATLAS: the electromag-
netic (EM) calorimeter, which is placed immediately outside the solenoid, measures the
energy of photons and electrons from EM interactions between the particles and the
calorimeter material; and the hadronic calorimeter, placed outside the EM calorimeter,
which measures the energy of hadrons from strong interactions between the hadrons and
the calorimeter material. Due to the amount of material that is required in the ID and
to better correct for energy losses caused by particles passing through the calorimeter
materials, a presampler is placed in front of all components of the EM calorimeter. The
measurements provided by the presampler allows any initial energy lost to be taken into
account when calculating the energy in the shower.

Two calorimetry technologies are employed in ATLAS: liquid Argon (LAr) calorime-
ters, that require cryogenic cooling; and tile calorimeters, consisting of steel as the
absorber and scintillator as the active medium. The EM calorimeter is composed exclu-
sively of LAr calorimeters, whereas the hadronic calorimeter system uses tile calorimeters

for the barrel region and LAr calorimeters in the end-caps.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic

LAr electromagnetic
barrel

FicURE 3.4: An overview of the ATLAS calorimetry sub-system. The calorimeter

components which use LAr as the active medium are shown in gold, which includes all

of the EM calorimeter systems and the forward hadronic calorimeters. The components

of the system that use tile scintillators as the active medium are shown in silver. Taken
from [55].

The total range covered by the calorimeter systems is |n| < 4.9, and this coverage is

provided by a combination of the barrel and end-cap sections for both systems. Another
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important aspect of the calorimeter systems is the thickness, as the calorimeters must be
thick enough to contain electromagnetic and hadronic showers. The calorimeter thick-
ness is chosen to be a sufficient amount of interaction lengths (A) such that the majority
of hadronic particle energy would be expected to be expended in the calorimeter. The
interaction length is the average length required in which the energy of a hadronic parti-
cle will decrease by a factor of 1/e due to hadronic interactions. The combined thickness
of the calorimeter systems is 11 interaction lengths, which reduces punch-through (show-
ers escaping the calorimeter). This thickness also ensures an accurate calculation of the
Fmiss,

The energy resolution requirements of both the EM and hadronic calorimeters are
shown in Table 3.2, with the (noise subtracted) energy resolution described by a function
of the form:

oB) @ gy (3.6)

E V E[GeV]

Where a corresponds to the stochastic term related to the shower evolution and b is a

constant term taking into account calorimeter response.

Detector Component Energy Resolution (o(E)/E)
EM Calorimeter 10%/vVE @ 0.7%
Hadronic Calorimeter Barrel 50%/VE @ 3%
Hadronic Calorimeter Endcap 100%/VE @ 10%

TABLE 3.2: An overview of the energy resolution of the calorimetry systems.

3.5.1 Electromagnetic Calorimeters

As previously stated, the EM calorimeter sub-system is composed entirely of LAr calorime-
ters. The EM calorimeters are split into three sections: the barrel and two end-caps.
The barrel section consists of two half-barrels composed of 1024 accordion-shaped lead
absorbers, a sketch of an example barrel module is shown in Figure 3.5. The barrel
modules are segmented into three layers with decreasing granularity. The total cover-
age provided by the barrel calorimeter is || < 1.475. The total thickness of a barrel
module (at |n| = 0) is 22 radiation lengths (Xp), which increases to a maximum of
33Xy at |n| = 1.3. The radiation length X is defined in a similar manner to the inter-

action length, and is a measure of the electromagnetic energy lost in a material, with
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one radiation length corresponding to the distance over which a particle loses 1/e of its
electromagnetic energy.

The end-cap sections are each composed of two co-axial wheels (referred to as the
inner and outer wheels), which are further subdivided into eight accordion-shaped mod-
ules. Each end-cap provides further coverage of 1.375 < |n| < 3.2. The end-cap modules
are segmented into two layers, again with decreasing granularity. The minimum active
thickness of the inner (outer) wheel is 26 X (24 Xp), which increases to a maximum of

36 Xp (38Xp) as |n| increases from 2.5 to 3.2 (1.475 to 2.5).
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FIGURE 3.5: An example of a LAr calorimeter barrel module. The module is subdivided

into three layers: layer one, which has the finest granularity and is read out from the

front of the module; layer two, which has an intermediate granularity; and layer three,

which has the coarsest granularity. Both layer two and three are read out from the rear
of the module. Taken from [55].

This sub-system provides shower shape information to assist in the classification of

photons or electrons, and provides measurement of the EM component of hadronic jets.

3.5.2 Hadronic Calorimeters

The hadronic calorimeter sub-system is composed of a tile calorimeter system, imple-
mented in the barrel region, and LAr calorimeters which are implemented in the end-cap
regions, similar to the EM calorimeter.

The tile calorimeter (represented as the silver sections in Figure 3.4) is situated
outside the EM calorimeter in the barrel region. The central barrel covers |n| < 1.0 and

the extended barrel regions provide additional coverage of 0.8 < |n| < 1.7. Both the
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central and extended barrels are split into three layers. The thickness of each layer of
the central calorimeter is 1.5, 4.1 and 1.8 X respectively. The extended tile calorimeter
layer thicknesses are 1.5, 2.6 and 3.3 \.

The hadronic end-cap calorimeters (HEC) are stationed outside the EM end-cap
calorimeters, in the same cryogenic system. The HECs use LAr as the active medium
and Copper absorbers. Each HEC is composed of two wheels. The total coverage of
each wheel is 1.5 < |n| < 3.2, which provides overlap with both the tile calorimeter and

the forward calorimeters.

3.5.3 Forward Calorimeters

The forward calorimeters (FCal) are high density LAr calorimeters placed in the far
forward regions of the detector. Each FCal is split into three modules. Copper absorbers
are used in the first layer to provide EM measurements. The remaining layers use
Tungsten absorbers to provide hadronic measurements. The coverage provided by the

FCal is 3.1 < |n| < 4.9, with a maximum thickness of 10 \.

3.6 Muon Spectrometer
The muon sub-system consists of four types of gaseous detectors, with three magnets
providing the field required for precision muon identification and pr measurements.

Thin-gap chambers (TEC)
< »

Cathode strip chambers (CSC)

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

(a) Toroidal magnet system. (b) Muon detector systems.

FIGURE 3.6: General overview of the muon system. Left: A schematic view of the
toroidal magnet system. Right: A general overview of the muon detectors and their
location in the detector. Taken from [55].



Chapter 3. The ATLAS Detector 45

3.6.1 Toriodal Magnet System

Three air-core toroidal magnets provide the required magnetic field. Each of the toroids
is composed of eight coils placed radially and symmetrically around the beam-pipe as
shown in Figure 3.6a. One magnet is placed in the barrel region, providing a magnetic
field of approximately 0.5 T, exclusively over the range |n| < 1.4. The two end-cap mag-
nets provide exclusive coverage between 1.6 < |n| < 2.7 with an approximate magnetic
field of 1T. Both of the end-cap magnets and the barrel magnet provide coverage in
the range 1.4 < |n| < 1.6, and due to the complicated overlap between the barrel and
end-cap magnets in this region, the fields can vary up to [§B| =~ 0.2 T and are modelled

with a dedicated magnetic field simulation package.

3.6.2 Muon detectors

The muon sub-system, Figure 3.6b, consists of four detector technologies. Precision
tracking is provided by Monitored Drift Tubes (MDTSs) in the barrel region and Cathode
Strip Chambers (CSCs) in the end-caps, covering a region of |n| < 2.7. Resistive Plate
Chambers (RPCs) and Thin Gap Chambers (TGCs) are used as triggering chambers
in the barrel and end-cap respectively, providing triggering capabilities up to a psuedo-
rapidity of |n| < 2.4.

The MDTs are implemented in three concentric cylinders perpendicular to the beam-
pipe. The coverage provided by the innermost layer is || < 2.0, whereas the remaining
two layers cover |n| < 2.7. The number of chambers is 1088, covering a total area of
5500m?2. Due to the complex geometry of the toroidal magnet system, various designs
are used to minimise acceptance losses.

The CSCs are implemented in two disks per end-cap, one small disk and one large
disk, which are each segmented into eight chambers. The CSC layers cover the region
2.0 < |n| < 2.7, providing coverage in the region left uncovered by the first layer of
MDTs. Each CSC chamber contains four planes, which results in four measurements of
n and ¢ for each muon track.

The RPC and TGC triggering chambers are installed in the barrel and end-cap
regions respectively. The muon chambers can provide coverage up to |n| < 2.7 however

the triggering sensors only provide triggering capability up to |n| < 2.4.
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3.7 Trigger and DAQ Systems

The dominant process that occurs from the collision of protons is inelastic scattering.
The rare physics processes that are targeted by ATLAS occur at a very low rate, and
as such need a high luminosity to produce these events in a significance amount. The
total integrated luminosity delivered by the LHC during physics data-taking each year
from 2011 to 2016 is shown in Figure 3.7.
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F1cURE 3.7: Luminosity provided by the LHC to the ATLAS detector during Run 1
(2011-2012) and Run 2 to-date (2015-2016). Taken from Ref [61].

A large majority of these events are low pr scattering events that are better studied
in short dedicated low luminosity runs. To fully readout these events from the detector
and write the events to tape would quickly waste a large amount of storage space and
resources. Trigger systems are used to reject events that are copiously produced and
instead keep events which contain the rarer physics processes.

The trigger and data-acquisition (TDAQ) system controls the acceptance and rejec-
tion of events by ATLAS. A multi-level trigger system, consisting of the Level 1 (L1)
hardware trigger and High Level (software) Trigger (HLT) must be passed in order to
accept an event. The HLT contains the Level 2 (L2) trigger and event filter (EF). In
Run 2 the L2 trigger and EF are combined which provides more efficient event process-
ing than when using two stages. An overview of the ATLAS trigger system is given in

Figure 3.8.
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F1GURE 3.8: Schematic of the ATLAS trigger systems, frequencies and time periods
correspond to the Run 1 configuration. The final frequency in Run 2 is 1000 Hz. Taken
from Ref [62].

The L1 trigger uses calorimeter and muon spectrometer information to measure basic
objects such as e, v, u, 7 and jets, and can detect large ErTniSS or Ft based on a reduced
detector granularity. The objects measured by the L1 trigger are compared to the trigger
menu to check if the objects pass certain thresholds, such as large jet multiplicity or
minimum electron pr requirements. In conjunction with this, the L1 trigger defines
Regions of Interest (ROIs) which are regions in the detector that are observing hits,
for example a deposit in a region of the EM calorimeter. The ROIs are required to
coincide with the object that has been triggered upon. This information is used further
downstream in the HLT. Prescaling may be applied to the L1 trigger to allow for optimal
use of the available bandwidth as instantaneous luminosity increases during data-taking.
Prescaling implies that a certain rate is set for the trigger, and if the instantaneous
luminosity is too large the trigger will not fire. The L1 trigger decision is made in
less than 2.5 us and if the L1 trigger is passed the L2 trigger subsequently uses the
ROI information to investigate the region using the full detector granularity, to further
reject or accept events. Finally an event filter is used, processing the events according
to ATLAS event reconstruction and analysis. This categorises the events into physics
streams for analysis-level usage. The full ATLAS trigger stream has a final rate of 200 Hz
(Run 1) or 1000 Hz (Run 2) and each event is 1.3 MB on average.
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The trigger system is closely linked with the DAQ system, as the levels of trigger
acceptance correspond to different readout stages of the DAQ system. Whilst each
sub-detector has its own specific electronics, they all obey a general set of requirements.

The specialised front-end electronics readout the event data from the sub-detector,
storing the information in buffers for a time period corresponding to the L1 trigger
latency. If the event passes the L1 trigger, then the data is sent further through the
DAQ chain. The next stage is the readout drivers (RODs), which format the data
in a standard format for usage in ATLAS. The data from the RODs is subsequently
stored in readout buffers (ROBs) which store the data for usage by the HLT. If the
trigger is passed, the data is subsequently moved to the event filter to reconstruct the
event, and then the data is passed to the CERN computer centre for storage and offline
reconstruction.

Another important component of the TDAQ system is the ability to feedback to
a detector sub-system any errors that may be occurring. For example if a module is
reporting a constantly high trigger rate (regardless of the event), then it is possible that
the module is experiencing an error. The relevent detector sub-system will be notified

of this error, and action can be taken to recover the module.

3.8 SCT DAQ Module Recovery application

As a component of detector work undertaken as part of this thesis, an online module
recovery application was developed to recover SCT modules that were experiencing
errors due to single event upsets during physics data-taking. This section contains a
brief overview of the Run 1 data quality efficiency of the SCT subsystem. A simple
description of how a hit is registered in a module is given, with an explanation of how
energetic radiation passing through the module can affect the readout. The methods
to negate these effects are presented, with the improvements from Run 1 to Run 2
discussed.

During LHC Run 1 the SCT performed exceptionally well achieving an average Data
Quality (DQ) efficiency greater than 99%. However, it can be seen in Table 3.3, as Run
1 progressed, the efficiency of the detector decreased. There are several explanations
for this decrease in DQ efficiency. One of them is the so-called SCT “hit loss” problem,
caused by a desynchronisation of the SCT with the rest of ATLAS. The source of the
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desynchronisation was found to be due to the “module recovery” actions which are used

to restore the hit threshold of any module that has been affected by a single event upset.

2010 | 2011 | 2012
DQ Efficiency (%) | 99.9 | 99.6 | 99.1

TABLE 3.3: The data quality efficiency of the SCT subdetector for the three years of
Run 1.

The SCT sensors use a binary readout to decide if a charged particle has passed
through the sensor. A threshold is set based upon the charge collected in the sensor.
If a particle passing through the sensor deposits charge greater than this threshold the
module registers a hit. If a highly energetic particle passes through the electronics of a
module it can cause a bit-flip, resulting in a change in the hit threshold of the module,
this is known as a single event upset (SEU). There are two possible effects of changing
the threshold, both of which affect DQ efficiency.

If the threshold is decreased, then a module will report hits which are not true hits,
but are due to residual module noise which passes the lowered threshold. Alternatively if
the threshold is raised, then the module will not report any hits below the new (increased)
threshold, again affecting the DQ efficiency as the module will now not register a hit
from a particle that would otherwise register a hit if the original threshold was still in
place. Both of the above scenarios affect tracking and reconstruction resulting in a lower
DQ efficiency.

There are two types of recovery command that are used: the single module recovery
command, which will reset a specific module; and the global recovery command, which
resets all SCT modules. Both procedures aim to bring back online modules which may
be exhibiting an error due to SEUs.

The single module recovery is used if the threshold of a module has been decreased.
In this scenario the module will report a large amount of noise in comparison to the
neighbouring modules. The module will be identified as noisy and experiencing an error
by the TDAQ system, and can be recovered by a single module reset. Initially a soft-
reset command is used to recover the error. If the error still persists after multiple
soft-resets, a hard-reset command is sent to the module. If this fails, then a power-cycle

command is sent to the module as a last resort to reload the module configuration. If



Chapter 3. The ATLAS Detector 50

the module is still in error after this, then it is no longer recovered for the remainder of
the physics run.

The global module recovery is used in the scenario where the threshold has increased.
These cases cannot be detected as the increased threshold will cause the module to stop
reporting hits. As a precaution and to recover modules experiencing this error, the
global module recovery command is sent to all modules every 30 minutes of physics
running.

It was found that the desynchronisation effect of the global recovery command was
caused by the command being queued by the SCT shifter graphical user interface (GUT),
instead of being sent immediately.

To prevent this queuing, an independent DAQ application was developed to control
both the single and global module recovery commands. In addition to this, the appli-
cation tracks the number of single module recoveries that have been performed on all
modules, reporting this information back to the TDAQ system. The intial iteration of
the recovery application was introduced prior to the 2015 pp data-taking, which included
both the single and global module recovery functionalities.

As the 2015 data-taking progressed, additional functionalities were added to the
application, with the introduction of the ability to automatically recover RODs that
were experiencing errors. It is possible that during running a ROD itself may experience
an error when attempting to format the data readout by the SCT front-end electronics.

When a ROD experiences an error, it is reported to the central TDAQ system. During
Run 1 this information was used by the SCT shifter GUI, to request that the shifter
recover the ROD. However with the introduction of the module recovery application, it
was found to be more beneficial to recover the ROD automatically within the module
recovery application. This reduced the time that the ROD would be experiencing an
error, due to the speed of the automated recovery, when compared to the manual recovery

by a shifter.

2012 | 2015 | 2016
DQ Efficiency (%) | 99.1 | 99.4 | 99.9

TABLE 3.4: The data quality efficiency of the SCT subdetector for the final year of
Run 1 and the two years of Run 2 data-taking.
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Table 3.4 presents an overview of the increase in DQ efficiency in Run 2 when com-
pared to the final year of Run 1 data-taking. It can be seen that during Run 2 data
taking the DQ efficiency is increased when compared to the final year of Run 1. Fur-
ther to this, the data taking period in 2016, corresponding to the first full period of
data-taking when the module recovery application was fully implemented (including the
additional ROD recovery functionality), has an increased DQ efficiency when compared

to the 2015 data taking period.



Chapter 4

Modelling of Physics Processes

4.1 Introduction

The Lagrangian formalism introduced in Chapter 2 allows for the calculation of cross
sections for SM and BSM processes. For data analysis it is of fundamental importance
to use these calculations and convert them to complete simulated events via Monte
Carlo (MC) simulation. Dedicated MC samples are used to study possible new physics
signals and to aid in the estimate of SM backgrounds in new physics searches. Many
considerations must be taken into account when modelling proton-proton collisions. The
stages of modelling a proton-proton collision using Monte Carlo generators are discussed
in this chapter. General aspects of modelling, and the event definition in terms of the
hard scatter process, parton shower, and hadronisation are discussed.

The aspects of MC modelling that may cause uncertainties in the prediction and lead
to a systematic uncertainty are introduced, along with the methods to evaluate these
uncertainties. Further to this the evaluation of process specific modelling uncertainties
are discussed in the context of single-top (Wt-channel) and top-pair (¢f) production. Fi-
nally a parameterisation method for evaluating the modelling uncertainties on associated

production of W or Z-bosons with jets is presented.

4.1.1 Factorisation Theorem

Protons are not point-like particles, however, they consist of point-like quarks and gluons,
which are collectively referred to as “partons”. The parton model [63] allows for the

calculation of the cross section of the hard scattering process as the incoherent sum

52
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of all partonic cross sections, integrated over the available phase space, an example of

which is shown in Equation 4.1:

1
Oa,b—n = Z / dxadxbfépl) (.’L‘a, ,UF)ftng) (:Ctu ,U'F)da—ab—WL ($a, Th, S, UF, /J'R) (41)
ap 70

In this equation the fi(Pi) (x4, pr) terms correspond to the Parton Distribution Functions
(PDF's), which can be considered to be the probability to find a parton (i) with a fraction
of the proton’s total longitudinal momentum z; (also known as the Bjorken z), for a
given choice of factorisation scale (ur).

The factorisation scale is introduced to protect against divergent contributions to
the cross section by adding an arbitrary separation. This factorises the hard process
which is calculable using perturbative-QCD (pQCD), from the universal parton evolution
within the proton. The partonic cross section 6 (x4, xp, S, uF, ur) can be calculated in
pQCD for the process of interest, and depends on both the factorisation scale, and
the renormalisation scale (ug), which is the energy scale at which the strong coupling
constant is evaluated. Typically ur = pr and is chosen to be a representative energy
scale of the process.

Proton PDFs cannot be calculated from first principles and instead need to be de-
termined using experimental inputs. Among these, deep inelastic scattering (DIS) data
are most relevant and ep data collected by the H1 and ZEUS [64] collaborations with
the HERA collider [65] cover the Bjorken z range most relevant to LHC physics. In
addition, data on the production of jets, tf, the electroweak bosons in hadron-hadron
collisions are used.

An example PDF set is shown in Figure 4.1, at two different values of @2, produced
using a combination of the H1 and ZEUS data [66]. The data used in PDF fits cover
a wide range of Bjorken x and negative four-momentum-transfer squared (Q2?). The
PDFs constrained at low Q2 can be evolved in Q? using pQCD and the Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [67]. When performing an analysis
the uncertainty arising from the choice in PDF set is evaluated by calculating an envelope
of the uncertainties on the individual partons from the nominal PDF set, and the central

values of alternative PDF sets, as recommended by the PDF4LHC working group [68].
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FIGURE 4.1: Comparison between a PDF set calculated at different Q2 values. The
individual contributions from the quarks and gluons are shown, uy and dy correspond
to the specific contribution from the valence quarks. Taken from [66].

4.1.2 The hard scattering process

The cross section for a generic 2 — 1 scattering process (Equation 4.1) can be rewritten

introducing the matrix element (ME), 64 p—n = Map—sn:

1
1
Tarn =3 [ dmadey [ gD i) 17 ) o Moo P03 i )
a,b 0

(4.2)

This depends upon the final-state phase space momenta available (d®,,), the matrix
element, the Bjorken x of both particle a (z,) and particle b (x3), and the incoming
parton flux (1/2s = 1/(2z42ps)). Generically, the matrix element can be written as the

sum over all relevent Feynman diagrams (Fap_p,):

Mapsn = Zfézgn (43)

A consequence of this is that the summation over quantum numbers such as helicity
and colour can be moved and considered separately to the |M|? term. The calculation of
the hard process can be performed at various levels of accuracy, depending on the order
in QCD coupling of the diagrams. A matrix element calculation at Leading-Order (LO)
is nowadays completely automated and fast. Since 2000 huge progress has been made

in developing automated Next-to-Leading-Order (NLO) calculations. Improvements in
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the algorithms used for the calculations and advances in the understanding of the theory
have allowed the majority of processes to be calculated at NLO in an automated way.
In the last few years many NNLO (Next-to-Next-to-Leading-Order) calculations exist
which are calculated mostly analytically and are used for global corrections rather than
in MC simulation.

The matrix element is calculated in multiple ways by various MC generators. These
differences are taken into account during an analysis as an uncertainty arising from the
choice of generator used. Due to the dependence of M on both the renormalisation
and factorisation scales, it is also possible to vary the choice of scale up and down with
respect to the nominal scale choice, to evaluate the hard scattering uncertainty. By

convention the scale choices are varied up and down by a factor of two.

4.1.3 Parton shower algorithms

The above discussed fixed order QCD calculations do not produce complete scattering
events and specifically only produce a small number of quarks and gluons in the final
state, while the experimentally observed final states contain jets of hadrons.

Parton showering algorithms provide a higher order way to generate complete events
and to estimate higher order effects, without explicitly calculating the matrix elements.
This is a necessary addition to the hard process, to model events beyond inclusive
observables and allow the description of exclusive final states. Parton shower algorithms
take higher order effects into account, by allowing soft and co-linear QCD emissions
from the interacting partons produced in the hard process.

Particles produced in the hard scattering process undergo an evolution in momentum
transfer, from the energy scale of the hard scatter itself, down to the hadronisation scale.
The evolution of the momentum transfer proceeds via the emission of either quarks or
gluons.

For simplicity, consider the ee™ — ¢g process, for which the cross section (o45) can
be calculated at LO. To expand this process to the next order in accuracy using the
parton shower method, requires the emission of a parton, for example a gluon, from
one of the quarks, and the calculation of the relevant cross section o45,. This can be
considered differentially in terms of the opening angle (f) between the quark and the

emitted gluon, and the fraction of the quark’s energy (z) that the gluon possesses [69]:
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doggg ~y ‘CF% 2 14 (1-2)?
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(4.4)

where CF is a colour factor that can be thought of as the quark colour charge, squared.
The vital component of the above equation is the fact that the differential cross section
of the ¢gg process is dependent upon that of the qq process. The remaining components
of Equation 4.4 can be interpreted as the probability of emission of a gluon differentially
in terms of the kinematics of the gluon. While this underpins the basic method behind
parton shower algorithms, the divergences in the equation must also be dealt with,
before it can be applied. It is seen that if # = 0,7 (co-linear limit) then Equation 4.5
is divergent, additionally if z = 0 (“soft” limit) the equation is divergent. In order to
prevent these divergences, a “cut-off” must be applied, such that the individual partons
from the splitting are required to be resolved. A commonly used, but not the only,
resolution variable is the transverse momentum, and a “cut-off” )y is applied, which
removes both divergences from 6 and z.

Before this method can be fully expanded is useful to rewrite the distribution as the
sum of two distributions, one which is divergent when 6 = 0, and the other when 6 = 7.
The resultant summation (over the partons) is given by:

2 2
doggy ~ogq Y. CF ‘2)‘7 dHiQ PR G2y

partons

(4.5)

z

A similar treatment can be applied to the remaining emission processes (9 — gq, g — 94,
q — qq). This provides the foundations to perform co-linear splitting and soft emission
of the partons from the hard process, which can then be implemented in an algorithm.

The final aspect to be considered to achieve the full implementation of a parton
shower algorithm is the point at which to stop showering the partons, which corresponds
to the energy at which the partons will no longer be able to emit. This is given by the
probability that a parton will no-longer produce resolvable branchings, and is given by

the Sudakov form factor [70]:

@ A2 oy [/
(02 O2) — _ Qs )
Aqi(Q%, Qp) eXp{ /Qg k2 or /Q(Z)/kQ dzpﬂ(z)}, (4.6)

where Pji(z) are a set of universal, flavour dependent functions [71]. The above equa-

tion allows the end point of the algorithm to be defined using the point where there is

a zero probability of producing a resolvable branching, with the transverse momentum
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(k) running from the lower pr cut off (Qp) to the input parton pr (Q). It follows that
one minus the equation gives the probability of the first emission, which is the starting
point of the algorithm. Due to the probabilistic nature of parton shower algorithms and
the multiple non-trivial physics choices that can be made when implementing the algo-
rithm, there is a certain arbitrariness when designing the algorithm, therefore it is usual
to compare two different but equivalent PS algorithms to assess the uncertainties, for
example comparing Pythia6 [72] with Herwig++ [73]. A difference in these algorithms
is the variable used to calculate the evolution of the shower (in Equation 4.6 the trans-
verse momentum is used). This is a choice that is made when designing the algorithm,
for example Pythia6 orders the showers based upon the transverse momentum, whereas
Herwig++ uses angular-ordering. An alternate method to estimate the uncertainty of a
single PS algorithm is to vary the gluon resummation scale up and down with respect

to the nominal value.

4.1.4 Matrix element matching

It is clear that the hard scattering calculation and the parton shower method should
be used in a complimentary manner, with the hard scatter calculation describing the
hard partons produced directly at the matrix element, and the PS method describing
the emission of softer gluons and quarks. The hard scattering calculation is useful
to describe hard partons that are well separated, whilst the parton shower method can
describe co-linear and soft emissions. Combining the two approaches will provide a more
complete description of an event. This is simple when considering a LO ME calculation,
however, this is non-trivial when considering NLO (or higher) ME calculations. The
simple addition of a parton shower to an NLO hard scatter event is not possible as the
hard scatter event is generated exclusively in terms of the number of partons, whereas the
parton shower is inclusive in parton number. Another issue is possible double-counting
of regions of phase space.

Generally there are two methods, matching and merging, that are used to combine
the hard scatter and the parton shower. Matching methods seek to correct the hardest
emissions from the parton shower, which can also change the NLO cross section. Merging
methods introduce a scale dependence (known as the merging scale): above this scale
the partons are generated from the matrix element, below the scale from the parton

shower.
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When performing the matching between the parton shower and the matrix element
there are two main effects. Firstly, as previously mentioned, the total cross section
changes. Secondly, the shape of distributions related to the hardest emission are mod-
ified. Since there is again a certain arbitrariness in the choice of matching scale and
other related parameters, which are usually set depending upon the partons produced,
systematic uncertainties arise. There are multiple assumptions that can be made when
performing the matching between the matrix element and the parton shower. The uncer-
tainty from these assumptions are taken into account by comparing different generators
in a similar manner to that of the hard scattering.

When performing the merging method, the uncertainty due to the choice of merging
scale is estimated by varying the scale up and down by a factor of two with respect to
the nominal. For example, when evaluating the ME matching uncertainty for the signal
samples, the parameter used for parton clustering is varied up and down by a factor of

two.

4.1.5 Hadronisation

After an event has proceeded via a parton shower algorithm, the remaining partons which
are unable to undergo further splitting must then hadronise. The method of proceeding
from the unphysical parton state, to the physically observed hadronic state is known as
“hadronisation”. As the process of hadronisation occurs at the level of non-perturbative
QCD, it cannot be calculated from first principles. Primarily two distinct methods exist
to model the hadronisation process: the string model [74] and cluster model [75].

The string model is based upon the assumption of linear confinement. For example,
a qq pair can be considered to be the end-point of a string of colour-flux. The potential
energy of the string (V) is proportional to the linear separation of the ¢g, with V(r) = kr
due to the assumption of confinement. As the gg move further apart along the string
axis, eventually the energy in the string may be such that a new pair of quarks are
formed, ¢’qg’. This new pair of quarks will create two colour singlet pairs, ¢¢ and ¢'q,
with a region absent of field between them. These new pairs of quarks may themselves
split further, until the energy left in the subsequent quark systems is too small to create
further pairs. In the case where gluons are also present, they can be considered to be

“kinks” in the string, however the principle of the string-splitting remains the same.
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The cluster model is based upon an inherent property of parton shower algorithms,
known as the “preconfinement property”. The preconfinement property states that at
any scale (Q) of a parton shower algorithm, the colour structure of a shower is such that
colour singlet combinations of partons can be formed with a universal asymptotic invari-
ant mass distribution. In this case universal means dependent upon only @) (the shower
resolution scale) and the hadronisation scale (A). Asymptotic refers to the requirement
that @ > Q. If it is further required that Q¢ > A, then the mass distribution can
be calculated perturbatively. Hadronisation models based on preconfinement use non-
perturbative splitting of gluons at the resolution scale. Adjacent colour lines then become
qq pairs and can form clusters which are mesons. This method leads to a natural link
between the partons from the cut-off scale, and those from the hadronisation process.
The splitting of the gluon into quarks is non-trivial and introduces caveats, such as the
choice of momentum for the resultant quarks and the flavour distributions. Amnother
available choice is the method of how the clusters proceed to the final state baryons and
mesons. Generally, this proceeds via a two-body decay to lighter states according to
the relevant branching ratios etc, however the kinematics in this region surpresses heavy
flavour /strangeness and baryon production.

Both models have their drawbacks. A drawback of the string model is that there
are many unknown parameters related to flavour properties, that must be determined
directly from data. A problem with the cluster model is that it produces clusters at low
mass, but there is a high mass tail from events with only a small amount of showering. A
comparison between these options reveals that the string model describes data slightly
better; however, this is at the cost of requiring many parameters to be “tuned” to
data. The cluster model provides acceptable modelling with a minimal set of unknown
parameters. A final drawback of both models is that neither model are able to take into
account possible collective behaviour of the hadrons such as in a quark-gluon plasma
[76]. The uncertainty due to the hadronisation modelling is evaluated by varying the

tuning parameters used as an input.

4.2 General overview of Monte Carlo modelling

Due to the substructure of protons and the properties of QCD, modelling proton-proton
collisions is a difficult task. Considerations which must be taken into account include

the interactions between the quarks and gluons inside the colliding protons, initial and



Chapter 4. Modelling of Physics Processes 60

final state radiation of partons involved in the hard scattering, and the modelling of
additional (secondary) interactions in the collision. The modelling of a proton-proton

collision event can generally be divided into three main stages, described by Figure 4.2:

e Hard scattering process

This is the primary interaction of two partons from the protons. The production
cross section for a generic qq,qq’, 9q,qq,99 — X process is calculable at using
pQCD as discussed in 4.1.1. In Figure 4.2 the hard process considered is the
interaction between two gluons (blue) from the incoming protons, producing a top
pair in association with a Higgs boson at the large red circle. Each particle in the

ttH system subsequently decays at the smaller red circles.

e Parton Shower (PS)

Later in the event is the shower evolution (PS), where any strongly-interacting
particles can radiate either gluons and quarks. The PS stage is represented by the

red particles in the figure.

e Hadronisation

The final step in an event is the hadronisation stage (green objects). In this
stage the strongly-interacting particles from the hard scatter and PS stages have
lost energy and are at a low momentum. In this regime perturbative QCD breaks
down. At this stage the strongly-interacting particles are grouped together to form
colourless hadrons, which are measured in the detector. In MC the hadronisation

stage is modelled using data as hadronisation cannot be analytically predicted.
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FIGURE 4.2: An example of the stages involved in a generic proton-proton event.

Gluons and quarks from the initial protons are shown in blue. The hard scatter process

(in this case ttH production) is the large red circle, with the subsequent decays and

QCD radiation, forming the PS, in red. The hadronisation stage is in green. Yellow

objects denote QED radiation. An additional (pile up) interaction is shown in purple.
Figure taken from [77]

Further to the stages described above, charged particles may emit EM radiation at
any point in the event (yellow objects). It is also possible that an additional interaction
(purple) occurs in a collision which arises from the partons in the interacting proton,
this is commonly referred to as a multiple parton interaction (MPI) or underlying event
(UE). These interactions are of limited physics interest but can occur in a collision and
must be modelled.

In addition to MPI interactions, it is possible that collisions occur between other
protons in the colliding bunch. These collisions are referred to as “pile-up” interactions.
The average number of pile-up interactions in an event, (u), is dependent upon the centre
of mass energy of the collision, the bunch spacing configuration used in the LHC and
other accelerator parameters. For the Run 1 data, (1) ~ 20. The collision data collected
at the beginning of Run 2 (2015) used a 50 ns bunch spacing which was subsequently
reduced to 25ns, resulting in (i) ~ 14. During 2016, a bunch spacing of 25 ns was used
throughout data taking, resulting in (u) ~ 24.

4.2.1 MC Generators Used

The most used generators for the studies presented in this thesis are listed below with a

brief overview of the usage of the generator and its properties. The number of expected
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events for a given process using a MC generator is calculated using Equation 4.7:

N _ Laata - S[ - Oprocess * € * k
Expected Events —

L ed : NRaw Events- (47)
generate

For a given analysis selection the number of expected events is dependent upon: the total
luminosity collected by the detector (Lgata), which the MC is being compared to; the
cross section of the process under consideration (oprocess); scale factors (sf) that need to
be applied to the MC, as discussed in Section 5.1, to correctly model the response of the
detector; the efficiency (€) of any filters used during the generation of the sample; the
k-factor (k), which is used to scale the cross section from NLO to NNLO if applicable;

and the number of unscaled MC events (NRaw Events) Passing the selection.

Sherpa

The Sherpa event generator [77] performs ME calculation at NLO for up to two partons,
with four additional partons able to be generated at LO using the Comix [78] and
OpenLoops [79] matrix element generators. This is interfaced to an internal PS algorithm
[80] according to the ME+PS@QNLO prescription [81]. Sherpa is used predominantly to
model the Z+jets and W +jets processes where a global k-factor is used to scale the NLO
ME calculation to NNLO. It is also used to model the y+jets process at LO. Depending
on the version of Sherpa used in the analysis either the CT10 PDF set [82] (for version
2.1) or the NNPDF3.0NNLO PDF set [83] (for versions 2.2 and above) is used.

Powheg

The Powheg [84, 85, 86] generator performs ME calculations at NLO for a variety of
processes. In this analysis it is used to generate the ¢t and single-top processes. This
is subsequently interfaced to a PS algorithm. The ME calculation uses the 5 flavour
scheme (5FS), with massless b—quarks in the intial state using the CT10 PDF set. The

top-quark mass is set to 172.5 GeV when generating events.

MadGraph_aMC@QNLO

MadGraph_.aMC@NLO [87] calculates the ME at LO with the emission of up to two
additional partons, and is interfaced with a PS algorithm (usually Pythia8), using the
CKKW-L matching prescription [88]. MadGraph is used to generate the BSM signal
samples, and also the SM tt + V(V = W/Z) processes. The NNPDF2.3LO PDF set is

used in the ME calculation.
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Pythia

Currently two versions of Pythia are in use, Pythia6 and Pythia8 [89]. Pythia is able to
be used as a LO ME generator to generate the SM multi-jet process. More commonly
however, Pythia is used exclusively as a PS and hadronisation program, used for show-
ering events that have been generated via a different higher order ME generator (such
as Powheg and MadGraph). The PDF set used by Pythia6 is CTEQ6L1 [90], whilst
Pythia8 uses the NNPDF2.3L.O PDF set.

Herwig++

Herwig++ is able to be used as a NLO ME generator for a variety of processes, however
similarly to Pythia, it is predominantly used as a shower and hadronisation algorithm

interfaced to other higher order ME generators.

The remainder of this Chapter discusses the studies investigating the MC modelling of
dominant processes for the physics analyses presented herein. An overview of the inves-
tigation of the modelling of top production processes is presented, seeking to quantify
the interference effects between the single-top Wit-process and top-pair production. In
addition to this, the production of a parameterisation for the Sherpa V+jets modelling

uncertainties are presented.

4.3 Modelling the single-top Wt-process

In addition to the sources of uncertainty that arise due to the choices made when defining
the MC setup for a certain process, there are specific physics processes that require the
evaluation of additional uncertainties, due to the uncertainty on the treatment of the
process itself at the lowest order. An example of this in context of the analyses presented
within this thesis is single-top Wit-channel production.

Figure 4.3 compares two Feynman diagrams to present the interference effects be-
tween tt and single-top Wt generated at NLO. From the hard scattering process it can

be seen that both processes may produce a WWbb final state.
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FIGURE 4.3: Feynman diagrams representing ¢t (left) pair production at LO, and
single-top Wt-channel production at NLO. Taken from [91].

Difficulties arise when producing the hard scattering processes that correspond to
these processes in certain regions of the phase space, most noticably in the region of
phase space where the invariant mass of the W-boson and b-quark approaches the top-
quark mass [91].

Consider a generic p,pp, — Wt+0 production process, where d can be considered to be
the remaining particles in the process, and denote the amplitude of this process as A, .
This amplitude can be considered to be the sum of the two processes, tt (AZ{,b) where the
top-quarks produced are doubly-resonant (both top-quarks are on-shell), and single-top

Wt (A}:Vbt) where only one top-quark is on-shell (referred to as singly-resonant):

Agp = AVf+ Al (4.8)

The calculation of the matrix element for this process leads to an expression of the form:

[Aap | = [AVE? + AL 2 + 2R(AV AT, (4.9)

which can be rewritten as the sum of three contributions: S, , the contribution from the
singly-resonant single-top (Wt) process; D, , the contribution from the doubly-resonant

tt process; and Zgp, , which is the interference term between the Wt and tt:

’Aa,b ’2 = a,b + Da,b +Ia,b~ (410)

A differential cross section for this process can now be evaluated, taking into account
soft /colinear singularities that may arise in the calculation of Sy, and including the
phase space ¢3 and beam energy (s). In cross section definition used, dé, p, the infrared
singularities have been removed from the singly-resonant process (denoted ‘SA’M). As the

doubly-resonant process does not contain IR singularities, and the infrared singularities
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are sub-leading in the interference term, these terms remain unchanged in the cross

section definition:

. 1 4
doep = %(Sa,b +Zop + Doy )dos, (4.11)

the resultant production cross section, summing over the initial state particles is:

do = do® + Z /dmdmﬁa,b doap
(4.12)

d$1d$2
b (Supy +Zap +Dap)d
+Z/2x1:c25 b +Zap + Dap )dos.

This expression contains the quantity do? which includes contributions to the cross
section that are not included in Equation 4.11, the parton-parton luminosity (L) and
partonic centre of mass energy squared ().

From this point it is possible to define two approaches to estimate the cross sec-
tion, the Diagram Removal (DR) scheme and the Diagram Subtraction (DS) scheme,

described below.

4.3.1 Diagram Removal Scheme

In the DR scheme the doubly-resonant amplitude (Aff:b) is removed from the matrix
element calculation. A consequence of this is the removal of the Z,; and D, terms in
the cross section calculation. The resultant cross section (Equation 4.13 corresponds to
the production of an on-shell top quark, a W-boson and a b-quark, where the W-boson

and b-quark are produced away from the top-quark mass:

d$1d$2
do® +Z /2951 gL (Sap )dps. (4.13)

This cross section violates gauge invariance, however, the gauge dependence of the above

cross section has been tested and found to be negligible.

4.3.2 Diagram Subtraction Scheme

In the DS scheme, a constant numerical contribution to the cross section, %, is

removed from Equation 4.12. This numerical value represents the cross section contri-

bution when both top-quarks are on-shell. This corresponds to:
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do®S = do — do*ut. (4.14)

where the subtraction term is defined as:

dosubt — Z /dxldimﬁa,b daéfé)bt’
(4.15)

1 -
ot = 2 Dab 3.

The D term is related to the doubly-resonant amplitude in a way, such that when the
invariant mass of the W-boson and b-quark tends to the top-quark mass, the following
equation is satisfied:

Dap — Doy = 0. (4.16)

)

With the expression in Equation 4.15, the cross section for the DS scheme can be

rewritten in a similar form to that of the DR scheme:

dxid ~
doPS = do®@ + Z /zjllx;c; b (Sab +Zap + Doy — Dap)ds. (4.17)

It is seen by inspection of Equations 4.13 and 4.17 that the cross sections for the DR
and DS schemes differ by:

dridx
do DS dO'DR Z /25611l'2; ab +Dab - a,b )d¢3 (418)

Whilst both schemes aim to model the singly resonant contribution, the DS scheme
attempts to also include the interference term between the singly and doubly-resonant
diagrams. When performing tests of the modelling of the above two methods, the authors
of Ref. [92] state that the NLO corrections to the single top Wt-channel process are
larger than the interference effects and that there can be a large ambiguity in certain
regions of phase space between the DR and DS estimates.

For the majority of regions of the analyses presented herein, there is a requirement
that the event contains two b—quarks. For this selection the interference effects are
more relevant and as such a test of the validity of the DR and DS estimates must be
performed. Naively it could be assumed that an uncertainty should be applied to the

Wt process due to the choice of interference scheme. However, this approach is only
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valid if both schemes model the phase space that the analyses targets in an appropriate
manner. Applying an uncertainty from a scheme with poor modelling of the phase space
would artificially increase the uncertainties.

It may be assumed that the DS method would be a better description of the single-top
process as it includes the interference term. However, as previously described, the DS
method assumes that the W-boson and b-quark are close to the top-quark mass. If, in
the phase space under consideration, the invariant mass of the W-boson and b-quark is
away from m; then using the DS scheme to model the single-top process may no longer

be valid.

4.3.3 Validity test of the DR and DS schemes

The validity of the DR and DS schemes is investigated in the context of the sbottom
2015 analysis as presented in Chapter 6. The predictions of the DR and DS samples are
compared against data in a single-top Wt-channel enriched region. The MC generator
used for these studies is Powheg interfaced with Pythia6 for showering for both ¢t and
single-top. The nominal single-top sample uses the DR scheme, which is compared with
the alternative Powheg+Pythia6 DS sample. The selections used to define the single-top
control region (referred to as bb_CRstA) are fully described in Table 6.12.

Process Yield
tt 11.7+£0.9
single-top (DR) 28.1+0.7
single-top (DS) 6.4 +0.4
Z+jets 0.94+0.2
W +jets 16.7+£0.8
Diboson 0.5£0.1
tZ 0.08 £0.01
W 0.114+0.01
MC Total with DR scheme 58.1+ 1.5
MC Total with DS scheme 36.4+1.3
Observed data events 56

TABLE 4.1: Data and MC comparison of the main SM background processes in the
sbottom bb_CRstA region, with 3.2 fb~!. Only statistical uncertainties are considered.

From Table 4.1 it can be seen that, in the region of phase space considered by the

analysis, the DS sample greatly underestimates the data. The MC prediction in this
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region, assuming a 20% systematic uncertainty on the background estimate, when using
the DR sample is within 0.20 of the data, whereas the estimate when using the DS
scheme underestimates the data in the region by 2.70.

A normalisation parameter (fisingle—top) is subsequently calculated, by removing the
30 events corresponding to the non-single-top backgrounds, and evaluating the single-top

contributions after rescaling number of remaining data events:

Nyata non—singletop (4 19)
NMC singletop

Hsingle—top =

These calculations result in pgingle—top = 4.08 for the DS scheme compared with
Hsingle—top = 0.92 using the DR scheme. This drastic difference in DR and DS estimations
in the bb_CRstA region suggests that the DS scheme is not appropriate to apply in
the phase space targeted by the analysis, as the invariant mass of the W-bosn and b-
quark are away from the top-quark mass. Applying this uncertainty would artificially
inflate the uncertainty. Further understanding of the differences between the DR and
DS methods comes from analysing distributions key analysis variables, using samples
without detector simulation, referred to as “truth-level” samples.

The object and variable definitions employed follow closely the definitions which will
be reported in Chapter 5. Figures 4.4 and 4.5 show key variables from the sbottom
analysis as reported in Chapter 6, and illustrate how these variables differ when not
applying any selection and when applying a selection of ny,_jets = 2. As the DR scheme
is shown to model the data in the bb_CRstA very well, the large differences at truth-
level between the DR and DS schemes suggests that applying the relative uncertainty
between the schemes artificially inflates the analysis uncertainty.

The results of these tests show that the DS scheme is not a valid method in the phase
space targeted by the analysis, and the relative uncertainty should not be applied as an
additional systematic uncertainty. In the next section, studies performed investigat-
ing an alternative sample, which can shed some light on the interference contributions

relevant for the ny,_jets = 2 selection, are reported.
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(e) m?,“)l?) (f) njets- Only the statistical uncertainties on both the DR and DS samples
are shown.
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4.3.4 Using a dedicated WIWbb Sample

Contributions related to the interference effects between the single-top and ¢t processes
can be studied by combining the individual ¢t and single-top samples and comparing
this to a single sample which fully generates the off-, singly- and doubly-resonant con-
tributions to the WWbb process.

Due to difficulties encountered when generating the WWbb process at NLO [93], the
best accuracy achievable when performing these studies is LO using MadGraph for the
ME calculation and Pythia8 for the PS. Samples are generated in the so-called 4 Flavour
Scheme (4FS) where b—quarks are treated as massive and any b—quark initiated process
begins with g — bb.

A similar method is used as in the previous comparison in the context of the 2015
sbottom analysis. To perform this comparison in the same manner as the DS comparison
in the previous section, it is required to combine the contributions of the nominal single-
top (DR) method, with the ¢t sample, and then to compare this with the full WWWbb
sample.

Whilst these studies are performed at truth-level only, any significant differences in
the yields of tt+single-top and WWbb would suggest that a reconstruction-level WV bb
sample would not be appropriate to model the regions under consideration, as the nomi-
nal tf and single-top DR samples describe the data in the bb_CRstA well. The truth-level
yields for the bb_CRstA region and a signal region used in the sbottom 2015 analysis
(referred to as bb_SRA250 and defined in Table 6.3) are shown in Table 4.2.

Process bb_CRstA | bb_SRA250
tt + single-top (NLO, DR) 64.02 3.443
WWbb (LO) 27.70 1.796

TABLE 4.2: Truth-level yields for the combined #¢ and single-top processes and the
WWbb process in the bb_CRstA and bb_SRinA regions.

The large difference between the predicted yield for the nominal ¢ +single-top and
the WWbb sample shown in Table 4.2, suggests a global normalisation required for the
WWbb sample. However at truth-level there are significant deviations between samples.
As the nominal sample is shown to estimate the data well (at reconstruction-level) it is
assumed that a WWbb sample, generated at reconstruction-level, would compare poorly

with the data due to this large difference in yield at truth-level.
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4.3.5 Conclusions

The previous section presented an overview of the methods to model the interference
between the single-top (Wt) and ¢t processes when considering events with two b—jets
in the final state.

The diagram removal method (DR) is used as the nominal method when generating
the single-top process. The validity of comparing the DR method with the diagram sub-
traction (DS) method, to estimate the uncertainty arising from the interference effects,
is investigated and a comparison between the yields provided using these methods is
shown. It is seen that the DR method models the data well in the single-top enriched
region used in the sbottom analysis. The DS method underestimates the data in this
region. A truth-level comparison is presented showing the distribution of key variables
used in the analysis without any selection applied, and with an ny,_jets = 2 selection. The
dramatic differences between the yield provided by the DS sample, and the differences in
the distributions of the key variables, is indicative of the DS sample being inappropriate
to use to estimate the interference uncertainty due to the phase space targeted by the
analysis.

A further sample is investigated, referred to as the WIWWbb sample, which contains the
doubly-, singly- and non-resonant terms. To compare the samples on an even footing the
WWbb sample must be compared to the prediction from the combined ¢t + single-top
samples. Whilst these studies are very preliminary and performed only at truth-level,
there is a significant difference between the predictions from the combined tt + single-
top nominal samples, and the WWbb sample, which suggests that this sample would
also be inappropriate to use to estimate the interference uncertainty.

As neither of the two alternative samples provides a reliable alternative method to
the nominal, the samples are not used to estimate the effect of the modelling uncertainty
in the context of the sbottom 2015 analysis, to prevent artificially inflating the modelling
uncertainties of the analysis.

More recent developments in the generation of the WWbb sample has proven more
successful at modelling the regions of phase space under consideration using Mad-
Graph5+aMC@NLO. These samples were used to assess the impact of the interference
uncertainty for the Sbottom 36.1fb~! analysis, documented in Chapter 6 and the Run
2 tb + E%iss analysis reported in Chapter 7. The uncertainties on the signal region

predictions using the MadGraph5+aMC@NLO samples are between 6-16%.
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4.4 Modelling the V-jets process uncertainties using a pa-

rameterisation

The MC event generator Sherpa (versions 2.1.1, 2.2.0 and 2.2.1) is used by ATLAS to
generate samples corresponding to the NLO production of a W /Z boson in association
with jets, with the boson decaying leptonically. The events are normalized to the in-
clusive (47) NNLO cross sections using an associated k-factor. The W+jets events are
normalised to onn,o = 20080 pb. The cross section used for the normalisation of the
Z+jets events is dependent upon the invariant mass of the leptons in the event, for the
Z — U events, the samples are normalised to onnp,o = 2067 pb for each flavour of lepton
(¢ =e, p, 7). The Z — vv samples are normalised to onnpo = 11373 pb.

The nominal Sherpa configuration includes four parameters which are setup by the

user and that can be varied to evaluate the corresponding uncertainties:

e Matrix element matching scale (CKKW): This is the merging scale taken for the
calculation of the overlap between jets from ME and from PS. The nominal value
for this parameter is 20 GeV. The up variation increases this to 30 GeV (CKKW30),
whilst the down variation decreases the nominal value to 15 GeV (CKKW15).

e Renormalisation scale (Renorm): This is the scale at which the running strong
coupling constant (ag) is calculated for the underlying hard process, the nominal
value is calculated at myy/;. The ug is varied by a factor of 2 (Renorm4) and a

factor of  (Renorm025) with respect to the nominal.

e Factorisation scale (Fac): This is the factorisation scale (ur) used in the PDF and
cross section calculations, the nominal value is chosen such that up = myz. The

pr is varied by a factor of 2 (Fac4) and 3 (Fac025) with respect to the nominal.

e Resummation scale (QSF): This is the scale used in the PS algorithmn to begin the
process of soft emission, the nominal value is again chosen such that gt = myyz.

The piqsr is varied by 2 (QSF4) and £ (QSF025) with respect to the nominal.

Due to the large amount of samples and events that would be required to cover the
above variations, only a subset of samples, dependent upon the decay of the vector boson
(Z - vv, Z — ee, W — ev) are produced with Sherpa version 2.1, as the variations
do not depend on the decays of the vector boson and are independent of lepton flavour.

Furthermore, dedicated samples for Sherpa v2.2, and v2.2.1 with alternative scales were
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not produced: in this case, the applicability of the same relative variations derive from
the fact that v2.1 and v2.2/v2.2.1 samples do not differ in QCD order and ME4+PS@QNLO
prescription.

The following studies consider the variations for the Z — vv, Z — 00 and W — (v
samples. The samples are generated in slices corresponding to the transverse momentum
of the vector boson, pr(V): [0,70], [70-140], [140-280], [280-500], [500-700], [700-1000],
[1000-2000], [2000-Ecms] GeV, and are also split depending on the flavour of the jet:
b—,c—, and [—jets. For each of the four variations two samples are produced: down
variations (referred to as CKKW15, Renorm025, Fac025, QSF025 respectively); and the
up variations (referred to as CKKW30, Renorm4, Fac4, QSF4 respectively).

Figures 4.6, 4.7 and 4.8, show kinematic distributions at truth-level of the variations
with respect to the nominal, for the Z — vv, W — ev and Z — ee samples respectively.
It is seen that varying the renormalisation scale produces the largest deviations when
compared to the nominal. This is most prevalent in the pp (V') distributions.

Generally the variations show a dependence upon pp(V) and the jet multiplicity.
Other variables, such as meg and Ht (defined in Section 5.4) also show some sensitivity
to the variations, however, not to the same extent as pr(V) and njets. Due to this
dependency on pr(V) and Njets & set of weights in two-dimensions was developed to
describe the uncertainties.

The following section shows how the parameterisation of the uncertainties based on
the afforementioned variables has been developed, and closure tests of the parameter-
isation are shown. The results of the parameterisation allows a wide range of ATLAS
analyses to evaluate the impact of these modelling uncertainties in a much quicker man-

ner than running directly on the alternate samples.
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4.4.1 Parameterisation Method Overview

The first step in parameterising the uncertainties is to identify the appropriate variables.
As a first step, weights were derived using a 1-dimensional parameterisation using either
pr(V) or njes (pr > 20GeV, || < 2.8). For the case where pr(V) was used for
the parameterisation process, properties related to the jets (Hp, pr(j1) etc) were not
reproduced with the parameterisation, whilst using the jet multiplicity as the basis for
the parameterisation caused variables relating to the E%iss to be poorly reproduced.
This shows that a multidimensional parameterisation must be performed: two variables
were found to be sufficient and p(V) and njets are used.

For a given pr (V') bin (i), and njes bin (j), the weights are calculated per sample (up
and down variations are treated separately) using Eqn 4.20:

Syst
Nij

WiJ - NNominal’
1/7]

(4.20)

where the number of events for each sample is normalised to the NNLO cross section.
The choice of pp(V) bins is guided by the pr slices that are used for the genera-
tion of the samples ([0,70], [70-140], [280-500], [500-700], [700-100], [1000-2000], [2000-
Ecwms]) GeV. The njets bins correspond to values of the jet multiplicity of (0, 1,2...10, >
10) jets. A cut off point of > 10 is chosen due to low statistics in bins with jet mul-
tiplicity > 10 which may lead to unphysical fluctuations. A representation of the bin

structure is shown in Fig. 4.9.

P11 P N SN AT IR
0 1000 2000 3000 4000 5000 6000

P2

FIGURE 4.9: Representation of the bin structure for a given njes and pp(V) selection.
Weights are calculated using Eqn 4.20 on a bin-by-bin basis corresponding pr (V) (i)
and Njets ().
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The weights produced corresponding to the renormalisation scale variations are shown

in Figure 4.10, using the Z — vv process as an example.

ATLAS Internal (s =13 TeV, 3.32 fiy' ATLAS Internal Vs = 13 TeV, 3.32 fo!

Weight

Weight
3 Mes

15

1000 2000 3000 4000 5000 6000
P2 [GeV]

1000 2000 3000 4000 5000 6000
p,(2) [GeV]

(a) Renorm025 (b) Renorm4

F1cURE 4.10: Examples of the weights produced for the Z — v renormalisation scale
variations.

4.4.2 Validation of the Parameterisation Weights

In order to validate the method, a closure test is performed comparing the weighted
nominal (i.e. applying the weights from the parameterisation to the nominal sample),
and the actual systematic sample, for variables that are used for many SUSY analyses.

By definition, for the variables used for the parameterisation method, the weighted
nominal should reproduce exactly the systematic sample. Fig 4.11 shows the distribu-
tions corresponding to the parameterisation variables pr (V') and njes. The weighted
nominal and the systematic variation differ in the high multiplicity bins for the njets
distribution due to the truncation at mjets = 10 used in the parameterisation.

A small subset of observables are shown in Figures 4.12 and 4.13 corresponding to
the Renorm025 and Renorm4 variations for the Z — vv process, as Figures 4.6, 4.7 and
4.8 show how the uncertainty from these variations are expected to lead to the largest
difference from the nominal sample and hence the renormalisation variations have the
largest impact on the modelling uncertainty.

The black markers denote the weighted nominal whilst the systematic sample is
represented by the black line. Generally good agreement is observed using the weighted

method in all variables that are considered.
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FIGURE 4.11: pr(V) (left) and njes (right) distributions for the ckkw30 (ME matching

up) Z — v sample. As these variables are used for the parameterisation it would be

expected that the weighted method and the actual systematic variation would agree

exactly for these variables. This is the case for the pp(V) distribution (left) however

due to the binning used when producing the weights for the high jet multiplicity events

this is not the case for the njes distribution. The statistical uncertainty on both the
nominal and variation samples are shown.
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4.4.3 Parameterisation usage with later versions of Sherpa

During the progression of Run 2 the Sherpa 2.1.1 version used for the generation of the
V +Jets processes has been replaced by 2.2.0, and then version 2.2.1.

In doing this the nominal V+Jets samples were regenerated, however the systematic
variation samples were not regenerated. Sherpa 2.2.1 presents a new functionality which
allows the generation of internal weights on an event-by-event basis, which can be used
to quantify the up, ur and PDF uncertainties on the ME. On the other hand the matrix
element matching and resummation scale variations are not available “on the fly”. Hence
the parameterisation weights remain a useful method to calculate these uncertainties at
the analysis level without dealing with many large samples.

Applicability of the parameterisation to the 2.2 samples has been studied in two ways.
The first method is to compare the 2.1 and 2.2 weighted distributions to understand the
behaviour of the weights. Figure 4.14 presents a comparison of the weights used with
the nominal 2.1 and 2.2 samples. It is seen that the ratio of the nominal (solid line)
to the weighted samples (markers) for the Sherpa 2.1 (red) and Sherpa 2.2 (black) are
very similar. This implies that the the parameterisation varies the nominal sample in a
similar manner for both 2.1 and 2.2, validating the usage of the parameterisation to the
Sherpa 2.2 nominal samples.

With regards to Sherpa 2.2.1, the addition of the internal weights for the renormali-
sation and factorisation uncertainties allows for a more direct manner of validating the
parameterisation. Figures 4.15 and 4.16, show a direct comparison between the inter-
nal weights, and the parameterisation weights, when applied to a reconstruction level
Z-jets sample, for some key variables of interest. There is very good agreement between
the internal weights and the parameterisation method for the scale variations that have
corresponding internal weights, validating the usage of the parameterisation with these

samples.

4.4.4 Conclusions

The previous section contained an overview of the studies performed investigating the
modelling uncertainties for the Sherpa V+jets samples, which are used to model key
background processes in the analyses presented in this thesis. The effects of varying the
parameters corresponding to the renormalisation scale (pg), factorisation scale (ur),

matrix element matching scale (CKKW) and soft gluon resummation scale (uqsr) are
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investigated, with the renormalisation scale variations showing the largest difference
with respect to the nominal.

To allow for the efficient calculation of the impact of these uncertainties, a two-
dimensional parameterisation was developed, based upon the transverse momentum of
the vector boson (pr(V')) and the jet multiplicity (njets). A closure test was performed
using the weights, by comparing distributions produced with the weighted nominal and
with the true systematic sample, which resulted in the reproduction of the true system-
atic sample with the weights, when considering a selection of variables used in analyses.

Finally, the usage of the weights when applied to the updated Sherpa 2.2 samples
was presented. Two methods are used to perform this check. The first method compares
a selection of distributions using the weights applied to the 2.1 samples, and to the 2.2
samples. The ratio of the weighted distributions to the nominal sample for both 2.1
and 2.2 exhibits similar behaviour, validating the usage of the parameterisation here.
The second method is to compare the weights to the internal weights that were included
in the updated version. Not all of the uncertainties are available with the internal
weights (pup, ur and PDF uncertainties are provided), so the parameterisation provides
a complimentary method to investigate the modelling uncertainties. The validation
is performed by comparing distributions in key variables produced using the internal
weights applied on an event-by-event basis, to the distributions produced using the
parameterisation weights. The comparisons performed are encouraging, with the internal
weights and parameterised weights producing similar distributions.

The usage of the weights produced via the parameterisation is currently the SUSY
Working Group recommended method to evaluate the modelling uncertainties on the

W +jets and Z+jets backgrounds.
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FIGURE 4.14: Comparison between key distributions for the Z — vv 2.1 (red) and 2.2
(black) for the renormalisation variation samples. The left plots show the renorm025
(down) variation, and the right plots show the renorm4 (up) variation:

Top, El‘fliss; Middle, Hr; Bottom: n¢rughjets-

It can be seen in the ratio plot, that the variation (weighted nominal) effects both 2.1
and 2.2 nominal samples in a similar manner, validating the use of the weighted method
when applied to Sherpa 2.2. The statistical uncertainty is shown for both the nominal
and weighted samples.
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right, pr(j1). The statistical uncertainties are shown in the ratio plots for the nominal
distribution (grey dashes), the distribution using the internal weights (red dots) and
the distribution using the parameterisation weights (black markers).
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FIGURE 4.16: Comparisons of the renormalisation up variation between the internal
weights and parameterisation method for key distributions using a reconstruction level
Z-jets sample.

Top: left, pr(Z); right, njets. Centre: left Hr; right, np_jets. Bottom: left, meg;
right, pr(j1) .The statistical uncertainties are shown in the ratio plots for the nominal
distribution (grey dashes), the distribution using the internal weights (red dots) and
the distribution using the parameterisation weights (black markers).

4.5 Conclusion

This chapter presented an overview of the modelling of a generic proton-proton collision,

and the tools available to model an array of physics processes of importance to the
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analyses presented in this thesis. A brief overview of the MC generators used to model
the key physics processes for the analyses is given, with a discussion of the specific
methods used by each generator. The modelling of two specific cases were studied in
detail.

The interference between the single-top Wt-channel process and the tf process was
investigated in the context of the sbottom 2015 analysis to ascertain if an additional
modelling uncertainty should be placed on the single-top background. It was found that
the alternative samples available to model the interference effects provided unsatisfactory
modelling and were not used, to avoid inflating the uncertainty due to the poor modelling
provided by the alternative samples.

The uncertainties associated with the MC samples used to model the Z+jets and
W+jets processes were investigated, with the uncertainty from varying the renormali-
sation scale the most dominant uncertainty. A 2D parameterisation was produced using
the jet multiplicity and vector boson pr as the basis for the parameterisation, to provide
an quick method to evaluate these uncertainties. A closure test was performed to ensure
that the parameterisation produced similar results to the true variation samples, and
additional checks were performed to validate the usage of the parameterisation with the

newest available samples used to model the V +jets processes.



Chapter 5

Event Reconstruction

This chapter contains an overview of the physics object definitions, the event cleaning
selections and the key discriminating variables used in the analyses contained in this
thesis. A brief introduction to the algorithm used for the definition of jets is given,
before a list of the key objects required for the analyses is presented. Each object is
subsequently discussed to produce the final definition for the objects and in addition to
this the differences between the Run 1 and Run 2 definitions are given when appropriate.
The event-level cleaning selections applied to the data to ensure that the data used for
the analyses is of a good quality are reported. Finally the key kinematic variables that
are used in each analysis are discussed, with an explanation of why they are useful to

discriminate between signal and background.

In the following section, an overview of the definitions used to reconstruct physical
objects such as electrons, muons and jets based upon information received from the

detector is presented. The objects to be considered are:

- Charged leptons, (electrons or muons)

- Jets: Clusters of hadrons, formed into a jet using the anti-kr algorithm [94] with

R=04
- b—jets: Jets which have been further identified as originating from a b—quark.

- E%‘issz Unbalanced momentum in the transverse plane when summing all other
objects in the detector. Effliss is required to conserve momentum in the transverse

plane, and suggests a particle escaping detection, such as a neutrino.

- Photons

89
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In an event the above objects will interact in a relatively unique way in the detector,
such that an energy deposit or track can be associated uniquely with one of the above
objects, as shown in Figure 5.1. However, additional selections are employed to provide
more accurate classification of the objects, and to distinguish between scenarios where

there is uncertainty in the reconstruction.

Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

R
Tracking
Pixel/SCT detector

FI1GURE 5.1: An overview of how physics objects would interact in the ATLAS detector.
Taken from [95].

5.1 Object Reconstruction and Definitions

When reconstructing an event “baseline” objects are initially defined. These are objects
that pass a loose set of requirements based upon the pr, n and isolation of the object.

An overlap removal (OR) procedure is then used to avoid possible double counting
between physics objects. The overlap removal procedure is defined in Section 5.2. After
the overlap removal has been applied to the objects, the remaining baseline objects
are checked to see if they pass the “signal” selection, which is a set of more stringent
selections used to define signal objects. If the object passes the signal selection, then it
is referred to as a signal object.

In order to correctly model the response of the detector when considering MC gen-

erated objects, scale factors are applied to the MC objects to correctly reproduce the
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detector response in data. These scale factors are produced comparing the MC expecta-
tions to data. For example the electron [96] and muon [97] reconstruction efficiencies as
a function of pt and 7 are calculated using Z-boson decays and a tag-and-probe method.
The MC expectation is compared to data, producing an reconstruction efficiency for the
lepton. A similar method is used to calculate the photon reconstruction efficiency [98].

In the following sub-sections, the definitions are presented for the relevant objects
used in each analysis. A generic overview of how the object would present itself in the
detector is given, with a more specific overview of the selections used in each analysis

to ensure well defined physics objects.

5.1.1 Charged Leptons: Electrons

Electrons are expected to leave tracks in the ID, which point to energy deposits in
the EM calorimeter. As such, the selections employed to define electrons are based
upon tracking (referred to as track) and calorimeter (cluster) information, including the
transverse energy E1 and the pseudorapidity of the electron candidate. For example:

ntrack is the pseudorapidity calculated using tracking information from the inner detector;

Ecluster corresponds to the energy calculated using only clustering information; and so
on. Electrons must also pass an isolation requirement ensuring that the energy clusters
or tracks are well defined [99]. Scale factors are applied to reconstructed MC electrons,
whilst calibration factors are applied to reconstructed data electrons.

Due to improvements in the reconstruction algorithms, the electron object definitions

during Run 2 are based upon multivariate analysis (MVA) methods. An overview of the

electron object definitions used for each analysis are presented in Table 5.1.

tb + ER Analysis
Baseline electrons are defined using a set of “medium” quality definitions [100] with
Eluster /cosh(n) > 7 GeV. If the object has deposited 4 hits in the silicon components of

cluster j5 ysed. Additionally the baseline electrons

the ID, then n*2°* is used, otherwise n
require pp > 10 GeV and |nuster| < 2.47.

Electron candidates that pass the OR procedure, as defined in Section 5.2, are fur-
ther required to pass a “tight” quality definition and have Er > 20 GeV. An isolation
requirement is also used, requiring ptCone20/pr < 0.1, where ptCone20 is the sum of

all tracks within a radius R = 0.2 around the candidate electron, excluding the electron

track iself. A transverse impact parameter requirement of dy < 5mm is used to ensure
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high quality tracks. Finally to ensure that the electrons are in the single-electron trigger

plateau, an additional selection of pp > 25 GeV is employed.

Sbottom and Dark Matter bb + E® Analyses

Electrons are labelled as baseline if they satisfy the likelihood-based LooseAndBLayer-
LLH identification criteria [101], and also have pr > 10 GeV with ‘nd‘“ter’ < 247. A
looser baseline pr selection is used for the dark matter analysis, with a baseline selection
of pr > 7GeV applied.

After passing the OR procedure, signal electrons are selected with pp > 26 GeV
to guarantee that the electrons are in the single-electron trigger plateau. The sig-
nal electrons are also required to pass impact parameter selections dp/o(dy) < 5, and
zpsin(f) < 0.5, where zj is the longitudinal impact parameter. In addition to this, tighter
isolation criteria are applied referred to as “GradientLoose” or “LooseTrackOnly” which

refer to a general set of selections placed upon isolation variables [102].

| Variable th 4 Emies Sbottom bb + ERs* DM bh + BF™ |
’ Baseline ‘
Acceptance pr >10GeV, |n| <247 pr >10GeV, |n| < 2.47  pp >T7GeV, |n| < 2.47
Quality /ID Medium LooseAndBLayerLLH
’ Signal ‘
Acceptance pr >25GeV, |n| <247 pr >26GeV, |n| < 2.47 pr >26GeV, |n| < 2.47
Quality Tight TightLLH
Isolation ptCone20/pr < 0.1 GradientLoose LooseTrackOnly
do <5 ,
do Significance - <5
zosin(0) - <05

TABLE 5.1: Overview of the electron object definitions for both Run 1 and Run 2.

5.1.2 Charged Leptons: Muons

Tracks associated to muons are expected in both the ID and the muon spectrometer.
The tracking information from these two sections of the detector are used simultaneously
to define “combined” muons [97]. The selections used to define a muon candidate are
therefore based upon the tracks in these sections of the detector, the pt and 7 of the
object. The muon object definitions used for the analyses are presented in Table 5.2.
Differences between the muon pr spectrum in MC and data are taken into account by

applying pr dependent scale factors to the MC muons.
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th + E?iss Analysis
Baseline muons are required to pass selections of py >10GeV and |n| < 2.5. Quality
requirements are also applied to the muon tracks left in the ID, referred to as the “loose”

selection [103]. These requirements include:

> 1 b-layer hit (when within the b-layer acceptance);

> 1 pixel hit;

> 5 SCT hits:

pixel + SCT holes < 3 (holes referring to missing hits in the subsystem);
if 0.1 < |n| < 1.9: nyrr = 6 or n%‘ﬁlTiers < 0.9nTRT;

else if |’I7’ > 1.9 and nTrT = 6: n%qul[i‘ers < 0.9nTRT

(where npry refers to the number of hits in the TRT subsystem and nOT‘ﬁlTierS refer

to high threshold TRT hits)

Further to this, signal muons require pp > 25GeV, to ensure the muon is in the
single-muon trigger threshold, and an isolation requirement is applied such that the sum
of all tracks within a cone of radius R = 0.2 is less than 1.8 GeV. Events where a muon
is found to be consistent with a cosmic ray are rejected [104], using impact parameter

selections: dp significance < 3 and zpsin(f) < 0.5.

Sbottom and DM bb + E¥sS Analyses

Baseline muons are required to have pyr > 10 GeV and |n| < 2.5 and to pass a set of
selections based upon the quality of the tracks, referred to as the “Medium” requirements
[105]. The baseline muon pr is lowered to > 6 GeV for the dark matter analysis.

Following the OR, signal muons are selected with pp > 26 GeV, to ensure that the
muons are in the trigger plateau. The signal muons must also pass the impact parameter
selections dp significance < 3 and zgpsin(f) < 0.5.

A series of selections based upon isolation variables are applied to the signal muons.
For the sbottom analysis, signal muons must pass the GradientLoose isolation criteria,
whilst for the DM analysis the LooseTrackOnly requirement is used [105]. Baseline
muons that are consistent with originating from a cosmic ray (from the impact parameter

information) are vetoed.
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’ Variable th + Emiss Sbottom bb + Eimiss DM bb + Eiiss ‘
’ Baseline ‘
Acceptance pr >10GeV, |n| < 2.5 pr >10GeV, |n| < 2.5 pr >6GeV, || < 2.5

Quality /ID Loose Medium
’ Signal ‘
Acceptance pr >25GeV, |n| < 2.5 pr >26GeV, |n| <2.5 pr >26GeV, |n| < 2.5
Quality Loose Medium
Isolation ptCone20 < 1.8 GeV GradientLoose LooseTrackOnly
do Significance - <3
zosin(0) - < 0.5
Cosmic Muon Veto whole event Only veto muon

TABLE 5.2: Overview of the Muon object definitions for Run 1 and Run 2.

5.1.3 Anti-kr Jets

As alluded to in Section 2.3, partons are not measured directly in the detector and
instead hadronise. How to relate the parton-level objects to the hadrons measured
in the detector is a vital component of event reconstruction. The flow of collimated
hadrons is referred to as a jet. Jet finding can be thought of as trying to recover the
original parton from the measured hadrons. There are generally two categories of jet
algorithm: cone algorithms and sequential recombination algorithms. For the purposes
of this thesis, the anti-kr sequential recombination algorithm is used.

Sequential recombination algorithms are based upon minimising the distance (AR)
between hadrons. This is done by iterating over all partons, grouping the closest (based
upon a pr weighted distance parameter d; ;) pair of hadrons together into one hadron,
and iterating until the final set of hadrons are all greater than the desired radius (R)
apart. The distance measures for the grouping performed by the anti-k; algorithm are

defined as:

2

AR,

(5.1)
dip = p}Y

In this case, to take into account beam remnants, an additional distance parameter,

d; B, is required which is the distance from the ith particle to the beam. The anti-

kr algorithm uses p = —1, which results in clusters being formed around the hardest

hadrons in the event and runs according to the following three steps:
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e Iind the pair of particles with the smallest d; ; in the event and combine these

particles into one particle.
e If the smallest value is d; p then the particle ¢ is combined with the beam.

e Continue the iteration until all particles in the event are separated by > R, the

required jet radius.

A beneficial aspect of the anti-k; algorithm is that hard jets produced by the algorithm
are approximately circular in the (¢,7) plane, in a similar manner to the cone-based
algorithms.

The seeds for the jet algorithm originate from topological calorimeter clusters. The
jet algorithm builds jets with |n| < 4.5 which are then calibrated. In addition to this,
the |n| < 4.5 jets are used in the EXSS calculation.

The reconstructed jets can be calibrated using different methods to take into account
detector response and performance. A jet energy scale (JES) calibration is applied to
correct the response of the calorimeters to the true jet energy based upon the pr and n of
the jet. The jets are also corrected to take into account pile-up effects, using methods to
account for residual detector response effects. Jets which may arise from pile-up events
are vetoed using a combination of jet vertex fraction (JVF), minimum jet pt and ||
selections [106]. The JVF algorithm associates calorimeter clusters with tracks in the
ID and assigns the resultant jet a weight, depending upon how likely the jet is to have
originated from the primary vertex. The calculation of the JVF weight is related to the
momentum fraction of the tracks associated with the primary vertex [107].

It is possible that “fake” jets can occur in an event, arising in non-collision background
events, fake calorimeter signals due to noise or other similar unexpected occurances.
Consequently, a jet cleaning selection is applied to the jets in each analysis [108]. In all
events, if a “baseline” jet after the OR procedure is labelled as a “bad” or “loose” jet,
then the event is vetoed. The full jet definitions for the analyses presented are shown in

Table 5.3.

th + ErrfniSS Analysis

The local cluster weighting calibration (LCW) method is used to calibrate the recon-
structed jets [109]. In this method the clusters used to build the jets are defined as
either electromagnetic or hadronic. These components are then weighted to take into

account the difference between electron and pion response in the calorimeters.
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The baseline selection requires pr > 25GeV, and || < 2.5 to ensure the jets are in
the central region of the detector. No additional acceptance requirements are used to

define signal jets, only that the baseline jet passes the overlap removal procedure.

Sbottom and DM bb + Eﬁ?iss Analysis
The EM topo-cluster calibration scheme is used to calibrate the reconstructed jets. In
this scheme, the jets are calibrated to the electromagnetic scale using measurements of
the calorimeter response to electrons [110].

Baseline jets are required to have pp > 20 GeV and || < 2.8. The pseudorapidity
range chosen is such that for anti-k7 jets with R = 0.4, the clusters used to create the jet
will be within |n| < 3.2 corresponding to the total coverage provided by the barrel and
end-cap calorimeters. Jets which pass the OR requirements have an additional signal
acceptance selection of pr > 30 GeV for the sbottom analysis. Due to the relatively low
pr jets expected in the DM analysis, this additional requirement is not applied.

An additional Jet Vertex Tagger (JVT) requirement is applied to low pp central jets
to protect against jets arising from pile-up interactions. The JVT method is an extension
of the previously introduced JVF method. The JVF method is found to decrease the
efficiency of correctly identifying jets from the hard-scatter event as the number of pile-
up vertices increases. The JVT algorithm introduces additional variables related to the
number of vertices in the event and the pr of the tracks in the event. The output weight
of the algorithm is found to provide further discrimination between pile-up jets and jets
arising from the hard scatter process [111]. The output of the JVT algorithm is required
to be > 0.59 for jets with pp <60 GeV, || < 2.5.

’ Variable th 4+ ERiss Sbottom bb 4 Eiiss DM bb + Efis ‘

’ Baseline ‘
Acceptance pr >20GeV, |n| < 2.5 pr >20GeV, |n| < 2.8
Jet Cleaning Veto event if a bad/loose jet is present

’ Signal ‘
Acceptance pr >20GeV, |n| < 2.5 pr >30GeV, |n| < 2.8 pr >20GeV, |n| < 2.8
JVT Acceptance - >0.59, if pr <60GeV, |n| < 2.4

TABLE 5.3: Overview of the jet object definitions used in Run 1 and Run 2.
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5.1.4 b—jets

A key component of all of the analyses in this thesis is the presence of b—tagged jets
(subsequently referred to as b—jets) in the final state. Due to the difficulty in recognising
if a jet has originated from a b—quark, machine learning techniques such as neural
networks (NN) are used to identify b—jets. These algorithms take advantage of the an
important characteristic of b—quark production, which is that, after hadronisation, the
lifetime of the B-hadron is such that it can travel a distance in the detector, producing a
secondary vertex (from which the B-hadron subsequently decays). The average distance
travelled by a B-hadron can be roughly calculated, using the average lifetime (15 =
1.5 x 1072 5) of the B-hadron, as d = Bvyer ~ 3mm, where 37 is the relativistic boost
taken to be =~ 6. Figure 5.2 presents an example of a secondary vertex arising due to

the decay of a B-hadron.

Secondaty Ver/téi y

Track / )

Impact Primary Vertex
Parameter

FIGURE 5.2: An example of a secondary vertex due to a b—hadron decay.
Taken from [112].

The inner workings of these algorithms are discussed elsewhere [112], however gener-
ally two levels of algorithms are used. The initial level contains multiple algorithms, each
of which uses key discriminating variables to distinguish between b— and non-b—tagged
jets. The information from the identified secondary vertices is used, such as the impact
parameters of the tracks originating from the vertices, the distance travelled by the
hadron, and information from the subsequent hadron decay. The Working-Point (WP)
of an algorithm is the selection placed on the output score of the algorithm, to ensure a
certain b—tagging efficiency. Each efficiency also relates to a b—tagging “purity”, which

is the percentage of correctly identified b—jets. Scale factors which are pp-dependent
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are applied to the resultant b—jets corresponding to the ratio between the efficiency of
b—tagging in data and MC using a t¢ enriched sample [113].

Due to the requirement of tracks and/or secondary vertices, that are subsequently
used as an input for the algorithms, a general acceptance requirement for b—jets through-
out each analysis is that the jet must fall within |n| < 2.5, to provide tracking information
from the ID.

It is noted that in the subsequent b—jet definitions the b—tagging algorithm dif-
fers between Run 1, the first year of data-taking in Run 2 (2015), and the combined
201542016 dataset of Run 2. The changes in b—tagging algorithms are motivated by
improvements made to the algorithms. The MV1 algorithm uses a NN based upon the
outputs of multiple algorithms. The two MV2 algorithms improve upon this by using
boosted decision trees (BDTs) based upon a set of inputs (the same inputs used for the
algorithms which the MV1 method is based upon) [114]. The difference between the
MV2_¢c20 and MV2_cl10 is the c—jet fraction used in the training of the BDTs. The
MV2_¢20 uses a c—jet fraction of 20%, whilst the MV2_c10 algorithm uses 10% [115].

tb + Efrmss Analysis

The MV1 algorithm [116] is used to provide the final b—tagging discriminant. The
70% b—tagging efficiency operating point is used. For this operating point, the rejec-
tion factors for non-b—jets are 137, 5 and 13 for light-quarks, c—quarks and 7 leptons

respectively.

Sbottom bb + E%liss Analysis

Identification of the b—jets is performed using the MV2c20 algorithm. The WP used is
the 77% efficiency point, The rejection factors for this WP are 6.57, 21.4 and 100.37 for
c—jets, 7 leptons and light-jets respectively.

It is known that the b—tagging efficiency is dependent upon the b—jet pp. For the
high squark masses targeted in this analysis a more preferred option would be to use
a “flat efficiency” WP, which provides a constant 77% efficiency regardless of b—jet
pr. Unfortunately this flat efficiency b—tagging was unavailable on the timescale of the

analysis.

Dark Matter bb + E%liss Analysis
The MV2c10 b—tagging algorithm is used to produce the final b—tagging discriminant

in the analysis. The 60% WP is used, where the rejection factors for light-flavour jets,
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c—jets and 7 leptons are 1538.78, 34.54, 183.98, respectively.

An optimisation was performed considering which b—tagging WP to use for this anal-
ysis, optimising based upon the signal topology under investigation. The higher purity
selection caused by the decreased efficiency WP, was found to increase the background

rejection to an extent that compensated for the decreased signal sensitivity.

] Variable th 4 Fiiss Sbottom bb 4 Fpiss DM bb + Emiss \
’ Signal b—jet ‘

Acceptance pr >25GeV, |n| < 2.5 pr >30GeV, |n| < 2.5 pr >20GeV, |n| < 2.5
Algorithm MV1 MV2c20 MV2c10
Efficiency WP 70% 7% 60%
b—jet purity 92.28% 94.99% 99.00%
Quality Passes signal jet selection

TABLE 5.4: Overview of the b—jet object definitions used in Run 1 and Run 2.

5.1.5 Photons

Nominally photons are expected to mainly interact in the electromagnetic calorimeter,
depositing all of their energy and producing a shower in this section of the detector. If a
photon interacted in this manner, the only noticable trace of the photon in the detector
would be a shower in the calorimeter.

However as the EM calorimeter is placed outside the ID environment, it is possible
that photons can interact with the ID, producing tracks before showering in the calorime-
ter which, as discussed in Section 5.1.1, is similar to how an electron would be expected
to interact with the detector. These two methods of photon interactions in the detector
lead to two classifications of the final photon object, referred to as “unconverted” and
“converted” photons respectively.

Unconverted photons are photons that interact only with the EM calorimeter and
are characterised by the shower information only. An algorithm is used to define a
cluster area around the calorimeter cell recording the highest energy, and this is used to
calculate the total shower energy, and thus the photon pr and 7 [117].

Converted photons interact with the ID material to produce e*e™ pairs which produce
tracks in the ID. Converted photons are identified by reconstructing the conversion
vertices within the ID and attaching these reconstructed vertices to a shower in the
calorimeter, using an algorithm to distinguish converted photons from electrons using

the conversion vertices and the track pr as inputs [118].
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Photon objects are only relevant for the sbottom bb + Er’fﬁss analysis, as a photon
replacement method is used to validate the nominal Z—jets prediction (Section 6.2.4).
In this analysis, the baseline photon acceptance selections are pr > 125 GeV and |n| <
2.37. The 7 selection used corresponds with the finely segmented regions of the EM
calorimeter, which is shown to provide good discrimination between photons and 7
mesons. The quality selection corresponds to tight cuts on shower-shape variables and
leakage of the shower into the hadronic calorimeter.

The signal photon requirements include pt > 130 GeV to ensure that the photon is in
the single-photon trigger plateau. The isolation requirement of “FixedCutTight” implies
pr(y) dependent selections on both the calorimeter and track isolation [119]. For the
calorimeter isolation, a selection based upon the energy in a topological cone of R = 0.4
around the photon object is used, requiring E(topoEtcone40) < 0.022pp(y) + 2.45. The

track isolation requires the pp sum in a cone R < 0.2, to satisfy: ptcone20/pr < 0.05.

’ Variable ‘ Sbottom bb 4+ ERiss ‘

’ Baseline ‘

Acceptance | pr >25GeV, |n| < 2.37
Quality Tight

Signal

Acceptance | pr >130GeV, |n| < 2.37
Quality Tight

Isolation FixedCutTight

TABLE 5.5: Overview of the photon object definitions used in Run 1 and Run 2.

5.1.6 Missing Transverse Momentum

Missing transverse momentum (P and its modulus EF'%) is considered to be an

object as it can be thought of as attempting to reconstruct particles that do not interact
with the detector and thus escape detection.

When considering the SM, neutrinos are the only particles that are not expected
to interact with the detector, however, when considering R-parity conserving SUSY,
the LSP (x)) will also exhibit this behaviour, and as such the B variable is a vital
component of SUSY analyses.

The ﬁ%niss definition uses the fact that in the transverse plane, the sum of the momenta
of detected particles would be expected to be zero. For example, Equation 5.2 considers

an event containing only two measured particles, labelled 1 and 2.
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0=pr + Pt (5.2)

If instead, the above equation is not satisfied, and the sum of particle transverse momenta
in the event is not equal to zero, then a particle (or particles) must have escaped the
— miss

detector in order to balance the momenta, denoted by pr ~ as in Equation 5.3. It is

the magnitude of the B vector which is used as the definition of the EIiss.

0=p1 + Bt + PP (5.3)

Due to the busy enviroment of a pp collision, the reconstruction of the ﬁ%mss vector

must take into account all energy deposits within the detector that could have arisen
from the hard scattering process. This is done using algorithms which take into account
baseline objects that are measured in the event (electrons, muons, jets, etc), using a
E%liss specific overlap removal. There is also the ability to include calorimeter clusters
that are not associated with any object, and tracks in the ID that are also not associated

with any object, in the E%iss calculation.

th + E’ITIIiSS Analysis
The EEE“SS definition used for this analysis includes the transverse momenta of objects
such as jets, photons, muons and electron, after calibration but before any acceptance
selection has been employed. In addition, it includes the momenta from topological
clusters in the calorimeter that are not associated with a reconstructed object. This
term is referred to as the “soft” EMISS term (B cetiont)> @S it is calculated from the
remaining energy deposits in the detector, that do not belong to a “hard” or well-defined
object [120].

P = B e + BE Gamma + BE " Muon + BT gle + BT Cellont (5.4)
Sbottom and DM bb + ETmiss Analyses
The E%ﬂss definition used in these analyses is similar to the previous definition, including
the electron, photon, muon and jet terms, however, the soft E%iss term is replaced with
the Track Soft Term (TST), B qr. The TST arises from tracks in the ID that are not
associated with any reconstructed object, but are associated with the primary vertex.

Quality selections are applied to the tracks that enter into the TST term [121]. The use
of the TST term reduces the pile-up dependence of the E%liss [122].
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— miss — miss —1miss — miss

PT =PT gt T BT Gamma T PT  Muon T DT Ele T DT TST (5.5)

5.2 Overlapping Physics Objects

After defining the baseline object selections it is possible that the objects have been
reconstructed using the same regions of interest within the detector. For example: the
behaviour of an isolated electron in the detector can be reconstructed as both an electron
and a jet. A removal procedure is applied to all baseline physics objects, in order to
resolve overlaps and to correctly associate regions of interest in the detector to the
correct physics object.

The overlap removal is applied based upon the separation (AR) in the (1, ¢) plane,
between the electrons, jets, muons and photons, with the value of the separation in this

plane used to discard one of the candidate objects, whilst keeping the other.

th+ E’ITIIiSS Analysis
The overlap removal used in this analysis is defined to remove leptons overlapping with

jets, and is applied as follows:

e If AR(e,j) < 0.2, the jet is rejected, the electron is kept.
e If 0.2 < AR(j,e) < 0.4, the electron is rejected, the jet is kept.

o If AR(u,j) < 0.4, the muon is rejected, the jet is kept.

Sbottom and DM bb + EXsS Analyses

A more sophisticated overlap removal was introduced during Run 2, in order to exploit
b—tagging information when deciding if an object should be rejected. It is expected that
when a b—quark is produced and subsequently hadronises, then it may decay leptonically.
If this is the case, then the previous overlap removal method would assign the b—jet as
a lepton, leading to an incorrect characterisation of the event. In order to maximise the
capability of correctly assigning a b—jet object, instead of a lepton object, the efficiency
WP for the b—jets entering into the OR calculation is increased to 80% (85% for the
DM bb + E%liss analysis), resulting in a higher b—tagging efficiency, but also causing a

decrease in the purity of the b—jets entering the OR calculation.
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Further to this, due to the installation of the IBL prior to Run 2, additional track
information is used to distinguish if an object is a jet or a muon. The overlap removal

is applied as follows:

o If AR(e,j) < 0.2, the jet is rejected and the electron is kept, unless the jet is

tagged as a b—jet using the looser WP, then the (prospective) b—jet is kept.
e If 0.2 < AR(j,e) < 0.4, the electron is rejected and the jet is kept.

o If AR(u,j) < 0.4, the muon is rejected and the jet is kept. Unless the object has
less than three associated tracks with pt < 500 MeV, then the jet is rejected and

the muon is kept.

For the sbottom bb + Effmss analysis, photons are also included when performing the
data-driven background estimation technique. As such an overlap removal which also

includes photons is used:

e If AR(e,7y) < 0.4, the photon is rejected and the electron is kept.
e If AR(y,7) < 0.4, the jet is rejected and the photon is kept.

o If AR(u,v) < 0.4, the photon is rejected and the muon is kept.

The previous sections have discussed the definition of the physics objects used in the
analyses, including the baseline selection to initially identify candidate objects, and the
signal object selection to firmly classify the candidate as a physics object. Further
to this, the overlap removal procedure that prevents the double counting of objects has
been explained with the differences between the Run 1 and Run 2 versions of the overlap
removal discussed.

Before a physics analysis can be performed using the events with the above object
classifications, a stringent set of cleaning selections are applied to the events and to the

objects. These selections are discussed in the following section.

5.3 Event Cleaning

To ensure good quality data is used for analyses, a set of cleaning selections are applied to
both data and MC [123]. They are used to prevent spurious signals from the detector and

poorly measured events from being included in the analysis. There are many similarities
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between the event cleaning selections adopted in Run 1 and Run 2 analyses as possible
detector issues that will have occurred during Run 1 are also likely be present in Run
2. Due to detector improvements between Run 1 and Run 2, there are event cleaning
selections that are applied to the Run 1 data and not the Run 2 data and vice versa.
Unless otherwise specified, the following event cleaning requirements are applied to both

the Run 1 and Run 2 data.

e Good Run List (GRL): Events from luminosity blocks that do not appear on
the GRL are rejected. The GRL contains a list of all luminosity blocks, and has
been cross-referenced with the status of the detector. Luminosity blocks appearing
on the GRL pass a basic set of data quality requirements, such as all components
of the detector being fully operational and not experiencing any errors. If an event

arises from a luminosity block that does not appear on the GRL it is rejected.

e Trigger requirements: The trigger requirements for the regions defined in each
analysis (to be discussed in subsequent chapters) are required to be passed. For
single lepton triggers (e, pt) this includes a requirement that the lepton in the event

is trigger matched, implying that the lepton in the event caused the trigger to fire.

e Primary vertex selection: All events are required to contain a primary vertex
(PV). The PV in an event is taken to be the vertex containing at least 5 associated

tracks (with pr > 0.4 GeV), with the highest Y p2(track).

e LAr and Tile calorimeter cleaning: During physics running it is possible that
the LAr calorimeters undergo a noise burst corrupting the data. It is also possible
that events from the Tile calorimeter are corrupted in a similar manner due to
high voltage trips. As such, events where either the LAr or Tile calorimeter are

reporting data corruption are vetoed.

e Incomplete events: When a section of the detector is reporting errors during
running, a possible resolution to the error is to perform a Timing, Trigger and
Control (TTC) restart. This will restart the section of the detector, causing in-
complete events as the data is not completely written to the buffers. Events which
have data loss due to a TTC restart are vetoed. In addition to this, events affected

by the SCT single event upset recovery procedure are removed in the Run 2 data.

e Jet Cleaning: Clusters in calorimeters that appear to represent a jet, but are

not caused by a jet (referred to as “fake” jets) can arise in multiple ways, such as
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from non-collision background events, cosmic muon events with unexpected muon
energy loss in the calorimeters, or from calorimeter noise. A set of selections are
applied in order to reject such events containing fake jets, whilst maintaining an
efficiency of close to 100% for signal jets [108]. This selection criteria is designed
based upon the quality of fit on calorimeter pulse shape, the jet energy and jet
charged energy fraction, as measured in the ID. Events are rejected if, after overlap

removal, they contain at least one baseline jet which fails the loose cleaning cuts.

e Tile negative energy cleaning: Another possible outcome of data corruption in
the Tile calorimeter is the appearance of large negative energy in calorimeter cells,
causing topological clusters to be built with negative energy. These topoclusters
cause events to have a large amount of fake E%liss as the noisy cells are not clustered

in a jet, and are attributed to the B¢ oue term in the calculation. To reject

these events, the significance of the B oy term in the Emiss calculation is
estimated, and if a significant amount of E%liss in the event arises from the Cellout

term the event is vetoed.

e Jet timing Selection: Events with a mean jet time |(¢)| < 5ns (where |(t)| is
the energy weighted mean), pass the timing selection, as events are expected to
be reconstructed with an average time of a few ns. Events which are outside of
this window are considered to come from non-collision background events and are

rejected.

e Tile hot cells: During Run 1 data taking, in some data taking periods a noisy tile
calorimeter cell was not properly excluded (masked) in the event reconstruction.
Events which contain a jet pointing to the region in (7, ¢) close to the affected

module and with the largest energy deposit in the second tile layer, were rejected.

e Dead Tile cells: Again during Run 1, there were some non-operational cells in
the tile calorimeter. These non-functional cells affect the jet reconstruction and
energy response, and also the E%liss calculation. Events that are affected by these
non-operational tile cells are rejected by vetoing events containing any jet with
p%iss > 40GeV, Bg™ > 0.05 (this is a measure of the fraction of energy in the

reconstructed jet, that arises from a correction applied to the non-operational cell,

from the average of the neighbouring cells) and A¢(j, ER%) < 0.3. This selection
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is also efficient at removing events in which the E%liss arises from the hole in the

hadronic calorimeter end-cap.

e Bad muon veto: In order to ensure a high quality of reconstructed muons, events

a(q/p)
la/pl ~ 0.2.

are rejected if they contain a baseline muon with

The efficiency of the above data-quality selections corresponds to a rejection of ~ 10%
of the data. The remaining data is of a high quality and is subsequently used for the
analyses. The remainder of this Chapter concerns global event variables, which are used

to select a specific event topology.

5.4 Global event variables

When targeting BSM signal topologies, the likely final state objects are initially consid-
ered when designing the analysis. For example, in the bb + Elfliss analysis, the signal
topology targeted is that of sbottom pair production, with each leg of the decay pro-
ceeding via the decay b — bxY, hence the final state would contain zero leptons, 2
b—jets and E%iss. However, searching for a SUSY signal in all events containing zero
leptons, 2 b—jets and Effliss would be extremely difficult, due to the large amount of SM
background that is also expected.

In order to attempt to isolate the signal on top of the large amount of SM back-
grounds, kinematic variables are employed to further discriminate between expected
signal events and background. The aim of a variable definition is to combine the final
state objects from the signal topology under investigation in a way that produces a
useful variable to reject the SM backgrounds, whilst maintaining a relatively high signal
efficiency.

In the following section, general analysis variables are defined, that are used through-
out each analysis presented herein. A brief explanation of why the variables are generally
useful to target a generic third generation SUSY signal is given.

Further to this, the key kinematic variables that are used for the specific signal
topologies targeted by each analysis are defined. For these variables a slightly more

in-depth explanation of why they are useful is presented.
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5.4.1 Common global event variables

Throughout the analyses presented within this thesis, a similar set of baseline kinematic
variables are used due to their general discriminating power to remove SM backgrounds

and enhance SUSY signals.

min A¢(j, EX5): The minimum azimuthal distance between the jets and the EMS is

a useful variable to discriminate between multi-jet backgrounds with a large amount of
ErTniss due to mismeasured jets. Studies performed using data-driven QCD estimation
methods indicate that a selection of min A¢(j, E%liss) > 0.4 is sufficient to reduce the
QCD background to a negligible amount.

The QCD background is estimated using a data-driven method referred to as the
“jet smearing” method. The E%liss arising in QCD events is due to mismeasurement
of the jet pr and neutrinos arising from heavy flavour decays. In order to model this
background, a selection of seed events containing well measured jets are “smeared”, by
smearing the 4-momenta of the jets. These smeared events are then used to predict the

QCD contribution in the regions used for the analysis.

Hr [GeV]: The Hr variable is defined as the scalar sum of the pr of all signal jets in
an event. For SUSY signals with high pr jets it would be expected to peak at a larger
value than the SM backgrounds:

Njets

Hy =Y pr(j), (5.6)
i=0

alternative definitions of Ht may be used, based upon including different numbers of

jets in the calculation, or using different jet pr or |n| thresholds.

meg [GeV]: The effective mass of an event, meg, is taken to be the scalar pp sum of the
hadronic activity in the detector (the previously defined Ht) and the E%liss. Generally
the definition of meg is:

Njets

meir = Y _ pr(ji) + B,
i=0 (5.7)

= Hy + ET™.

For signal samples, the meg peaks at a larger value than for SM backgrounds, as can be
seen in Figure 5.4(d). For sparticle pair production the peak of the meg distribution is

correlated with 2mg. Hence, a selection for large values of m.g can improve the ratio of
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signal to background. Similar to the Hr, alternative definitions of the meg may be used,
with different jet multiplicities or acceptance selections. For example in the sbottom

analysis, only the two highest pr jets enter the meg calculation.

Eiss significance [GeV'/2]): The ERSsignificance is a measure of the contribution of

the E%ﬁss to the total activity in an event.

E%qiss
VHr

For signal events, large Eis5 and Hr are expected, and as such the EXS significance is

EMss gignificance = (5.8)

expected to be large. As the E%iss significance is constructed from the same variables
as the meg, these two variables are highly correlated. A selection on E%ﬁss significance

is effective at removing the multi-jet background with fake Elfmss.

E%‘iss /Mesr: Another variable used to reject multi-jet background is the ratio of Efrniss to
meg- This variable gives a measure of the total contribution of the E%iss to the event.
Due to similar studies as performed above for the min A¢(j, ER) variable, it is found

that selections of E%liss /meg > 0.25 remove the majority of the QCD background.

mr [GeV]: The transverse mass mr is used to reconstruct the mass of a particle that
undergoes a decay, to a detectable particle, usually a lepton (pr(¢)), and an invisible

particle (represented by the EMiss):

mr =\ 2o VB — Brll) - Bp),

(5.9)
— /200 () B35 (1 — cos( B (6, BF)).

In regions containing one lepton, mT is used mainly to discriminate between SM pro-
cesses containing a W—boson decay and SUSY signals. For W—boson decays the end-
point of the my distribution is expected to be at my, as in this case the E%liss in the
event will arise from the neutrino from the W decay. In SUSY scenarios the main con-
tribution to the E%“iss is from the neutralinos in the event. As such the endpoint of the
mr distribution is not the same as for the SM processes. Usually a selection is placed
on mt > 90— 120 GeV to remove the W+jets background, taking into account detector
resolution effects. A comparison between the mt distributions for a signal process and
the main background processes is presented in Figure 5.4(c), the signal distribution can

be seen to peak at larger values of mt when compared to the background.
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mpp [GeV]: When considering searches for the production of third generation quarks, it
is common that either top- or bottom-quarks will be produced in the decay chain. Due
to this, a standard background for most third generation analyses is ¢t pair production.
The invariant mass of the two b—quarks from the ¢t decay generally peaks at around
200 GeV as in this case the b—quarks are each coming from a top-quark produced at
rest. For SUSY signals, the b—quarks will be produced from the decay of a more massive

particle, and generally the my}, distribution peaks at larger values of myy,.

Z(j1,72) or A: The jet imbalance (Z(j1,j2)) (also referred to as the pp asymmetry, A)

is a variable that is used to discriminate between jets that originate from gluon splitting

(such as the HF jets produced in association with a Z-boson), and the jets produced

from signal events when targeting events containing Initial State Radiation (ISR):
pr(Jj1) — pr(j2)

2 2) = pr(j1) +pr(j2) (5.10)

For jets produced via gluon splitting, Z(j1, j2) is expected to be low, as the jets would
be expected to be produced with similar pp as they arise from the same parent particle.
For the jets produced in signal events, this is not be the case as the b—jets in the event

are not produced at the same decay vertex.

5.4.2 Dedicated complex variables for the tb + EX'* analysis

The signal topology under investigation for the tb+ EXS analysis results in a final state
containing a top-quark, a b—quark and E%iss, as shown in Figure 1.1(b). The top-quark
will subsequently decay via a W and another b—quark. The channel under investigation
is the one lepton (e, 1) channel, hence the W will decay leptonically, giving a final state
containing: one lepton, two b—tagged jets, and ErTniSS. For this final state a variety of

kinematic variables can be employed to enhance the signal and reject SM processes.

min Ag(b — jets, EXS%): Angular selections between the EXS and jets are useful to re-

move QCD multi-jet backgrounds from poorly measured jets. The min A¢(b—jets, EXiss)

variable is defined as the minimum azimuthal distance between the b—jets and the E%liss:

min A¢(b — jets, EF™) = min(|¢(b1) — ¢(EF™)|, [¢(b2) — p(EFS)]). (5.11)
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Poorly reconstructed multi-jet events tend to have a jet and the E%liss close together in
the azimuthal plane, hence a selection on min A¢(b— jets, E%‘iss) is used to remove these

events.

Hr [GeV]: In this analysis, the definition of the Hr is changed to include only the b—jets
and the leading non-b—tagged jet, as it is expected that the signals will contain a low

jet multiplicity.

2
Hr =Y pr(bi) + pr(j1)- (5.12)
i=1

For the previously defined variables that use the Hr variable (such as meg and B significance),

this version of Hr is used in all calculations.

Nextra—jets: Lhe number of “extra” jets in the event is used in the tb + E%‘iss analysis to
reject events with large numbers of high pt non-b—tagged jets. In the simplified model
scenarios considered in the analysis there is expected to be a small amount of additional
hadronic activity. As such nextra—jets is defined as the number of non-b—tagged jets in

an event with pt > 50 GeV.

amre [GeV]: The asymmetric transverse mass amra [124], is a generalisation of the Mpo
variable [125], used to measure the masses of semi-invisibly decaying particles, which in
itself is a generalisation of the previously discussed mr variable.

In order to adequately discuss the am o variable, a brief discussion of the Mo

variable is required. The following closely follows the derivation presented in [125].

P2
p

»
p

)4

FI1GURE 5.3: An overview of the generic sparticle production process that is considered
for the M9 calculation.
Taken from [125].

Consider the process in Figure 5.3, where the interaction between two protons pro-

duces a pair of identical particles, each one of these particles subsequently decaying to a
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visible particle and an invisible particle. The visible particles are detected and measured
(referred to as p; and p2), whilst the invisible particles both contribute to the missing
transverse energy E%‘iss, or in the figure, p..

If one considers a scenario where only one leg of this process occurs, a singly produced
particle denoted by & decays into the visible particle a (measurable in the detector) and
the invisible particle x (perceived in the detector as E%ﬁss) then the decay can be written
as: @ — ax. In this case the invariant mass of the parent particle can be reconstructed

using the masses and 4-momenta of the two particles:

m(a)? = m(a)® +m(x)* + 2(Er(a) Br(x)cosh(An) — Br(a) - Br(X))- (5.13)

As the condition cosh(An) > 1 must be satisfied (An > 0), the equation can be written:

m(a)? > mi(Br(a), Br(x)) = m(a)*+m(x)*+2(Er(a) Er(x) —Br(a) -Br(x), (5.14)

which is a generalised version of the mr that was introduced in the previous section,
now including the daughter particle masses. The previously introduced mt definition
neglects these, as the mr previously introduced is used to discriminate between leptonic
W-boson decays, and as such the masses of the leptons (e, 1) and neutrinos are treated
as negligible.

Generalising the above argument to the case where pair-produced particles are both
decaying semi-invisibly is unfortunately not possible as the above derivation is based
upon the capability to measure two decay products, which for the scenario pictured in
5.3 is not possible for both legs of the decay. However, the vector sum of the two invisible
particles corresponds to the EXS. Referring to the two invisible particles as Y1 and Yo

respectively, then the 2™ can be written as:

P = Br(xX1) + Pr(X2). (5.15)

If it was possible to measure y; and Y2, the parent particle mass could be reconstructed
by calculating two transverse masses (with visible particles a; and ag), and taking the

maximum of these two values:

m(a&)? > max[m3(Br(a1), Br(X1)) , mi(Br(ez), Br(x2)))- (5.16)
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Using Equation 5.15 it is possible to perform a minimisation over all the possible 2-
momenta that could construct the measured f){fﬁss, and using these two vectors as the

input to the mT calculation:

m(@)? > M7y = min {max[m?r(f)’T(al),ﬁT()Zl)), m%(ﬁT(az)vﬁT(h))]}.
D =pr(X1)+PT(X2)
(5.17)

The above minimisation procedure, performed over the possible vector components

— miss

of the p1™” to calculate the parent particle mass, is the definition of the Mpo variable.

There is a requirement in the above derivation that the topologies are symmetric,
and hence the derivation of the My variable is dependent upon pair produced particles
decaying symmetrically to the same invisible and visible particles. For the tb + Efrniss
decay scenario this is not the case, and as such the asymmetric transverse mass is used.

If one considers the input parameters of the Mo as described in Equation 5.14, the
variable can be written as a function of properties related to the visible particles (1,
pr(a1), pr(az)), and the invisible particles (my, pr(X1), pr(X2)). However, as previously
discussed, the invisible particles cannot be reconstructed, and instead a minimisation is

performed over using the missing momentum vector (ﬁ%ﬁss), allowing Mp2 to be written

as a function of properties of the visible particles, ﬁ%niss and my:

Mpy = Mra(me, mg, pr(on), pr(og), BE). (5.18)

It is with the above formalism that it is simplest to generalise the symmetric case (us-
ing M) to the asymmetric case (amr2), by relaxing the mass constraints on both the
visible and invisible particles. This can be done by introducing two more mass parame-
ters into the calculation, one mass parameter corresponding to the relaxed requirement
of identical visible particles being produced in the decays, and the other corresponding
to relaxing the requirement on identical invisible particles being produced.

Identifying again the pair-production of two identical particles, however allowing one
leg to decay via a visible particle («) and invisible particle () such that & — ax, and the
other leg decays via a different visible particle () and a different invisible particle (&)

such that & — &, the amro in this case is then written as a function of 7 parameters:

amrg = amTQ(maa mg,my, Mg, ﬁT (a1>7ﬁT(a2)7ﬁ’II‘niss>' (519)
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Working through this argument in a similar manner to the Mps, again requires two mr
calculations corresponding to calculating the mt for both legs of the decay, however in
contrast to Equation 5.14, the input particles to the mr calculation are different on each

leg of the decay.

mi(Br(e), Br(X)) = m(a)* + m(X)* + 2(Er()Er(%) — Pr(a) - Br(x)).  (5.20)

mt(Br(8), Br(R)) = m(B)* +m(%)* + 2(Er(8)Ex(F) — Br(8) - Pr(R)).  (5.21)

The minimisation procedure (the asymmetric equivalent to Equation 5.17) in this sce-

nario becomes:

m@? = amiy = min _{max[m}(Br(e), Br(0), m}Br(8), Br(R)] }.
Pr¥=p1(X)+P1(F)
(5.22)

Whilst the above definitions of both My and amre were originally intended to be
used to characterise possible BSM signals, the variables are used in the analysis to reject
SM backgrounds and in particular ¢t.

The amo is used in the tb+ Efl’liss analysis to reject ¢t pair production where one top
quark decays semi-leptonically. For the tt process, amro can be calculated as a function
of 5 parameters. The visible particles in the decay are the two b—quarks (b—jets) and
the lepton (e, ut), reducing the number of mass parameters by one (in this scenario, as in
the standard my calculation, the lepton mass is neglected). There is only one invisible
particle expected in the decay, the neutrino from the leptonic decay of the W-boson,

hence the masses of the invisible particles are taken to be 0.

In the case for tt, the amTy function becomes:

amry = amra(my, pr(b1), pr(ba), Br(£), BI). (5.23)

The introduction of the lepton in this scenario requires an additional step to be performed
before the amry can be calculated. The lepton in the decay can be paired with either of
the b—jets in the event (as it is unknown to which leg of the decay the lepton belongs).
The minimum invariant mass of the lepton with each of the b—jets is calculated, referred
to as my,. If my; < 170 GeV, then the lepton and the b—jet are compatible with a top-

quark, and hence can be used for the amo calculation.
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The inputs used to calculate amro are based upon both of the calculated values of

my;. The prescription for the calculation is the following:

o If my; (b1,£) < 170 and my; (b, £) > 170, the amrs is constructed by pairing the
lepton with the first b—jet:

amby = min { max(m (Br (b + 0, Br(¥)), mh (Br(b2), Br(0)] |

P =pr(X1)+P1(X2)
(5.24)

o If my; (b1,£) > 170 and mp; (b2, £) < 170, the amry is constructed by pairing the

lepton with the second b—jet:

amiy = min { max{m3 Br(b1), Br(¥) . mh(Br(bz + 0), Br(¥)] |

P =pr(X1)+B1(X2)
(5.25)

o If both mp; (b1,€) < 170 and my; (b2, €) < 170, the amrs is calculated for both
scenarios, as both are compatible with the lepton and b—jet arising from a top-

quark decay. In this case, the minimum value of amry for the two scenarios is

used.

amrs(1) = min { max(m? (Br (b1 + 0), Br(¥)) , m (Br(b2), Br(0)] |
Br =P (X1)+PT(X2)

amr2(2)* = min { max(m? (Br (1), Br(R) , m (Br (b2 + £), ()] |

DT =pr(X1)+PT(X2)

amry = min(amra(1), amra(2))
(5.26)

e If neither my; (b1,£) or my; (b2, ¥), value is compatible with arising from a top-
quark (both values are > 170 GeV), the amry is not calculated, and is set to an

overflow value.

As can be seen in Equation 5.22, the maximum value of amrs for ¢t pair production
would fall at the top-quark mass. Thus a selection of amre > 175 GeV can be used to
reject tt background. Tighter selections on amrs may be employed to further reject tt,
taking into account resolution effects. Figure 5.4(a) compares the distributions of the
amo variable for signal and background. The end-point for the ¢¢ background is clearly

visible, whilst the signal sample is seen to peak at larger values of amrs.
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5.4.3 Dedicated complex variables for the sbottom bb + EX'* analysis

The shottom pair production topology under investigation for the bb + ER analysis
results in a relatively simple final state containing only two b—jets and EXs5, Additional
high-pr jets may from initial and final state radiation (ISR, FSR) and events with an
ISR jet are used to target compressed scenarios.

Due to the sparse amount of objects in the final state, the main discriminating
variables for this analysis are based upon the b—jets and E%ﬁss. As this analysis has zero
leptons in the final state, angular selections between the jets and E%liss are employed to
ensure the removal of QCD multi-jet backgrounds. Angular selections are also used to

target events where the sbottom system recoils against an ISR jet.

A¢(j1, ErTniSS): When targeting scenarios with small mass splitting between the sbottom
and neutralino, it is likely that low pp b—jets will be present in the detector. In this
scenario the E%liss will be small. For these scenarios is advantageous to target events
containing a high pt ISR jet, which the sbottom system recoils against.

As the sbottom system is recoiling against the jet (which is assumed to be the highest
pr jet in the event), a large separation is expected in the azimuthal plane. Hence a
selection on A¢(j1, Elfniss) > 2 is used to select these events, where j; is the highest pr

jet in the event, taken to be the ISR jet.

mcr [GeV]: The contransverse mass mct [126], is a variable very similar to the pre-
viously introduced Mrys, in that it seeks to reconstruct a mass-like property of pair
produced semi-invisibly decaying particles. Unlike the Mpo or amTo however, the mcr
does not require information about the missing energy in the event, and instead uses
Lorentz invariance to derive a variable related to the parent particle mass.

Consider again a symmetric decay of a similar form as considered for the Mp s deriva-

tion, but writing both legs of the decay:

Q1o — a1x1 + asxa- (527)

The following derivation, and subsequent definition of mcr, focuses on the two visible
particles a1 and g, with mass and 4-momenta m(«1), p(a1) and m(az), p(az) respec-
tively. The mass obtained from p(ay)+p(az) is known to be a Lorentz invariant quantity,

such that in any reference frame Equation 5.28 is unchanged:
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m? (a1, az) = [E(en) + E(a2)]” = [B(a1) + Blaz)]?, (5.25)
m* (a1, az) = m*(ar) + m*(az) + 2(E(an) E(az) — B(an) - Blaz)).
Another way of interpreting the result, is that if the two particles undergo a co-linear
boost of equal magnitude, then the mass is invariant.

If the two particles are boosted by an equal magnitude but in opposite directions
(referred to as a contra-linear boost) in the original frame of reference (Fp), such that
particle o is in a frame F,, and particle oy is in a frame Fj,,, then it is obvious that
Equation 5.28 is no longer invariant.

However, one can consider a quantity “M¢c”, the invariant mass of p(ay) + P(p(az2)),

where P is the parity transformation operator, acting on the second particle:

ME(a1,a2) = [E(a1) + B(a2)]* — [Bla1) — Bla2))?,

Mé(ar, ag) = m*(on) + m*(az) + 2(E(a1) E(az) + Blar) - Blaw)).

(5.29)

It can be shown that Equation 5.29 is an invariant quantity under contra-linear boosts.
The above reasoning can subsequently be applied to the transverse plane, with the

resulting definition of the contransverse mass:

mgr(ar, az) = [Br(ar) + Er(as)]® — [Br(a1) — Pr(e2)]?,
(5.30)

mgr(ar, az) = m* (o) + m*(e2) + 2(E(a) Br(a2) + Pr(ar) - Pr(az)).

Assuming that particles a; and g are massless reduces the mgr to a form which is very

similar to the mr variable:

mer = /2(Er(a1)Er(as) — Pr(air) - Pr(az)),

= \/QPT(al)pT(OQ)(l + cos(Ag(a1, az))).

(5.31)

Unlike the mt variable, and the similar amry and My variables, it is more difficult
to interpret the mcr variable in terms of a physical quantity. However, the end-point
of the variable for a given process can still be calculated, and it is in this way that the
mer is used to reject tf background in the analysis.

The end-point of the mct variable is given by Equation 5.32, for the scenario con-

sidered in Equation 5.27:
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m?(&) —m*(x)
mess = — ) (5.32)
CcT m( )
When this is applied to tt pair production, the end-point can be calculated as:
2t) — m*(W
e = O =T V) o ey (5.33)

m(t)
As such, a selection of at least mcr > 150 GeV is used to reject tt pair production
background in this analysis. The use of mcr to reject ¢t was the main motivation to
employ this variable as the discriminating variable in the Run 1 analysis. Currently the
analysis uses this variable due to the relationship between the sbottom mass and the
end-point of the variable, as shown in Equation 5.32. This behaviour is also displayed
in Figure 5.4(b), where the shoulder of the mct distribution can be seen for the ¢t

background at around 150 GeV.

min mr(J, EIT“iSS) [GeV]: When targeting 0 lepton events, semi-leptonic ¢t events can pass

this selection if the lepton is out of acceptance (“lost”) and is reconstructed as missing
energy. The minimum transverse mass between all jets in the event and the E%liss,
min mT(j,E‘TniSS), can be used to discriminate between tf events with a “lost” lepton
and the sbottom signal events. Generally a selection of min mr(j, E%liss) > 150 GeV can
be placed on this variable to reduce the t¢ background. This variable is useful in the
intermediate region, where the mass splitting of the sbottom and neutralino result in a

similar mcr end-point for both signal and tt.
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FIGURE 5.4: Comparison between signal and background events for four key discrim-
inating variables used in the analyses to discriminate between signal and background
events: (a) amra, (b) mcr, (¢) mr, (d) Mmes.

5.4.4 Dedicated complex variables for the Dark Matter bb + £ anal-
ysis

Similarly to the sbottom search, the signals under investigation in the search for direct
dark matter production lead to events containing 0 leptons, two b—quarks and ErTniSS.
The main background in this search is Z-boson production in association with heavy
flavour (HF) jets with the Z decaying to neutrinos.

The signal event topology is such that there is a large separation between the b—jets

in the (¢, ) phase-space, whereas for the background the b—jets are expected to be
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relatively close as the jets originate from gluon splitting. Another method to distinguish
the signal is take advantage of the pr spectra of jets produced via gluon splitting, to
further reject this background. Three variables are considered for the analysis and are

listed below.

AR(b,b): The separation of the b—jets in the (¢, n) space, AR(b, b), is used to distinguish

between b—jets that result from gluon splitting and jets from signal events.

AR(b1,ba) = \/Ag(by,b2)2 + An(by, by)2. (5.34)

For the Z-jets background it is expected that AR(b, b) would peak at smaller values due

to the common origin of the b—jets when compared to the signal events.

An(b,b): The separation in pseudorapidity itself, An(b,b), is also used to discriminate
between the signal and background as the An(b,b) distribution is dependent upon the
spin properties of the decaying particle. The difference in spin of the mediator (s = 0)
for the signal, and the Z-boson (s = 1) produces different pseudorapidity distributions,

which can be used to discriminate between signal and background.

5.5 Conclusion

Presented in this chapter was an overview of the basic tools required to design the regions
used in the analyses presented in the remaining chapters of this thesis.

Initially an overview of the definitions required to classify objects as measured in the
detector to the corresponding physical particle were presented, with the definitions used
for both the Run 1 and Run 2 analyses given. A description of the overlap removal
procedure used to avoid double-counting objects was also discussed.

The data quality selections applied to the data collected by the detector are listed.
The application of these requirements ensures the data used for physics analyses is of a
high quality, to provide certainty in the results presented. After the application of the
data quality requirements approximately 10% of collected data is discarded.

Finally, the complex global event variables used to define specific regions of interest for
the analyses are presented. Some of the variables take into account the mass properties
of the SUSY particles under investigation for to allow for discrimination between the SM
and BSM physics, others take into account differences in angular distributions expected

between the SM and the BSM processes. These global variables allow the definition of
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analysis regions enhanced in either the signal under investigation (signal regions), or a
SM process which must be constrained (control regions), enabling complex statistical
methods to be employed in the attempt to discover BSM physics, as discussed in the

subsequent chapters.



Chapter 6

Search for direct bottom squark
pair production in the bb++ EM™

final state

The following chapter contains an overview of the searches for direct shottom pair pro-
duction in the bb+ EM final state performed with ATLAS during Run 2. The analysis
was originally performed using the 2015 data-set with a total luminosity of 3.2fb~! re-
sulting in, at the time of publication, world-leading limits on the b — b + XY decay.
Further to this the analysis was updated and improved upon with the addition of the
2016 dataset adding a luminosity of 32.9 fb—!, resulting in a total luminosity of 36.1fb~1.

This chapter is split into three components. The first component, “Analysis Moti-
vation” considers the results of the previous ATLAS sbottom analysis, performed with
the 2012, /s = 8 TeV data. An overview of the signal phenomenology and the results
of a preliminary sensitivity study are presented which is used to guide the subsequent
analysis. To conclude this section the results of a Run 2 sensitivity study based on the
Run 1 analysis are presented.

The second component consists of the 2015 analysis. An overview of the optimisation
studies performed to define the signal regions is presented and the definition of control
regions to constrain the SM backgrounds is discussed. An overview of the data-driven
~v+jets background estimation technique that was developed for the analysis is given.
Finally the statistical interpretations of the results are documented.

The final component is comprised of the update to the analysis using the full 36.1 fb~!
201542016 dataset. In addition to the inclusion of the 2016 data, the analysis is also

121
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improved with the redefinition of the earlier SRs and the inclusion of an additional
category of signal region. Control and validation regions are defined for the new regions.
The data-driven y-+jets method is also updated. To conclude this section the latest
results of the search for sbottom pair production are presented.

The author’s contribution to the 3.2 fb~! analysis consisted of the development of the
single-top CR, the evaluation of the modelling uncertainties, the implementation of the
“~y + jets replacement method”. The contribution to the 36.1fb~! analysis consisted of
updating the definitions of the A-type control and validation regions, the updates to the

“y + jets” data driven method and the evaluation of the modelling uncertainties.

6.1 Analysis Motivation

Searches for the superpartners of the third generation quarks (%, 5) are of great interest
due to the naturalness considerations first introduced in Section 2.7.5. In brief, to satisfy
naturalness requirements, the mass eigenstates of the third generation squarks must be
light, and would be expected to be at around the TeV scale. If this is the case then
squarks should be produced with a relatively high cross-section at the LHC.

A search was performed by ATLAS using the Run 1, /s = 8 TeV dataset [127], which
set limits at the 95% Confidence Level (CL) on simplified sbottom models which assume
that the sbottom is the lightest coloured sparticle and decays via a bottom-quark and a

neutralino (b — b+ x?), as shown in Figure 6.1.
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FIGURE 6.1: ATLAS /s = 8 TeV limits placed on the simplified b — b + X9 decay
scenario, excluding sbottom quarks of masses of up to 640 GeV for massless neutralinos.
Taken from
citeSbottom:Runl.

Whilst the concept of naturalness can guide the SUSY mass spectrum and the re-
quirement of R-parity can suggest the decays that are available, there are no specific
guidelines to decide on the Branching Ratios (BRs) for sparticle decays, aside from kine-
matic constraints. In order to search in an agnostic manner without any dependence
upon a specific signal model, simplified model scenarios are investigated with a simple
direct decay usually considered, a representative diagram of this decay mode is shown

in Figure 6.2.
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FIGURE 6.2: Representative diagram of the simplified model scenario b — b+ b%)
considered in this analysis.

6.1.1 Signal Phenomenology

The decay b— b+ )2(1) leads to a relatively simple final state consisting of 0 leptons, two
b—jets and E%liss. There are only two options to trigger on these events, either using an
E%liss—based trigger, or a b—jet-based trigger. In order to enable b—jet efficiency studies,
and also to enable a switch to the flat efficiency b—tagging algorithms in the future, a
trigger strategy independent of jets identified as b—jets is preferred and the E%‘iss trigger
is used. This guides the analysis strategy as all signal regions must be defined with E%liss
requirements such that the E%liss trigger is fully efficient. The online trigger thresholds
differ between the 2015 and 2016 analysis. The 2015 analysis uses an online threshold
of 70 GeV, whilst the 2016 analysis uses a threshold of either 100 or 110 GeV. The E%liss
trigger is fully efficient with an offline EX5 selection of > 200 GeV.

There are several SM background processes that must be considered when analysing
the 0 lepton, 2 b—jets and E%ﬁss final state: tf pair production; single-top Wt-channel
production; ¢ production in association with a vector boson (tt+V); W-boson produc-
tion in association with heavy-flavour (HF) jets, referred to as W+jets; Z-boson pro-
duction in association with HF jets (Z+jets); diboson production; and finally multi-jet
production.

As the signal topology leads to a relatively low expected jet multiplicity and high
Emiss | fully-hadronic # is not a significant contribution to the analysis, and instead the
main tt background arises from semi-leptonic tt decays, where either, the lepton in the

event is a 7-lepton, which subsequently decays hadronically or the lepton (e, 1) from the
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tt decay is lost (out of acceptance) or not reconstructed as a lepton. A similar scenario
is expected to occur in the case of single-top production.

The W+jets background may contribute to this final state in a similar manner as
the semi-leptonic ¢t background, where the W decays via W — Tv,, which subsequently
decays hadronically, or the W decays via W — v, and the lepton (e, u) is lost or is not
reconstructed. The b—jets arise in this process due to gluon splitting g — bb.

The Z+jets background is expected to be the most prevalent SM process in the final
state considered. If the Z-boson is produced in association with two b—jets, the Z can

subsequently decay via Z — vv, leading to the final state considered.

g t
q 7
b

q b g t

(a) (b)

FIGURE 6.3: Example Feynman diagrams for two of the dominant SM processes in the
analysis. (a) Z+jets production taken from [128], (b) # pair production, taken from
[129].

The diboson and tt+V (V = W, Z) backgrounds are expected to be small when com-
pared to the other backgrounds in the analysis. When considering diboson production,
(eg ZZ, WZ, WW), these are rare processes in the SM and are expected to contribute
only a small amount to the number of events with the targeted final state. The majority
of the tt+V background is expected to consist of mainly ¢f + Z production with the Z
decay proceeding via Z — vv, and the tt decaying in a similar manner to the top-pair
production scenario described above. Contributions may also arise from the all hadronic
tt decay, as the decay of the Z boson can provide the required Ef}“iss in the event.

The multi-jet background must be considered in any analysis targeting a final state
containing 0 leptons. This background arises from the mis-reconstruction of a jet which
produces “fake” E%iss in an event. Selections on certain variables can be applied, as dis-
cussed in Section 5.4.3, that are shown to reduce the contribution from this background

to a negligible amount.
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6.1.2 Run 2 Sensitivity Study

In preparation for the beginning of Run 2, a preliminary sensitivity study was performed
based upon the Run 1 analysis [130]. The analysis strategy introduced in the 8 TeV
analysis defined two categories of Signal Region (SRs): a set of A-type SRs, and a
single B-type SR. The A-type SRs were based upon sequential selections on the mcr
variable, and were used to target the region in m(l;, %)) where there is a large mass
splitting between the sbottom and neutralino, referred to as the “bulk” region. The B-
type SR was used to target the “compressed” region, where the sbottom and neutralino
are almost mass degenerate. In this region an ISR-like selection is required, in order to
detect the low-pr particles from the sbottom decay which recoil against the ISR jet.

The studies performed are based very closely on the Run 1 A-type regions, by defining
a selection with a tighter mcT requirement than the one used in the Run 1 analysis. As
discussed more in-detail in Ref [130], only the main backgrounds are considered, which
are the top-quark backgrounds, tt, single-top, and ¢t + V', and the V +jets backgrounds,
W+jets, and Z+jets.

In addition to the tighter mct selection, the SR defined for these studies uses a
selection of E%“iss > 250 GeV to take into account the tighter E%liss trigger thresholds
foreseen for the Run 2 E%liss trigger. Figure 6.4 shows the mcr distribution in the
A-type SR used for the studies, without the selection placed on the mgr variable itself

(henceforth referred to as an N-1 distribution).
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FIGURE 6.4: mcT N-1 distribution in the SR used in the sensitivity studies. The arrow
represents the selection of mgr > 400 GeV applied in this region.
Taken from [130].

The possible discovery potential for four (5, %)) mass scenarios in the bulk region, are
shown in Figure 6.5, assuming a total systematic uncertainty of 20% on the background
estimate, which is an approximation of the systematic uncertainty in the 8 TeV analysis.
The mass points considered are chosen such that mgo = 1GeV, in order to study in
a simple manner the possible discovery of sbottoms with masses ranging from 700 to

1000 GeV. The smallest sbottom mass considered (700 GeV) is chosen based on the 8 TeV

exclusion limit, which is represented in the figure by the grey band.
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FIGURE 6.5: Discovery sensitivity projections for four (13, X}) mass scenarios:
(700, 1) GeV, (800, 1) GeV, (900, 1) GeV and (1000, 1) GeV, assuming a total overall
systematic uncertainty on the background estimate of 20%. The exclusion limits from

the 8 TeV analysis can be seen as the grey band in the left of the figure.
Taken from [130].
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It is seen that with the assumption of L = 5fb~! there would be 3 ¢ evidence for the
existence of the sbottom with m; = 700 GeV, decaying to a b—jet and a neutralino of
mass mgo = 1 GeV.

1

This gain in sensitivity for a small luminosity when compared to the 8 TeV analysis,
can be explained by the increase in cross-section for sbottom pair production when
increasing the centre of mass energy from 8TeV to 13TeV. Figure 6.6 compares the
cross-sections for sbottom masses in the range 100 GeV to 2TeV for the two cases. It

can be seen that for the masses investigated in the sensitivity study, the cross-section

increases by a factor of ~ 10, when moving from /s = 8 to 13 TeV.
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FIGURE 6.6: Comparison of the cross-sections for sbottom pair production, when mov-
ing from 8 to 13 TeV.

Comparatively, the cross-section of the main SM background processes in the analysis,
Z+jets and tt increase by factors of ~3 and 5 respectively. As the Z-+jets process is
a quark initiated EW process, the change in centre of mass energy results in a smaller
increase in cross section due to the proton PDF. Hence there is a significant gain in
sensitivity for the analysis moving from Run 1 to Run 2, even with the smaller expected

luminosity of the 2015 dataset.

6.2 Sbottom 2015 Analysis

The 2015 analysis builds further on the sensitivity studies performed in the in the previ-
ous section using the SR defined for the sensitivity studies as a baseline SR on which to
proceed with an optimisation. In addition to this, the B-type SR from the 8 TeV analysis

is used as a baseline region to perform an optimisation targeting the compressed-region.



Chapter 6. Search for direct bottom squark pair production 129

In the following sections, an overview of the signal region optimisation studies are
presented for both the A-type and B-type regions. The dominant background processes
in these regions are considered, and an overview is presented of the Control Region (CR)
selections that are used to constrain the main SM backgrounds. A data-driven photon

replacement method, referred to as *

~ replacement” is used to estimate the Z+jets
background is explained and the results are subsequently used to validate the nominal
prediction for the Z+jets background. The description of the Validation Regions (VRs)
used to validate the modelling of the main backgrounds are discussed.

An overview of the systematic uncertainties taken into consideration are discussed
and the impact of the main uncertainties are quantified. Finally the fit results are
presented with an overview of the statistical methods used to perform the fit procedure.

The statistical interpretation of the fit is presented, and the resultant model-independent

and model-dependent limits are shown.

6.2.1 Signal Kinematic Studies

Following the optimisation studies performed, and the analysis strategy used for the
Run 1 result, there are two distinct regions of the (5, %)) mass plane which produce
different event topologies. These distinct topologies require different kinematic selections
to enhance sensitivity to the mass scenario under consideration.

The “bulk” region, where the mass different between the sbottom and the neutralino
is large (Am(b, X?) = 100 GeV) leads to events with large Emiss two high pr b—jets and
zero leptons in the final state. The optimisation is performed to maximise the discovery
potential of the (mj, m;((l)) = (800, 1) GeV point. This point is chosen as it is just beyond
the exclusion contour in the bulk region of the Run 1 analysis.

The “compressed” region is defined as the region where the mass splitting between the
sbottom and the neutralino is relatively small (Am(b, X9) < 100 GeV). In these scenarios
the b—jets from the sbottom decay have very low momenta and are difficult to detect.
A selection targetting the cases when a sbottom system is produced in association with
a high pt ISR jet is used. In these events the sbottom system recoils from the ISR
jet leading to slightly harder decay products and high E%liss recoiling from the ISR jet.
The specific focus of the compressed region optimisation is to maximise the discovery
potential of the (m;, m)"c‘f) = (400, 300) GeV point, which is chosen as it was just beyond

the Run 1 exclusion contour in the compressed region.
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Prior to the proper definition of a Signal Region, a preliminary set of selections are
applied, referred to as a “Preselection”, based upon similarities in the expected signal
topology for both the bulk and compressed regions. This selection also takes into account
any detector related constraints related to the trigger or reconstruction.

All events are required to pass the Run 2 Event Cleaning, as previously discussed in
Chapter 5. The object definitions presented in Chapter 5 are used to define electrons,
muons, jets, b—jets and photons. Events are selected with exclusively two b—tagged jets
and 0 baseline leptons (e, ). In order to be in the trigger plateau, a selection of Efrniss
> 250 GeV is applied. Due to the signal topology, a small jet multiplicity is expected; as
such, events are selected requiring njets = 2, 3, 4. The two leading jets in the event are
expected to have pp > 50 GeV, be labelled as signal jets according to Table 5.3. As any
additional jets beyond the two jets from the b decay would be expected to be relatively
soft, events are also rejected if the fourth jet in the event possesses pr > 50 GeV. The
contribution from multi-jet events can be reduced to a negligible level by selecting events
with min Ag(j, ERi%) > 0.4 and EXSS/meg > 0.25 as explained in Section 5.4.1.

The selection defined in Table 6.1 is the preselection applied to all regions of the 2015
analysis. Such baseline selections underpin the definition of all Control, Validation and

Signal Regions.

Variable Selection

Event cleaning selections 4

Trigger Passed either of the single lepton (e, 1) triggers, or the EF' trigger
Nb—jets 2

Njets 2,3, 4

pr (1), pr (j2) > 50 GeV

pr (Ja) < 50GeV (or njets = 2, 3)

min Ag(j, BF'™) > 0.4

BT [meg >0.25

B > 100 GeV (250 GeV for miepions = 0)

TABLE 6.1: Sbottom 2015 analysis, preselection definition used as a baseline selection
for all regions in the analysis.
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Background Process Number of Events
tt 600.71 £ 2.75
Diboson 14.30 £ 0.50
Z+jets 120.25 £ 1.41
W+jets 80.62 + 1.63
tV 19.62 £ 0.83
Single-top 60.75 £ 1.13
SM 896.28 + 3.81
m; = 800 GeV, mgo = 1GeV 17.68 + 4.21

TABLE 6.2: Expected event yield at the preselection level. Only statistical uncertainties

are considered.

To perform the SR optimisation additional selections are applied to the preselection

in Table 6.1. The requirement that there are no baseline leptons and E%liss > 250 GeV

are required by the final state and trigger requirements. The expected yields of SM pro-

cesses with the 0 lepton preselection are shown in Table 6.2. It can be seen that the main

backgrounds are tf, Z-+jets, single-top and W+jets. Figure 6.7 presents distributions

with the preselection and zero lepton requirements, referred to as bb_SR_Preselection,

applied for a selection of key kinematic variables. It is these variables that are subse-

quently used to design the SRs targeting the bulk region.
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6.2.2 Signal Region Definitions

As expected following the analysis strategy originally used for the Run 1 analysis, the
mer is the most useful variable to remove the dominant ¢t background when consider-
ing the bulk event topology. For the compressed topology this is not the case, as the
kinematic end-point for the (mj, mgo) = (400, 300) GeV scenario is 175 GeV, compared
to the kinematic end-point of the ¢t background which is ~ 140 GeV (from Equation
5.33). The differences between the two topologies can also be seen in Figure 6.8, where
a selection of mor > 150 GeV would reduce a significant amount of the signal for the
compressed scenario (right) whilst for the bulk scenario the selection can even be tight-

ened to reduce the background further.
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FIGURE 6.8: Sbottom 2015 mct distributions comparing the two benchmark signal
points: left, (mg, mgo) = (800,1) GeV; right, (mg, mgo) = (400,300) GeV.

It is at this point that the kinematic selections for the bulk and compressed regions
diverge. The selections targeting the bulk scenario are heavily based upon selections on
the mcr variable. The signal regions defined with an mct selection are referred to as
the “A-type” regions. The selection targeting the compressed scenario instead requires
a high pr non-b—tagged ISR jet to reject the ¢ background, and is referred to as the
“B-type” region.

The optimisation procedure performed to produce a final SR definition for both SR
types follow the same strategy of attempting to maximise the discovery significance (.5),

defined in Equation 6.1:
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N, sig

S = (6.1)
\/kag + (0.2 . kag + 1)2

The discovery significance can be thought of as a measure of the ability to claim evidence
for a specific SUSY signal scenario, given the number of expected signal events (Ng;g)
and number of expected background events (Nyig) for a specific selection. The squared
term in the equation takes into account the expected systematic uncertainty on the
modelling of the background, in this case it is taken to be 20%, and the “+1” term is
added by hand to prevent unnaturally large significances in the case where there are
very few (< 1) predicted background events. A significance of 3 can be thought of as
the minimum value for which a model can be excluded.

To define the A- and B-type regions, a variety of selections are placed on the key
discriminating variables and the significance is calculated for the signal point under in-
vestigation. The final set of selections are chosen such that the significance is maximised.

After performing the optimisation for the bulk region, it is found that the best sensi-
tivity is acquired using three SRs with overlapping mcrt selections, such that the three
SRA regions are defined with mer > 250, > 350 and > 450 GeV respectively. For the
compressed region a single SR is defined, requiring a high pp ISR jet which is back-to-
back with the E%ﬁss in the event. The full selection criteria for the A- and B-type SRs

are shown in Tables 6.3 and 6.4, respectively.

Variable SRA250 SRA350 SRA450
Preselection 4

Tbaseline leptons 0

Leading two jets (pr ordered) are b—tagged v

pr (J1) > 130 GeV

Mpb >200 GeV

Erpiss >250 GeV

mcT >250GeV  >350GeV  >450 GeV

TABLE 6.3: Sbottom 2015 analysis, A-type SR definitions.
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Variable SRB

Preselection v

Nbaseline leptons 0

Leading jet non-b—tagged 4

pr (1) > 300 GeV

Sub-leading jet b—tagged v

A(j1, EF™) >25

Eps > 400 GeV

TABLE 6.4: Sbottom 2015 analysis, B-type SR definition.

Figures 6.9 and 6.10 present the expected discovery significance for both A- and B-
type SRs, with a luminosity corresponding to 3.2fb~!. Concerning the bulk region, it
is seen that a tighter selection on mct targets the highest sbottom masses, whereas the
selection of mcr > 250 GeV targets the sbottom masses in the region tending towards

more compressed scenarios.

Number of Events

Process SRA250 SRA350 SRA450 SRB

tt 1.1 £ 0.11 0.18 4+ 0.04 0.044 + 0.02 5.57 + 0.21
Diboson 0.21 + 0.08 | 0.065 £ 0.04 | 0.016 + 0.016 0.19 £ 0.07
Z+jets 16.09 £+ 0.37 3.70 + 0.12 1.001 4+ 0.04 2.81 £ 0.10
W+jets 3.60 + 0.21 0.98 £+ 0.09 0.25 + 0.02 1.11 £ 0.08
ttV 0.23 £ 0.01 0.62 £ 0.08 | 0.022 £ 0.005 | 0.12 £ 0.003
Single-top 2.18 £ 0.12 0.64 £+ 0.05 0.15 + 0.02 0.99 £ 0.13
SM Total | 23.41 + 0.46 5.63 + 0.17 1.48 £ 0.06 ‘ 10.8 £ 0.31 ‘

TABLE 6.5: Sbottom 2015 analysis, expected SM background yields (pre-fit) for all

SRs.
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SRA250. Bottom: SRA350.
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6.2.3 Control Region Definitions

In order to constrain the main background processes in the SRs, control regions (CRs)
are defined. CRs are defined for each of the main backgrounds of a specific SR. The
regions are designed such that they are enhanced in the SM events of interest with
kinematics close to that of the SR whilst remaining orthogonal. The number of expected
background events and the observed number of events in each CR enter a log likelihood
fit, to obtain normalisation parameters to be applied to the MC prediction for that
specific background. The fit procedure will be further discussed in Section 6.2.7.

Due to the different kinematic selections of the A-type and B-type regions, two dif-
ferent CR strategies are required. When considering the regions defined for the Z+jets
background, to attempt to mimic the Z — vv decay, which would be the dominant Z
decay mode in either of the SRs, the leptons in this region are vectorally added to the
reconstructed E%‘iss in the event. The lepton corrected E%‘iss is referred to as E%‘issl. To
more closely model the SR kinematics, the SR, selection placed on the E%ﬁss, is placed
on the ErTmSS' in these two lepton regions.

For the A-type regions, a common set of four CRs are defined for the tt, single-top,
W +jets and Z+jets backgrounds respectively. The normalisation parameters obtained
from these regions are then applied to all three SRs. Orthogonality of these regions with
the SR is ensured by the presence of at least one signal lepton in the event. The CR
defined for the Z+jets process (CRzA) requires two same-flavour (SF) leptons (e, ) with
invariant mass (my/) in the Z-mass window (76-106 GeV). One lepton CRs are defined
for the remaining backgrounds. The CR defined for the W+jets process (CRwA) is
orthogonal to the other one lepton regions, as it requires exclusively one b—tagged jet.
The CRs defined for the t¢ (CRttA) and single-top (CRstA) regions are orthogonal
thanks to the requirement on myy. A full overview of the A-type CR definitions are
presented in Table 6.12. As it can be seen in the Table, additional selections are also
employed to enhance the contribution of the background under consideration (such as
mr in the CRW), and to further mimic the kinematics in the SR (such as the leading
b—jet requirements). Table 6.7 presents the MC predictions for each SM background and
the data. Each of the CRs is clearly dominated by the SM process under scrutiny, with

the exception of CRstA which also includes a large fraction of ¢t and W+jets events.
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Variable CRzA CRttA CRwA CRstA
Preselection 4 v v (one b—jet) v
Nsignal leptons 2 (SF) 1 1 1
pr (0) >90,20GeV > 26GeV > 26 GeV > 26 GeV
Leading two jets are b—tagged v v v (primary b—jet) 4
Fipiss < 100 GeV > 100 GeV > 100 GeV > 100 GeV
Emiss’ > 100 GeV - - -
mcT - > 150 GeV > 150 GeV > 150 GeV
pr (j1) >50GeV > 130GeV > 130 GeV > 50 GeV
mae [76 - 106] GeV - - -
mT - - > 30 GeV -

M >200GeV  <200GeV  >200GeV (my,) > 200GeV
mg)lin _ - - > 170 GeV
TABLE 6.6: Sbottom 2015 analysis, A-type CR definitions.
Number of Events
Process CRzA CRttA CRwA CRstA
tt 8.1 + 0.8 | 200.0 £ 3.6 | 160.6 £ 3.2 11.7 £ 0.9
Diboson 0.3 £0.1 4.7 £ 0.3 7.0 £ 0.5 0.5 £ 0.1
Z+jets 49.6 + 2.0 0.9 £0.2 4.8 £1.0 0.9 £0.2
W+jets 0.0 £0.0 37.0+ 1.0 268 £ 6 16.7 £ 0.8
ttvV 0.62 + 0.01 | 0.87 £ 0.02 | 1.13 £ 0.02 | 0.184 £ 0.007
Single-top 1.1 £0.2 33.8 £ 0.8 61.0 + 1.0 28.1 £ 0.7
’ SM Total ‘ 59.7 £ 2.2 ‘ 268.0 £ 4.0 ‘ 510.0 £ 6.7 ‘ 58.1+ 1.5 ‘
’ Observed Data ‘ 79 ‘ 260 ‘ 543 ‘ 56 ‘
TABLE 6.7: Sbottom 2015 analysis, expected pre-fit CR yields for all A-type regions,
including the observed number of data events.
For the B-type region two CRs are defined, one each for the ¢ and Z+jets back-
grounds. These regions are othogonal to the SRB region due to the requirement of

either one lepton, for the t¢ CR (CRttB), or two same-flavour leptons, for the Z+jets

CR (CRzB). This also ensures that the CRs are mutually orthogonal. Additional se-

lections are placed on the CRs to reproduce the SR kinematics more closely. The full

selections for the B-type CRs are defined in Table 6.8, Table 6.9 contains the data and

MC yields in the B-type CRs. In this case CRzB also contains a large contamination of

tt.
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Variable CRttB CRzB
Preselection v v
Nbaseline leptons 1 2 (SF)
pr (£) >26GeV > 26,20 GeV
Leading jet non-b—tagged (4 4

pr (J1) > 130 GeV > 50 GeV
Sub-leading jet b—tagged (4 v
A(j1, EFIss) >25 > 2.0
Eipiss >100GeV < 100GeV
B’ - > 100 GeV
My - [76-106] GeV

TABLE 6.8: Sbottom 2015 analysis, B-type CR definitions.

Number of Events
Process CRzB CRttB
tt 152 £ 1.1 | 158.4 £+ 2.0
Diboson 0.8 £0.2 1.2+ 0.2
Z+jets 30.0 £ 2.0 | 0.18 + 0.03
W+jets 0.0 £ 0.0 13.3 £ 0.5
71% 0.78 + 0.01 0.7 £ 0.02
Single-top 0.5+ 0.1 16.7 £ 14
’ SM Total ‘ 47.6 + 2.3 ‘ 190.6 + 2.1 ‘
’ Observed Data ‘ 59 ‘ 188 ‘

TABLE 6.9: Sbottom 2015 analysis, expected pre-fit CR yields for all B-type regions,
including the observed number of data events.

The results of the simultaneous fit procedure are presented in 6.2.7.1. The pzq;ets
value is found to be significantly higher than 1, suggesting a poor modelling of the
Z+jets process. Due to the prevalence of the Z+jets process in both types of SR,
and this noticable pre-fit discrepancy in both CRzA and CRzB regions between the
expected Z+jets from MC and the observed data, alternative data-driven methods are

investigated to validate the modelling of the Z+jets process in the SRs.

6.2.4 Data-driven replacement methods

There are two alternative data driven methods used and the underlying strategy for
both methods is relatively similar, in that the methods require the replacement of one

branch of the Z+jets process, either replacing the Z boson with a photon (referred to as
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the “y-+jets replacement method”), or replacing the b—jets in the final state, with light
jets (referred to as the “Z from light” method). As the main component of the author’s
work was implementing the “vy+jets replacement” method, the “Z from light” method
will only be discussed briefly.

The “Z from light” method allows for an alternative estimate of the Z — vv in the
A-type SRs. This method requires the assumption that the shape of the mcp variable
in the SRs is similar for Z + light jet events, and for Z + b—jet events. As the method
explicitly depends upon the mcr variable, it cannot be used to provide an estimate in
the B-type SR. A high statistics two lepton CR is defined to select events with Z — ¢/
+ light jets. The mct distribution in this region is then used to estimate the mcr
shape for the Z-+jets process. The normalisation of the estimate from this method is
calculated based on the ratio of Z — ¢¢ events with zero b—tagged jets, to a Z — ¢
events with two b—tagged jets. The main advantage of this method is that it allows for
the use of a very high statistics region dominated by the Z+jets background, to perform
the extrapolation to the SR.

The ~+jets replacement method exploits the similarity between the production mech-
anisms of the Z+jets and ~v+jets processes. When considering the differences between
the production of a vy or Z at a ¢, § vertex, the primary difference is the mass contribution
in the propagator term:

Moo (6.2)

% —m?

For the y+jets process, Equation 6.2 reduces to 1/¢?, whereas for the Z+jets process
the mass term does not disappear. However if the momentum of the Z boson is much
larger than its mass, (g% >> mQZ) then the propagator term for the Z+jets process can
be approximated as 1/¢?, similar to the y+jets process. In the 0 leptons final state, the
pr(Z) is very closely related to the E%‘iss. The E%ﬁss selection requirements in both types
of SR almost fufil the requirement that pp(Z) >> my. To correct for any remaining
differences that may arise due to the mass term and additional kinematic differences,
a pr(Z)-based reweighting procedure is used. The usage of the pp-based reweighting
procedure also mitigates the second difference between the v and Z vertices, that is
the difference in the coupling term between the electromagnetic and weak forces. At
the Z vertex, the coupling term is related to gy sin(fy), whereas at the 7 vertex, the

coupling is related to e. These differences are taken into account implicitly in the pp
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(Z) reweighting procedure. The overall method is as follows:

e A y+jets CR (CRy) is defined, matching the SR selection but dropping the re-
quirement on EEFiSS and instead requiring one photon with pt > 130 GeV to satisfy
trigger requirements. The photon 4-vector is added vectorally to the reconstructed
Efrniss, to produce a photon-corrected variant referred to as E%l 1557 The E%iss se-

miss ,y

lection is then applied to the photon-corrected E;

e Events passing the above requirement lead to a very high purity v-+jets region,
however some non-v backgrounds still remain. Those are subtracted from the data
using estimates from MC. In this scenario the shape of any given distribution can
be expressed as fg%t;‘ — é‘;{nijC. The non-y MC contributes less than 1% in the

regions of interest.

e The reweighting factor, R(Z,~), is defined as the ratio of Z+jets to y-+jets events
binned in pt and it is calculated using the Z — vv + bb events in the SR, and the
~ =+ bb events passing the CRry selection. This gives:

fZ—)VVde(Ztruth)
R
fCR»y dpr ()

(6.3)

The reweighting procedure is performed using the truth-level Z-boson pt. As the
above ratio includes pr(7) at reconstruction level acceptance effects are implicitly
taken into account. The available y+jets samples are generated at LO, whereas
the nominal Z+jets sample is at NLO. Figure 6.11 presents the differences in
reweighting the v+jets to NLO and LO Z+jets, as seen in the figure there is no
significant difference between the ratio produced from the NLO and LO samples

for the selection used in this analysis.
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FIGURE 6.11: Truth-level pr ratio for y+jets and Z+jets processes. No significant
differences are found between reweighting the LO vy+jets to the NLO Z+jets, when
compared to the LO Z+jets.

e An additional normalisation parameter, k, is also introduced to take into account
the differences between the cross sections the Z+jets and v+jets processes. This
requires the introduction of two additional regions referred to as “loose”. These
regions are designed as loose as they are defined by relaxing the selections when
compared to the standard region definitions. These regions are referred to as
CR~"99%¢ and CRZ!°°%°. The & factor is defined as the ratio of the normalisation

loose

and p7°°, normalising the MC prediction of the vy-+jets and

loose
v

Z+jets in the CRY°% and CRZ'°% to the observed data. This factor is used to

parameters g

reconcile the known differences between the observed y+jets process and the MC

expectations, using a relaxed selection.

Iuloose
k= IZ)OSG
Kz
dat non—-y—+jets MC Z+jets MC
NC?{,jloose - NCR,yloose Ncgglosose
- N Hiets MC ' Ndata \on—Z+jets MC (6.4)
CRfyloose CRZloose - CRZloose
data, non—vy+jets MC Z+jets MC
NC%,yloose - NCR,yloose Ncg-]ZQlosose
= dat non—Z+jets MC ' y+jets MC
chﬁgloose - NCRZloose NCR»YIOOSE
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e Using the contributions from the above steps the expected number of Z — vv +

b—jets events in a SR can be calculated for a selection, z, on a given variable, in

this case mcT using:

7 o0
M= [
X

data

CRy —

non'y—MC) .
CR~y

1
E . R(V)de(V)dmCT

(6.5)

The extra CRs that are defined for the y+jets replacement method are presented

in Table 6.10. The predicted number of events in the “loose” and tighter regions are

presented in Table 6.11. Using the looser region yields from Table 6.11 allows for the

calculation of the k factor to be performed, resulting in a value of k = 1.27 +0.27. This

value is consistent with the SM ~+jets measurement. The final predicted number of

events using the method are shown in Tables 6.16 and 6.19, where they are compared to

the nominal fit procedure, and also the prediction from the “Z from light” method. The

predictions using the alternative data-driven methods are consistent with the nominal

fit procedure, providing further confidence in the modelling of the Z+jets process.

Variable CRyA CR~B CRry'o0se CRZ"°ose
Preselection 4 4 4 v
Tlsignal leptons 0 0 0 2 (SF)
Nsignal photons 1 1 1 0

pr (£) - - - > 26,20 GeV
pr () > 130 GeV >130GeV > 130GeV -
Leading jet is b—tagged 4 X - -
Sub-leading jet is b—tagged 4 4 - -

pr (J1) > 130 GeV > 300GeV > 50GeV > 50 GeV
By - - - < 100 GeV
B’ - - - > 250 GeV
B >250GeV > 400GeV > 250 GeV -

mcT > 250, 350, 450 - - -

mee - - - [76 - 106] GeV
Mpb > 200 GeV - - -

TABLE 6.10: Sbottom 2015 analysis, additional CR definitions used in the implemen-

tation of the vy+jets replacement method.
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CRA'oose CRZ'o°s® CR~A250 CR~A350  CRyA450 CRAB
Observed Data  3814+19.52 31.00 £5.57 40.00+£6.32 8.00+£2.83 4.00+£2.00 6.00+2.45
MC Total 248.76 +£5.06 2614+ 1.49 26.50+1.40 587+0.55 1.66+0.25 6.26=+0.59
W + jets 0.62+£0.09  0.00£0.00 0.1040.03 0.0240.01 0.01£0.00 0.03+0.01
Z + jets 0.08£0.02 23.15+0.83 0.01£0.01 0.00£0.00 0.00=+0.00 0.000.00
Other 0.12+ 2584047  0.00£0.00 0.00+0.00 0.00%0.00 0.00 4 0.00
SingleTop 0.49+£0.09 0.1840.06 0.034£0.01 0.0240.01 0.01£0.00 0.02+0.01
tt 228404 0.022+0.13  0.00+£0.00 0.00+0.00 0.0040.00 0.14 £ 0.07
v + jets 245.17 + 5.04 0.0+0.0 26.33+1.33 5814+0.52 1.63+0.22 6.08=+0.50

TABLE 6.11: Expected yields of the SM background processes and observed events
with 3.2fb~! in the regions defined for the y+jets alternative data driven method.

6.2.5 Validation Region Definitions

To validate the normalisation of the backgrounds, VRs are defined for both the A- and
B-type SRs. The VRs are chosen such that they are orthogonal to both of the relevant
SRs and CRs, and are selected to be kinematically close to the SR. As all of the CRs that
have previously been defined require leptons in the final state, whilst the SRs contain
no leptons, a sensible requirement is to design VRs such that they also contain zero
leptons. A simple method to ensure othogonality between the SRs and the VRs is to
select a key kinematic variable used in the SR (for example, mcr) and to invert the SR
selection that is placed on this variable. It is also possible to select a “window” on this
variable (after inverting the SR selection), to attempt to keep the kinematics of the VR
close to that of the SR. This is done taking into account that the signal contamination
must be as minimal as possible.

Two VRs are associated with the set of A-type SRs, defined by either inverting the
mpp selection (VRmbbA), or the mcr selection (VRmctA). For the VRmctA region,
the upper bound on the mgr selection is chosen to be 150 GeV, reducing signal contam-
ination, this region validates the modelling of the Z+jets background. The VRAmbb
region is used to validate the modelling of the ¢ background.

A single VR is designed to validate the background prediction in the B-type SRs,
defined by inverting both the selection on the leading jet pr and the selection on Eiss,
Lower bounds are placed on both of these inverted selections, to ensure similar kinematics

to those expected in the SR, creating a region dominated by the ¢t process.
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Variable VRmctA VRmbbA VRB
Preselection 4 v 4
Nbaseline leptons 0 0 0
Primary jet is b—tagged 4 v X
Secondary jet is b—tagged v v v

pr (j1) > 130GeV > 130GeV  [100, 300] GeV
Mbb <200GeV  >200GeV -

Erpiss >250GeV  >250GeV  [250, 300] GeV
mct >150GeV <150 GeV -
A¢(j1, ERiss) - - > 2.5

TABLE 6.12: Sbottom 2015 analysis, VR definitions for both A- and B-type regions.

The fitted background events for the A- and B-type validation regions are presented
in Tables 6.15 and 6.18. It is found that the observed data in the VRs is modelled well

by the results of the background only fit.

6.2.6 Systematic Uncertainties

There are two possible sources of systematic uncertainty that can affect the results of
the analysis: systematic uncertainties arising from the detector, known as “Detector
Uncertainties”, which apply on the signal and background; or uncertainties arising from
the choice in MC generator, known as “Modelling Uncertainties”. Systematics to the

theoretical predictions are also considered on the signal.

6.2.6.1 Detector Uncertainties

As discussed in Chapter 5, the definition of physics objects in the analysis is dependent
upon both pr and n of the object as reconstructed using the information collected by the
detector. There are many sources of uncertainty that can arise from the modelling of the
detector in MC, including uncertainties from the calibrations used, uncertainties applied
to MC objects to reproduce the detector efficiency and uncertainty from the luminosity
delivered by the LHC machine. These uncertainties must be taken into account when
performing the analysis, as they can affect the number of events passing a given selection.
This subsequently changes the expected number of events in the SRs and CRs, affecting
the fit results and the statistical intepretations of the results. The individual sources of

detector uncertainty considered in the analysis are:
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Luminosity: The luminosity uncertainty is the uncertainty arising from the mea-
surement of the total luminosity (via a Van Der Meer scan [131]) performed in June
2015. The total measured luminosity is 3.2 fb ~! with an associated uncertainty of 5%.

Jet Energy Scale (JES): Initially, reconstructed jets are calibrated at the electro-
magnetic scale which is established for the EM calorimeter using test beam measure-
ments. The EM scale accounts correctly for photons and electrons, however it does not
account for detector effects, inefficiencies in calorimeter clustering or jet reconstruction.
For hadronic jets the measured energy is less than the actual jet energy. A JES cali-
bration must be applied which takes into account the non-compensating nature of the
calorimeter to correct the hadronic jet activity. The JES uncertainty is the uncertainty
that arises from the choices made when developing the JES calibration from both data
and MC [132]. In total there are 67 parameters which must be varied in order to pro-
duce the JES uncertainty, however a reduced set of parameters (4 sets of 3 parameters
each) were produced to provide a more efficient way to estimate the effect of the JES
uncertainty [133].

Dedicated calibrations are used to determine the JES uncertainty arising from light
jets and heavy-flavour jets, as heavy-flavour jets have additional contributions to the
final JES uncertainty calculation [134].

Jet Energy Resolution (JER): The jet energy resolution is the uncertainty on
the central value measured for the energy of a jet. Varying the jet energy resolution can
result in a change to the jet multiplicity as varying the JER can change the measured
pr of a given jet, which can result in the jet no-longer passing the jet pr requirements
(or vice-versa) [135].

Jet Vertex Tagger (JVT). The JVT method used to reject central jets that arising
from pile-up events, applies pr dependant scale factors in MC to match the observed
efficiency of the JVT in data events. The JVT uncertainty arises from varying these
scale factors [136].

E%ﬁss and E%iss soft term: The uncertainty on the E%“iss arises arises as a conse-
quence of the changes from other variations (for example the JER and JES systematics)
which affect the objects that enter the E%liss calculation. The uncertainty on the recon-
structed E%liss can also be affected by the E%‘iss soft term. There are three associated
uncertainties related to the soft term: the scale term, which varies the offset of the soft
term along the Effmss axis; and the parallel and perpendicular resolution terms, which

vary the resolution of the soft term either parallel to, or perpendicular to, the E%“iss
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axis. These uncertainties are varied orthogonally to provide the total uncertainty on the
EMiss soft term.

b—tagging: The uncertainties arising from the b—tagging algorithm are taken into
account by varying the pr, n and flavour-dependent scale factors that are applied to
the jets [112]. The variations are applied in an orthogonal manner (as the uncertain-
ties are flavour dependent, so correspond individually to b—jets, c—jets and light-jets).
A final variation is considered to estimate the uncertainty arising from the extrapola-
tion required to perform b—tagging for high pr jets, as the method for calculating the
efficiency of the b—tagging algorithms is dependent upon a sample of ¢t events. An
extrapolation is required for the calibration of high pr due to a lack of statistics.

Lepton energy scale and resolution: Uncertainties from the calibration of the
lepton energy scale and resolution are estimated in a similar manner to the JES and
JER uncertainties, as similar to that of the JER/JES uncertainties, varying the lepton
energy scale/resolution may change the lepton multiplicity in an event, changing the
number of events that pass a lepton multiplicity selection.

Lepton efficiency: The uncertainty on the scale factors applied to MC to match
the reconstruction, identification, isolation and trigger efficiencies in data are taken into
account by varying the scale factors within their uncertainties.

PileUp: A scale-factor is applied to the MC simulations to better describe the
minimum-bias vertex data related to the number of pile-up interactions. The uncer-
tainty on the scale-factor applied is evaluated by varying the scale-factor within its

uncertainties.

The most relevant detector uncertainties for the analysis are the uncertainties related
to the jets, the JER, JES and b—tagging uncertainties. The uncertainties arising from

miss

the leptons and ET" are relatively unimportant in the analysis and only contribute a

small (< 1%) amount to the overall total uncertainty.

6.2.6.2 Modelling Uncertainties

The uncertainties arising due to non-arbitrary choices made when constructing a MC
generator to model a physics process have previously been discussed in Chapter 4. For
the four main backgrounds in the analysis (¢, single-top, Z+jets and W-+jets), the

effects of the modelling uncertainties are evaluated.
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As previously introduced in Section 4.1.1 the uncertainty due to the choice in PDF
set is evaluated by comparing the nominal PDF set for each sample with alternative
PDF sets. For every analysis presented herein the uncertainty arising from the choice
in PDF set is found to be negligible.

For the tt and single-top backgrounds, the nominal MC generator setup used for both
samples is Powheg for the hard-scatter process, with showering performed by Pythia6.
There are four sources of modelling uncertainty when using Powheg+Pythia6 as the

nominal sample:

e Hard scatter generation: A comparison is performed between the results produced
by Powheg+Herwig-+-+ to an alternative generator (using the same PS algorithm),
in this case MCQNLO+Herwig++. This is motivated by the fact that MCQNLO

cannot be interfaced to Pythia6.

e Parton shower algorithm/Hadronisation uncertainty: The nominal setup is com-
pared to a sample generated with the same ME calculation but with using a dif-

ferent parton shower algorithm, in this case Powheg+Herwig++.

e Factorisation scale, renormalisation scale and shower radiation uncertainties: The
uncertainties arising from ppg, g and the shower radiation are estimated by com-
paring the nominal predictions to those of two alternative PowhegPythia samples
which use different parameters for the values of ug, ur and the hdamp parameter,
which is used as a cut-off to change the amount of hard radiation produced by the
generator. The samples chosen produce an envelope around the nominal sample

with respect to the ugr, pr and hdamp parameters chosen.

The above comparisons are made to evaluate the ¢t and single-top modelling uncertain-
ties. However, as also discussed in Section 4.3 an additional source of uncertainty arises
in the modelling of the single-top process, arising from the interference between the
single-top and tt processes. As more thoroughly described in Section 4.3, the two alter-
native methods that can be used to estimate the interference uncertainty (the DS scheme
and the WWbb sample) do not provide sensible results when compared to the modelling
provided by the nominal DR sample. As such no specific uncertainty is associated to

the interference term, to prevent artificially inflating the systematics.

The prescription for the V+jets processes is slightly different, as the effects of the mod-

elling uncertainties are all evaluated using the nominal generator (Sherpa) with differing
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scale choices, although there is no available method to evaluate the uncertainty on the
hadronisation model. Alternative samples were generated with different scale choices
(either twice or half the nominal value chosen) for the factorisation scale (pp), the
renormalisation scale (1r) and the soft gluon resummation scale (pugsr). The matrix
element matching scale (ckkw), used to distinguish the pr of jets that should arise from
the showering algorithm and the jets that arise from the hard-scatter is also varied from
the nominal value of 20 GeV, with the up variation increasing the ckkw scale to 30 GeV,
and the down variation decreasing this parameter to 15 GeV.

The work performed calculating a parameterisation to allow for easier calculation of
the effect of the modelling uncertainties for the V+jets processes, documented in Section
4.4, is used to calculate the effects of these uncertainties.

The modelling uncertainties arising from the rare backgrounds, t¢ + V and diboson
are estimated by varying the cross-section values up and down within the recommended
values.

The overall uncertainties that are applied due to the modelling of a given process are
calculated as percentage uncertainties on the transfer factor when moving from the CR

(defined for the process under consideration) to the SR, as shown in Equation 6.6.

Nproc(SR,MC)

TF = 6.6
T Niroe(CR, MC) o0
For a given uncertainty, the error on the transfer factor is given by:
L TFVarlathn TFnomlnal
ATFER" = — (6.7)
process

The total uncertainty is given by the sum in quadrature of the average of the two
uncertainties related to the up, ug (referred to as RadHi and RadLo), with the generator

and PS uncertainties:

ATFRadHi + ATFRadHi )2

5 (6.8)

ATF = \/(ATFgenerator)Z + (ATFPS)2 + (

The V+jets uncertainties for the A-type regions are calculated in a similar manner,

taking the average uncertainty on the TF for each variation considered:

avg avg

ATF = \/ ATF&Ew)2 4 (ATFfc)2 4 (ATFIeom)2 4 (ATFRE)? (6.9)

For the W+jets sample, an additional uncertainty is applied which arises from the
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uncertainty in the heavy-flavour component of the jets produced in association with the
W. This must be applied due to the differences in b—jet multiplicity when moving from
the 1 b—jet CR to the 2 b—jet SR. In order to evaluate this uncertainty, the heavy-
flavour fraction of the W-jets samples is varied by 40%, following the measurement in
[137], which is a conservative estimate based on the uncertainties of the W+jets flavour
composition in this Run 1 measurement.

For the samples (diboson and ¢¢V') which do not have an associated CR, uncertainties
on the total production cross-section are considered for the samples.

With respect to the B-type regions, the same calculation is performed to ascertain
the modelling uncertainties for the ¢ and Z+jets processes, as these processes have a
B-type CR defined. For the W+jets and single-top processes the uncertainty on the

absolute yield in the SRs is calculated.

Source of uncertainty [ SRAs SRB
Detector uncertainties

JES 15 - 30% 25%

JER 20 - 35% < 10%

b—tagging 25 - 40% 15%
Modelling uncertainties

Z+jets 25 - 35% 12%

W+jets 20 - 22% 27%

Top production 15 - 20% 70%

Total background systematic (% of expected background) ‘ 16 - 21% 21%

TABLE 6.13: Overview of the dominant detector and modelling uncertainties present

in the 2015 sbottom analysis. Due to the similarities between the SRA regions, and

the fact that they are defined such that they overlap, a range of values are given for

the uncertainties in this region. The size of the total systematic uncertainty (as a

% of the background expectation) is also given. As the uncertainties considered may

be correlated, the total uncertainty may not simply be the sum in quadrature of the
uncertainties.

Table 6.13 presents the dominant systematic uncertainties for the analysis. The
dominant detector systematic uncertainties arise due to uncertainties on the JES and
JER, and also on the b—tagging, which is expected when investigating a signal consisting
of b—jets and missing energy. The dominant modelling uncertainty in the A-type regions
is the uncertainty on the Z+jets background, which is expected as the Z+jets process
is dominant in the A-type SRs. The uncertainty on the modelling of top production
processes (both ¢t and single-top) in the B-type SR is shown to be relatively large, this
uncertainty is driven by the difficult region of phase space targeted by the B-type SR.
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The uncertainties arising from the choices made when producing the signal MC (such
as the hard scatter processes, the PS algorithm and the shower radiation) are estimated
when performing the model-dependent fit procedure and account for a total systematic

uncertainty on the signal of approximately 10% for each signal point.

6.2.7 Fitting Procedure

The fitting procedure used in the analysis is implemented using the HistFitter [138]
framework. This framework performs a log likelihood fit with three types of input: the
number of expected MC events for each process, in each CR and SR; the number of data
events in each region, and the errors on the number of expected MC events arising from
the systematic uncertainties.

The number of expected and observed events in a given region, is used to calculate the
transfer factors (TFs) of each normalised background between each CR and SR, which
then allows the observed number of events in the CRs to be converted to an estimation

of the background in the SRs, using Equation 6.10.

NProc (SR)
NProc (CR)

In this equation, the number of expected SR events for a given process (Nproc(SR, exp))

Nproc(SR, €xp) = Nproc(CR, 0bs) - = ftp - Nproc(SR) (6.10)

is calculated using the number of observed events in the CR defined for the process
(Nproc(CR, 0bs)), and the transfer factor for the process as introduced in Equation 6.6.
This equation can be rewritten using the normalisation parameter, (), which is the
ratio of observed data events to the MC expected events, for the process in the CR
multiplied by the number of expected SR events for the process.

When performing the fit, a likelihood function (L) is built using the products of
the Poisson distributions of the number of events (MC and observed) in each of the
SRs (Psr) and CRs (Pcr), and additional distributions to implement the systematic

uncertainties (Cgyst):

L(n, 0°|115ig,b,0) = Psr x Pcr x Cuyst

= P(ns‘)\S(MSig7 b70)) X H P(n’i‘)‘in’Siga b7 0)) X Csyst(6079)
i€CR

(6.11)
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To break this down further, when viewing the longer form of the equation, the first
terms (containing ng and n;) are the Poisson measurements of the number of observed
events in the SR and each CR, Ag and \; representing the Poisson prediction for the
number of events in the SR/CRs given the background prediction (b) for the processes
(implicitly contained here are the normalisation parameters j,), the nuisance parameters
containing the systematic uncertainties, and also the signal strength parameter pgig,
which can be set to 0, to remove the signal component as in the background-only fit
procedure, or 1, to set it to the nominal value of the signal model under consideration
as in the model-dependent fit procedure.

The systematic term, Csyst(6°,0), is a probability density function built upon the
product of Gaussians for each systematic variation (Equation 6.12), using the central
values (6°) of the variations, around which # (the nominal value) can be varied when

performing the maximum likelihood procedure.

Cost(0°,0)= ] G (6.12)

jESysts
After the creation of the likelihood function, there are three statistical interpretations
that can be performed with this information, known as a background-only fit, a model-
dependent signal fit and a model-independent fit. Each of these fit types are performed

in the process of an analysis.

6.2.7.1 Background-only fit

The background-only fit is performed to produce the normalisation parameters (u,) for
each of the backgrounds that have associated CRs. The purpose of the background only
fit is to produce an estimate of the total background expectation in the SRs (and VRs)
without making any assumptions on the signal model under consideration (s = 0).
The method to perform the background only fit is to produce the likelihood function
as in Equation 6.11, but to remove the information in the fit from the VRs and SRs,
producing normalisation parameters calculated only using information from the CRs.
These normalisation parameters are then introduced into a different likelihood function,
containing information from the CRs, VRs and SRs, to produce estimates of the back-
ground rates in the SRs and VRs. The results of the background-only fit procedure are

reported without applying any rounding to the output.
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6.2.7.2 Model-dependent fit

The model dependent fit, also known as an “exclusion” fit, is a frequentist fit performed
intending to study a specific signal model. This fit is also known as an exclusion fit,
as if there is no significant excess of events in the SRs (which is known by previously
performing the background-only fit), then exclusion limits can be placed on a specific
signal model considered. In the case of an excess, then the model-dependent fit can be
used to measure the signal strength of the model.

In this scenario, the likelihood function is built and the signal model under investi-
gation is included in the fit for all CRs and SRs. From this the normalisation param-
eter/signal strength (usig) is calculated for the signal model. Usually when performing
an exclusion fit a grid of signal samples with different mass assumptions are used in the
fit (with a fit performed on each signal sample in the grid). The results of the exclusion
fit when taking into account all of the signal mass scenarios allow an exclusion contour
to be placed in the mass plane considered (for this analysis, in the b, %) mass plane).

To construct an exclusion contour, a signal model hypothesis test is used. The signal
strength is used as the parameter of interest in the test. The model can be considered
to be excluded at the 95% Confidence Level (CL), if the results of the hypothesis test
return a p-value of > 0.05. In these scenarios the p-value is the probability of rejecting
the background-only hypothesis. By performing the hypothesis test on the full signal

grid an exclusion contour can be produced.

6.2.7.3 Model-Independent fit

The so-called “discovery” fit provides a model-independent limit on any additional num-
ber of events in the SRs beyond the expected number of background events. This enables
the results of the analysis to be interpreted in the context of any generic model (not
specifically SUSY), which would expect to contribute to the expected number of events
in the SRs.

The procedure for this fit proceeds generally in the same manner as the model-
dependent fit, however a “dummy” signal is inserted instead of using an actual signal
model. In this scenario no signal contamination is taken into account in the CRs (usig =
0). The number of observed events in the SR is added to the fit to enable the signal
strength (of the dummy signal) to be investigated. The value of the signal strength

where the CLs value falls below the 5% level (corresponding to a p-value of 0.05) is
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finally evaluated, that can then be converted into an upper limit on the visible cross-
section of a generic BSM production mechanism, oyis, which is defined as the product

of the cross-section for the process, the selection efficiency and the detector acceptance.

6.2.8 Background-only Fit Results

The background-only fit results for the A-type CRs, VRs and SRs are shown in Tables
6.15 and 6.16, respectively. The estimates of the two data driven methods are also
presented. Generally a good overall agreement is found between the MC prediction and
the observed data within uncertainties, with some slight overestimates of the number of
background events, at the level of less than 1 o.

The normalisation factors for the A-type fit are shown in Table 6.14. The normalisa-
tion factor for the Z+jets background (pz4jets) is large (with a value of 1.3) however it is
seen that this estimate is consistent with the data-driven estimates, shown in Table 6.16.
The nominal background-only fit and the data-driven methods are consistent to within
1o in each of the regions, providing further confidence in the nominal background-only
fit procedure. There is a relatively large uncertainty (44.6%) on the normalisation of
the single-top background, which is driven by the relatively small number of events in

the CRstA and the associated statistical uncertainty.

Normalisation Value

Msingle—top 0.83 + 0.37
et 0.95 4+ 0.13
KW +jets 1.21 £ 0.18
HZ+jets 1.34 + 0.18

TABLE 6.14: Normalisation factors for the main backgrounds in the A-type regions
using the background-only fit with 3.2fb~1.

Figure 6.12 shows a selection of key kinematic variables in the A-type CRs after
applying the normalisation factors. Generally acceptable modelling is found throughout

the key variables.
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A-Type SRs SRA250 SRA350 SRA450
Observed events 23 6 1
Fitted bkg events 29.16 £4.71 6.96 £1.23 1.84+0.39
Fitted Z+jets events 21.50+£4.29 494+1.08 1.3440.35
Z+jets events (using “y+jets replacement” method) 18.24 £4.93 3.69+1.54 1.84+1.01
Z+jets events (using “Z from light” method) 25.22+6.63 6.28+1.68 1.80+0.54
Fitted W+jets events 436+133 1.194+041 0.30+0.12
Fitted tt events 1.04£045 0.17+£0.08 0.04£0.02
Fitted single-top events 1.80£1.01 0.53+0.30 0.13£0.07
Fitted diboson events 0.21+£0.05 0.074+0.04  0.027592
Fitted tf + Z events 0.22+0.03 0.06+0.01 0.02+£0.00
Fitted ¢t + W events 0.02+£0.00 0.01+0.00 0.00=£0.00
MC exp. SM events 23.41 5.63 1.48
MC exp. Z-+jets events 16.09 3.70 1.00
MC exp. W+jets events 3.60 0.98 0.25
MC exp. tt events 1.10 0.18 0.04
MC exp. single-top events 2.18 0.64 0.15
MC exp. diboson events 0.21 0.07 0.02
MC exp. tt + Z events 0.22 0.06 0.02
MC exp. tt + W events 0.02 0.01 0.00

TABLE 6.16: Fit results in A-type SRs with an integrated luminosity of 3.2fb~!. The
results are obtained using the background-only fit procedure. The uncertaintes shown

contain only the systematic uncertainties on the background prediction.

The background-only fit results for the B-type CRs, VRs and SRs are shown in Tables

6.18 and 6.19 respectively. The number of fitted background events is consistent with

the number of observed data events in the VRB region, whilst in the SRB region there

is an overestimate of the expected number of background events

Normalisation Value
et 0.98 4+ 0.10
HZ+jets 1.46 4+ 0.27

TABLE 6.17: Normalisation factors for the main backgrounds in the B-type regions

using the background-only fit with 3.2fb~1.

The normalisation factors for the B-type fit are shown in Table 6.17. Similarly to

the A-type fit, the normalisation factor for the Z+jets background (uz+jets) for the

B-type regions is large with a large uncertainty due to the small number of events in

the CRzB region. The alternative data-driven “y+jets replacement” method provides

additional validation of the Z+jets normalisation, as it can be seen in Table 6.19 that the

predictions from the nominal background-only fit procedure and the alternative method

are within 1.20.
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FIGURE 6.12: Post-fit distributions for key variables in the A-type CRs.
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Figure 6.13 displays post-fit plots for key kinematic variables in the B-type CRs.

Generally acceptable modelling is found for the key variables used in the analysis.

B-type CRs & VR CRzB CRtopB VRB
Observed events 59 188 76
Fitted bkg events 58.99 + 7.66 188.01 £13.71 71.71 +£6.71
Fitted Z+jets events 42.78 £ 7.87 0.30 £0.12 13.86 + 3.16
Fitted W+jets events 0.00 4+ 0.00 12.91 +4.74 6.42 + 3.42
Fitted tf events 14.23 £1.95 155.86 4= 14.98 46.61 +5.95
Fitted single-top events 0.42 +0.07 16.62 +£2.13 3.95+0.61
Fitted diboson events 0.83 = 0.36 1.31+£0.20 0.50 £0.16
Fitted tf + Z events 0.70 £ 0.08 0.69 £ 0.06 0.32 £0.04
Fitted tf + W events 0.03 £0.01 0.31 £0.03 0.05 £ 0.01
MC exp. SM events 45.38 191.04 68.14
MC exp. Z+jets events 28.88 0.20 9.36
MC exp. W+jets events 0.00 12.92 6.43
MC exp. tt events 14.52 158.97 47.53
MC exp. single-top events 0.42 16.63 3.95
MC exp. diboson events 0.83 1.31 0.50
MC exp. tt + Z events 0.70 0.69 0.32
MC exp. tt + W events 0.03 0.31 0.05

TABLE 6.18: Fit results in the CRs and VR associated with the B-type SR for an
integrated luminosity of 3.2fb~!, using the background-only fit procedure. The uncer-
tainties shown contain both the systematic and statistical uncertainties.
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B-type SR SRB
Observed events 6
Fitted bkg events 12.03 £+ 2.49
Fitted Z+jets events 4.16 +£1.29
Z+jets events (using “y+jets replacement method”) 2.22 +1.04
Fitted W+jets events 1.11 +£0.57
Fitted tt events 5.46 & 2.03
Fitted single-top events 0.99 £ 0.36
Fitted diboson events 0.19 £ 0.05
Fitted tf + Z events 0.10 +0.01
Fitted tt + W events 0.01 4 0.00
MC exp. SM events 10.79
MC exp. Z+jets events 2.81
MC exp. W-+jets events 1.11
MC exp. tt events 5.57
MC exp. single-top events 0.99
MC exp. diboson events 0.19
MC exp. tt + Z events 0.10
MC exp. tt + W events 0.01

TABLE 6.19: Fit results in SRB for an integrated luminosity of 3.2fb~!. The results
are obtained using the background-only fit procedure. The errors shown contain only
the systematic uncertainties on the background estimate.

6.2.9 Interpretation of the results

As no significant deviations from the SM expectations are found in any of the sig-
nal regions, exclusion limits are placed on a generic BSM signal hypothesis, using the
model-independent fit procedure outlined in Section 6.2.7.3. The results of the model-
independent fit-procedure are shown in Table 6.20, which contains the observed (Sggs)

and expected (S92

exp

) 95% CL limits on the number of BSM events. This corresponds to
a visible cross section upper limit on a generic BSM process (oyis = €+ A-opsar), where
€ is the selection efficiency of a BSM signal, A is the detector acceptance and opgps is

the BSM production cross section.

Signal Region  ovis [fb]  Sohs S22,

SRA250 3.42  11.0 13.8757
SRA350 1.93 6.2  6.67%]
SRA450 1.23 3.9 41107
SRB 1.89 6.1 8731

TABLE 6.20: 95% CL upper limits on the visible cross section of a generic BSM process

(0vis), the number of expected signal events (S2.) and the limit on the number of

expected signal events, taking into account the expected number of background events

(Sewp)-

exp
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FIGURE 6.13: Post-fit distributions for key variables in the B-type CRs.

Figure 6.18 shows N-1 plots of some key kinematic distributions in the A- and B-type
SRs. The arrows on the plots denote where the SR selection on the variable is applied.
Acceptable modelling is found in all regions with no significant features in any of the
key distributions for the analysis. Additionally Figure 6.15 presents mcr distributions
in the SRA250 region, when the Z+jets background is estimated using the data-driven
methods. Both methods provide comparable modelling when compared to the nominal
Z+jets estimate.

Exclusion limits are also placed in the sbottom-neutralino mass plane, assuming
sbottom pair production, subsequently decaying via b— b+ %Y, with a branching ratio
of 100%, using the model-dependent fit procedure described in Section 6.2.7.2.

Figure 6.16, shows the exclusion contour obtained using the best expected SR for a
given ((;, %)) mass scenario. Experimental systematic uncertainties on the signal yields

are taken into account in the fit procedure, and are assumed to be fully correlated with
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the uncertainties placed on the background estimate. The exclusion contour produced
using the best expected SR, shows a significant increase in exclusion when compared to
the Run 1 analysis, with m; = 840 GeV excluded for massless neutralinos. The high
mcr signal region (SRA450) is the region which contributes the most to the exclusion
in the bulk scenario, as can be seen in the limit for the SRA450 region in the bottom
left of the figure. The regions with a looser selection on mcr (SRA250 and SRA350)
provide exclusion in the intermediate mass range where the mass splitting between the
sbottom and neutralino is not so large. As expected, the SRB region (bottom right of

Figure 6.16) provides the best exclusion in the compressed scenarios.
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FIGURE 6.14: N-1 distributions of key variables in the SRA and SRB regions. The
arrow on the plot denotes where the SR selection is applied.
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FIGURE 6.15: N-1 distributions of the mcr distribution in SRA250, with the Z+jets
background estimated using the data-driven methods.

6.3 Sbottom 2016 Analysis

Limits produced using the 3.2fb~! collected by ATLAS during 2015 operations pro-
vided a significant increase on the exclusion in the (5, %}) mass plane when compared
to the Run 1 analysis. An additional extension to the sensitivity was expected with
the data collected in 2016. To exploit this the analysis performed during 2016 carried
improvements driven by the increased luminosity.

The following sections contain an overview of the updates to the sbottom analysis
performed with the combined 2015 and 2016 data corresponding to a total luminosity
of 36.1fb~!. An overview of the improved SRs is given, with an additional type of SR
defined to target the intermediate Am(fﬁ, %) scenarios. The dominant background
processes are considered and CRs are defined to estimate the backgrounds in the SRs.
An update to the y+jets replacement method is presented, using a 2-dimensional ratio
to more accurately model the differences between the Z and v processes. Updated
VRs are presented, which are tighter than the previous version of the analysis. Finally
the results of the background-only, model-dependent and model-independent fits are
presented, with limits placed in the (ZN), %)) mass plane and in a model-independent
manner.

The analysis is also sensitive to more complex sbottom decay scenarios. The inter-

pretation of the analysis with regards to these models is presented in Section 7.4.
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6.3.1 Signal Region Definitions

Generally the analysis strategy follows closely the 2015 analysis, and as such the prese-
lection applied to the 2015 analysis is still used as the preselection for the 2016 iteration.
A set of SRs are defined using mct as the main discriminating variable defined to tar-
get the bulk region of the (E, %)) mass plane, referred to as the A-type regions. The
increased luminosity allows for tighter selections to be placed on the mcr, and as such
the SRA250 region from the 2015 analysis is dropped, and is replaced with a region
requiring mgt > 550 GeV. Other than this change, the regions are the same as the 2015

iteration of the analysis. The A-type SR selections are presented in Table 6.21.

Variable SRA350 SRA450 SRA550
Preselection v

Tbaseline leptons 0

Leading two jets (pr ordered) are b—tagged v

pr (J1) > 130 GeV

Mpb >200 GeV

Fipiss >250 GeV

mcr >350GeV  >450GeV  >550 GeV

TABLE 6.21: Sbottom 2016 analysis, A-type SR definitions.

As seen previously, the mcr variable is not appropriate to target intermediate and
small splitting between the sbottom and neutralino masses. However, an ISR-like se-
lection is also not appropriate to target this region. This can be seen in the best ex-
pected exclusion contour in Figure 6.16. For example, if a mass scenario of (mj, mX(l)) =
(550, 350) GeV is considered, it can be seen that there is a “bump” in the contour, corre-
sponding to a region where neither the mcr-based or ISR-based analyses are sensitive.

If the kinematics of such a region are considered, then the lack of sensitivity of an
mgr-based analysis is understandable due to the expected end-point of the mcr vari-
able. However it is found that the minimum transverse mass between the jets and the
Emiss (min mp(j, ER)) provide discrimination in the intermediate region to reject the
tt background. After a selection on minmr(j, EX5), the main background is again the
Z+jets process. Further consideration of the topology of the signal events suggests that
a selection on both A¢(by, EX%) and Ag(be, EXis5) can be used to increase sensitivity.
For the signals the angle between the b—jets and the E%ﬁss would generally be expected

to be around 7/3, resulting in a “Mercedes”-like topology, with one of the legs being
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constructed of the E%liss. For the Z+jets background however, the angles would be
expected to be around 7/2, as the b—jets originate from gluon splitting with gluon be-
ing produced back-to-back with the Z boson and leading to a large angular separation
between the EX and the b—jets. The region defined based upon the min mr(j, ERS),
Ag (b1, EXs%) and Ag(be, EXS) variables is defined as the B-type region. The selections
for the B-type SR are presented in Table 6.22. Figure 6.17 (c) and (d) show the discrim-
ination of the A¢(by, E2) and minmr(j, ER) variables respectively. It is seen that
in this intermediate region a selection of minmy(j, ER) > 250 GeV can reduce the tf

background effectively.

Variable SRB
Preselection v
Tlbaseline leptons 0

pr (J1), pr (J2) > 50 GeV
my; > 200 GeV
Ag(br, EF™) <20
Ap(bz, BF™) <25
minmr(j, BF™) | > 250 GeV
Ep™ > 250 GeV

TABLE 6.22: Sbottom 2016 analysis, B-type SR definition.

The region designed to target compressed scenarios (referred to as the B-type region
in the 2015 analysis) requires an ISR-like selection and is referred to as the C-type region
in this analysis. The ISR-like selection is specifically optimised to target smaller mass
splitting between the sbottom and neutralino (Am(b, x) = 20 GeV). The topology of
these highly compressed signals contains very soft b—jets, and a high pr non-b—tagged
jet. The pr asymmetry of the leading (non-b—tagged) jet and the leading b—jet provides
excellent discrimination between the signal and backgrounds for this type of selection.
A very important difference between the C-type region and the other regions, is that
due to the low pt expected from the b—jets in the event, the jet pr requirements are
lowered to be pt > 20 GeV. Lowering the jet pr requirement is found to significantly
increase the significance of the selection when targeting the compressed region.

The final important difference for the C-type region, is that the selection on min A¢(j, E2ss)
is loosened to > 0.2. Whilst lowering the selection on min Ag¢(j, EX*%) may allow a sig-
nificant amount of multi-jet background to be introduced, checks performed using a

data driven method to evaluate the multi-jet background suggest a negligible amount
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entering the region when applying the full SR selection. The C-type SR selections are
presented in Table 6.23. In contrast to the other regions in the analysis, the C-type
regions are not required to pass all preselection requirements, where this is the case, the

variable with a selection different to the nominal preselection is also presented in the

table.
Variable SRC
Preselection ¢ (unless otherwise stated below)
Tbaseline leptons 0
Njets 2-5 (pr > 20GeV)
min A¢(j1,2, EFS) > 0.2
leading jet non-b—tagged v
sub-leading jet b—tagged v
pr (j1) > 500 GeV
mjj > 200 GeV
Meft > 1.3 TeV
Eipiss > 500 GeV
Ap(jy Emiss) > 2.5
A > 0.8
Hr 4 < 70 GeV

TABLE 6.23: Sbottom 2016 analysis, C-type SR definition. The usage of the Hr 4
variable implies the sum for the Hr calculation begins with the fourth jet.
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FIGURE 6.17: Pre-fit N-1 distributions for key variables in the A-, B- and C-type signal
regions.

6.3.2 Control Region Definitions

The main SM background process for the A-, B- and C-type SRs is the Z+jets process,
with Z — vv. Due to the similarity of the A-type SRs to the 2015 analysis, the CR
strategy is very similar, with CRs defined for the tf, single-top, Z+jets and W+jets
backgrounds using the 2015 regions as a baseline. The additional luminosity provided

by the 2016 dataset allows the regions to be tightened to more closely represent the
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kinematics in the SRs. Tighter selections are placed on the ER in the CRttA, CRwA

and CRstA regions. The mgr selection is tightened to > 250 GeV in all regions. Table

6.24 contains the full selections employed for the A-type CRs.

Variable CRzA CRttA CRwA CRstA
Preselection v v v (one b—jet) v
Nsignal leptons 2 (SF) 1 1 1

pr (€) >90,20GeV > 27GeV > 27 GeV > 27 GeV
Leading two jets are b—tagged v v v (primary b—jet) v
Eipiss < 100 GeV > 200 GeV > 200 GeV > 200 GeV
Eiss’ > 100 GeV - - -
mecr > 250 GeV > 250 GeV > 250 GeV > 250 GeV
pr (1) - > 130 GeV > 130 GeV > 50 GeV
pr (j2) - > 50 GeV > 50GeV > 50 GeV
e [76 - 106] GeV - ; -

mr - - > 30GeV -

Mbb > 200 GeV <200GeV  >200GeV (myp,;) > 200GeV
m};‘?li“ - - - > 170 GeV

TABLE 6.24: Sbottom 2016 analysis, A-type CR definitions.

For the B-type regions, three CRs are defined for the Z+jets, t¢ and W -+jets back-
grounds, presented in Table 6.25. These regions are defined with similar lepton multi-
plicity selections as the corresponding A-type CR. In all regions, a selection is placed
on minmr(7, E%iss), the main discriminating variable in the B-type SR, to ensure the
regions are kinematically similar to the SR. In addition to this, in the CRttB and CRwB
regions (associated to the £ and W+jets processes), the SR selections on Ag(by, EXss)
and A¢(ba, EEFiSS) are also used. For the CRwB region events are selected containing

one b—tagged jet, to ensure a relatively high purity of W+jets events.



Chapter 6. Search for direct bottom squark pair production

170

Variable CRttB CRzB CRwB
Preselection 4 v v/ (one b—jet)
Nbaseline leptons 1 2 (SF) 1

pr (J1), pr (J2) > 50 GeV > 50 GeV > 50 GeV
pr (£) >27GeV  >27,20GeV > 27GeV
mep - [76-106] GeV -
Episs < 100 GeV > 100 GeV > 100 GeV
B’ - > 200 GeV -

mr - > 30 GeV > 30 GeV
A¢(by, BFIsS) <20 - <20
A¢(ba, EF) <25 - <25
minmr(j, BRS) | >200GeV > 200GeV > 250 GeV

TABLE 6.25: Sbottom 2016 analysis, B-type CR definitions.

The background strategy of the C-type SR is similar to that of the B-type strategy,

with CRs defined for the tt, W-jets and Z+jets backgrounds. Selections are employed

on the leading jet pr, jet asymmetry and Agzﬁ(jl,E%ﬁSS) to ensure similar kinematics

to the SR. As for all the previously defined CRs targeting the W+jets process, the

CRwC selects events containing exclusively 1 b—tagged jet. Table 6.26 contains the full

CR selections for the C-type regions. A slightly adjusted preselection is required to be

passed, with the jet multiplicity calculated with pr > 20 GeV jets and min Ag(j, EXiss)

selections differing to the usual preselection.
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Variable CRittC CRzC CRwC
Preselection (unless otherwise stated below) v 4 v/ (one b—jet)
Njets (pT > 20 GeV) 2-5 2-5 2-5
Nbaseline leptons 1 2 (SF) 1

pr (j1) > 500GeV > 250GeV > 500 GeV
leading jet non-b—tagged v v v
secondary jet b—tagged v v v

pr (£) >27GeV > 27,20GeV > 27 GeV
Mg - [76-106] GeV -

B <100GeV > 100GeV > 100 GeV
Emiss’ - > 200 GeV -

mj; >200GeV > 200GeV > 200 GeV
mr > 30GeV - [30-120] GeV
Hr 4 < 70GeV < 70GeV < 70GeV
A > 0.5 > 0.5 > 0.8

A (j1, BE™) > 2.5 > 2.5 > 2.5
min A¢(j1 2, ERIS) > 0.2 > 0.2 > 0.2

TABLE 6.26: Sbottom 2016 analysis, C-type CR definitions.

6.3.3 Data-driven v replacement method

The ~y+jets replacement method implemented in the 2015 analysis for the prediction
of the Z+jets background in the SRs was extremely useful to provide confidence in
the nominal Z+jets prediction using the background-only fit procedure. As such it is
also implemented in the 2016 analysis to provide an alternative estimate for the Z+jets
backgrounds. The “Z from light” method is also implemented for the A-type SRs,
however there are no significant changes to the method from the 2015 analysis, other
than the increase in statistics from the additional luminosity.

The main improvement in the y+jets replacement method arises from the use of
a 2-dimensional (2D) reweighting factor, when compared to Equation 6.3. The 2D
reweighting is performed using truth-level information for Z and ~ for both pr and 7.
The reweighting factor is given by:
Zovv e (2470t ) gy (Ztruth)

R(V)dpr(V)dn(V) = =1 ~
SO dpr (o) d (yiruth)

This requires the explicit introduction of the acceptance and efficiency for the - into the

(6.13)

final calculation of the number of expected events:
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NG = /Oo( e — S‘E;HJ*MC)%-R(V)-E(I?T,77)'Ain(pT,n)-Aout(pT,n)de(V)dmCT.

' (6.14)
These updates to the v+jets data driven method aim to further take into account the
differences between the v+jets and Z+jets process. This leads to a more valid extrapo-
lation from the y+jets process to the Z+jets process.

Consistency between the predicted SR yields of Z+jets using the background-only
method and the ~vy+jets method provides further confidence in the modelling of the
dominant Z+jets background in the analysis. The results of the background-only fit
procedure and the two data-driven methods are presented in Tables 6.32, 6.35 and 6.38.
The nominal background-only prediction is found to be consistent with the data-driven
methods providing additional confidence in the modelling of the Z+jets background in

each region.

6.3.4 Validation Regions

Zero lepton VRs are defined associated with either the A-, B- or C-type SRs. Due to the
introduction of a SR targeting the intermediate region which is not explicitly required
to be orthogonal to the A-type SRs (and vice-versa), additional care must be taken to
ensure that the VR associated with the B-type SR is not overlapping with any of the
A-type SRs. A similar situation occurs when attempting to define B-type VRs to ensure
that the region does not overlap with SRC, as there is no specific requirement ensuring
orthogonality between these regions either.

Due to this difficulty the VR cannot be defined by simply reversing a selection on
the key kinematic variables in a given region, and instead must be made to model the
SR kinematics.

Table 6.27 presents the full selections applied to define each validation region. The
SRs are also presented to allow for easier cross-referencing of the orthogonality of the
regions.

Two VRs are defined associated with the SRA regions. Primarily these regions are
defined by inverting either the mcr or myy selections, and introducing a lower bound
on each variable. For the VRmctA region a window in mcr is chosen of [150, 250] GeV
to allow for relatively similar kinematics to the SR, but to minimise possible signal

contamination. For the VRmbbA region, a window in myy, is used of [100, 200] GeV,
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which again attempts to closely model the SR kinematics. Finally to ensure othogonality
with the B-type SRs, a selection on minmr(j, EX5) < 250 GeV is applied.

There are two VRs defined associated with the B-type SR, using windows in min mr(7, E?iss)
to create VRs enhanced in either Z+jets or tt, to validate the modelling of these two
processes. The VRzB is defined with a selection on minmr(j, ER) between 200 and
250 GeV. The selections on the angular separation between the b—jets and E%ﬁss are
dropped in this case to enhance the Z4jets contribution in the region. The VRttB is
defined with a window of [150, 200] in minmr(j, EX) to enhance the tf background.
To avoid any overlap with the A-type SRs, an additional selection of mgr < 250 GeV
is employed. Further to this, orthogonality with the SRC region is ensured by using a
selection on the pr asymmetry, with both VRs requiring A4 < 0.8.

Finally, a single VR associated with the SRC region is employed to validate the
modelling of the tf background. The region is defined by inverting the SR selection on
the pr asymmetry and introducing a lower bound, such that 0.6 < A < 0.8. A selection
is placed of mcr < 250 GeV to further enhance the t¢ contribution in the region. To
ensure orthogonality with the B-type SRs, a selection of min mr(7, E%ﬁss) < 250 GeV is

also required.

A B C
Variable Units | SRAx VRmctA VRmbbA | SRB VRzB VRttB SRC  VRttC
Nicws(pr > 35) 24 24 -
Niets(pr > 20) - - 2-5
Leading jet pr [GeV] > 130 > 50 > 500
Sub-leading jetpr [GeV] > 50 > 50 > 20
4th jet veto [GeV] < 50 - -
Hrus [GeV] - - <70
Nb»jets 2 2 2
Leading jet b-tagged v - X
Sub-leading jet b-tagged v - v
Eiss [GeV] > 250 > 250 > 500
et [TeV] - - > 1.3
mj; [GeV] > 200 [100, 200] - > 200
mcr [GeV] >x [150, 250] > 250 - < 250 < 250 - < 250
min[mr(jet, _,, BRS)) [GeV] - <250 > 250 [200,250] [150,200] - <250
Ag(br, BRI - <20 - <20 -
A¢(bz, BRI - <25 - <25 -
Ao(jr, BRS) - - > 2.5
A - - < 0.8 <08 > 0.8 [0.6,0.8]
EXS Imeg > 0.25 - -
min Ag(j, ER=s) > 0.4 > 0.4 -
min Ag(j1,2, ERSS) - - > 0.2

TABLE 6.27: Overview of the sbottom 2016 VR and SR definitions for each type of
SR. In the first column, SRAx refers to the mcr selection used for the 3 A-type SRs
(either 350, 450, or 550 GeV).
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6.3.5 Systematic Uncertainties

The detector uncertainties that are considered for the 2016 iteration of the analysis are
the same as those that were taken into account in the 2015 version. The modelling
uncertainties considered are also consistent with the 2015 version of the analysis, includ-
ing the methods used to calculate the uncertainty. An extra modelling uncertainty is
evaluated to assess the interference between the single-top and ¢t processes as reported
in Chapter 4.3.5. The effect of the interference is evaluated comparing the alternative
samples generated using MadGraph54+aMC@NLO to the nominal sample in a similar
manner to the other single-top uncertainties and contributes between 6-16% depending
on the SR under consideration.

A more comprehensive overview of all uncertainties considered in the analysis can be
found in Section 6.2.6.

Table 6.28 presents the dominant uncertainties in the analysis, the dominant detec-
tor uncertainties are due to the JES, JER and the b—tagging uncertainties, as in the
2015 analysis. Compared to the 2015 analysis the detector uncertainties are generally a
smaller contribution to the total background systematic uncertainty, due to the experi-
ence gathered during the 2015 data-taking. This smaller contribution from the detector
systematics causes an increase in the relative contribution of the modelling uncertainties,
most noticably the uncertainty from the Z+jets process. Whilst the contribution to the
total systematic uncertainty is relatively large (70%), the error on the transfer factor
(used to calculate the Z+jets uncertainty) is relatively consistent (=~ 20%) in the 2015
and 2016 analyses, hence the large contribution is not necessarily a cause for concern

with regards to the modelling of the Z+jets process.

6.3.6 Background-only fit results

The results of the background-only fit procedure for the A-type CRs, VRs and SRs
are presented in Tables 6.30, 6.31 and 6.32. The SR estimates provided by the data-
driven methods are also presented for comparison, showing a good agreement between
the Z+jets prediction using the nominal fit procedure and the data-driven methods.
Generally there are slight excesses in the SRs, which are correlated due to the over-
lapping nature of the region definitions. The excesses have a significance of < 1o and
as such cannot be considered to be significant, and are covered by the statistical and

systematic uncertainties.
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Source of uncertainty [ SRAs SRB SRC
Detector uncertainties

JES 13-19% 30% 19%

JER 4-15% 11%  42%

b—tagging 14 -20% 28%  35%
Theory uncertainties

Z+jets 33-73% 2%  44%

W+jets 13-25% 26% 30%

Top production 11-21% 31% 15%

Total background systematic (% of total background) ‘ 14-19% 19% 25%

TABLE 6.28: Overview of the dominant detector and modelling uncertainties present

in the 2016 sbottom analysis. Due to the similarities between the SRA regions, and

the fact that they are defined such that they overlap, a range of values are given for

the uncertainties in this region. The size of the total systematic uncertainty (as a

% of the background expectation) is also given. As the uncertainties considered may

be correlated, the total uncertainty may not simply be the sum in quadrature of the
uncertainties.

The normalisation factors for the main backgrounds are shown in Table 6.14. The
normalisation of the main backgrounds is consistent with the previous iteration of the
analysis. Again the uncertainty on the jigingle—top Normalisation is large, which is caused
by the relatively small amount of statistics in the CRstA region, but also by the purity

of the region, which (pre-fit) contains relatively similar yields of both single-top and

W+jets.
Normalisation Value
Hsingle—top 0.82 £+ 0.35
it 1.04 £+ 0.19
MWJrjets 124 :t 0.15
HZ+jets 1.32 +£ 0.19

TABLE 6.29: Normalisation factors for the main backgrounds in the A-type SRs, using
the background-only fit with 36.1fb~!.

Tables 6.34 and 6.35 present the results of the background-only fit procedure for the
B-type regions, with Table 6.33 displaying the normalisation parameters calculated in the
fit. The normalisation for the Z+jets background is large in this region (pz4jets = 1.5).
There is confidence in the final predicted number of events in the SR, and hence the large
normalisation, due to the alternative data-driven y+jets method. The value predicted
by the nominal fit method and by the data-driven method are consistent to within 0.20.
As with the A-type SRs, there is a slight excess in the SRB region, at the significance

level of = 1o, however as in the A-type regions this excess is not significant.
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A-type CRs CRzA CRwA CRttA CRstA
Observed events 53 1026 381 118
Fitted bkg events 53.04 £7.28 1026.13 +32.06 381.04 +19.53 117.95+ 10.79
Fitted tt events 0.00 £+ 0.00 197.31 £62.66  242.86 4 28.44 17.89 4+ 3.86
Fitted single-top events 0.2079-2 69.37 +30.67  25.27+10.58  37.95+ 15.93
Fitted W+jets events 0.00 = 0.00 731.73 +84.14 96.47 £+ 20.71 58.81 £11.38
Fitted Z+jets events 51.46 £ 7.29 5.71 £1.25 2.59 +0.42 1.65 £ 0.25
Fitted tf + V events 0.32 +0.03 2.534+0.19 1.65 £0.26 0.46 + 0.09
Fitted diboson events 1.05+0.24 19.48 4+ 3.68 12.20 +1.33 1.19 £ 0.52
MC exp. SM events 40.60 889.77 358.59 113.65
MC exp. tt events 0.00 189.67 234.31 17.22
MC exp. single-top events 0.25 84.35 30.79 46.16
MC exp. Wjets events 0.00 589.40 77.67 47.37
MC exp. Z-+jets events 38.97 4.32 1.96 1.25
MC exp. tt + V events 0.32 2.53 1.65 0.46
MC exp. diboson events 1.05 19.50 12.20 1.20

TABLE 6.30: Background-only fit results for the A-type CRs of the sbottom 2016

analysis with an integrated luminosity of 36.1fb~1.
both systematic and statistical uncertainties.

The uncertainties shown contain

A-Type VRs VRmbbA VRmctA
Observed events 142 257
Fitted bkg events 138.93 + 22.11 271.87 £+ 42.66
Fitted tt events 53.60 + 16.27 77.27 + 29.75
Fitted single-top events 4.57T+2.54 12.73 £ 9.46
Fitted W+jets events 17.82 £3.94 29.03 £6.70
Fitted Z+jets events 60.13 4+ 13.41 148.48 +29.09
Fitted tf + V events 1.09 £0.13 2.014+0.19
Fitted diboson events 1.73 £ 0.67 2.33 +£0.76
MC exp. SM events 119.87 229.92
MC exp. tt events 51.62 74.26
MC exp. single-top events 5.57 15.49
MC exp. W+jets events 14.33 23.36
MC exp. Z+jets events 45.53 112.47
MC exp. tt + V events 1.09 2.01
MC exp. diboson events 1.72 2.34

TABLE 6.31: Background-only fit results for the A-type VRs of the sbottom 2016

analysis with an integrated luminosity of 36.1fb~!.
both systematic and statistical uncertainties.

The uncertainties shown contain
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A-type SRs SRA350 SRA450 SRA550
Observed events 81 24 10
Fitted bkg events 69.42 +11.93 20.00 £ 2.81 7.35+1.37
Fitted tf events 2.05 4+ 0.66 0.55 4+ 0.20 0.19 £0.08
Fitted single-top events 2.99 +1.79 0.94 + 0.68 0.49 +0.27
Fitted W+jets events 15.14 £ 3.56 5.18 £1.17 2.43 £0.68
Fitted Z+jets events 47.31 +£11.42 12.71 +2.33 3.98 +1.04
Z+jets using “vy+jets” method 43.12+4.13 13.29 +2.35 3.13+1.11
Z+jets using “Z from light” method 50.46 £ 9.47 14.48 + 3.64 4.28 +£1.42
Fitted ¢ + V events 0.51 +0.08 0.22 +0.05 0.07 +0.02
Fitted diboson events 1.41 £0.54 0.40 +0.18 0.19 +£0.16
MC exp. SM events 55.58 16.08 6.01
MC exp. tt events 1.98 0.53 0.19
MC exp. single-top events 3.64 1.14 0.60
MC exp. W+jets events 12.21 4.17 1.95
MC exp. Z-+jets events 35.84 9.63 3.01
MC exp. tt + V events 0.51 0.22 0.07
MC exp. diboson events 1.41 0.40 0.19

TABLE 6.32: Background-only fit results for the A-type SRs with 36.1 fb~!. The
uncertainties shown contain both the statistical and systematic uncertainties.

Normalisation Value

Mtz 1.32 £ 0.19
HUW +jets 1.40 + 0.12
p,ZJrjets 1.50 :t 007

TABLE 6.33: Normalisation factors for the main backgrounds in the B-type SRs, using
the background-only fit with 36.1fb~!.

The results of the background-only fit for the C-type regions are presented in Tables
6.37 and 6.38, with the associated normalisation parameters presented in Table 6.36. The
observed and fitted number of events agree well in the SRC region. The normalisation
for the tt background (p;) is shifted down when compared to the A- and B-type regions,
which had normalisation parameters of ~ 1.0. This behaviour is expected in the C-type
regions due to the ISR-like selection and the known behaviour of the nominal MC used
to model ¢t when considering a selection requiring large values of m.g-.

Figure 6.18 presents distributions of key variables in the SRA, SRB and SRC regions.
The observed data and post-fit background expectation is generally in agreement for the

variables considered.
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6.3.7 Interpretation of results

The slight discrepancies between the observed and expected number of events in the
SRAs and the SRB are not significant and are well within the uncertainties. Limits on
the cross section of a generic BSM process are placed using the model-independent fit
procedure, the results of which are presented in Table 6.39 which contains the observed
and expected 95% CL limits on the number of additional BSM events, corresponding to
a visible cross section upper limit.

Exclusion limits are placed in the sbottom-neutralino mass plane, assuming the sbot-
tom decay proceeding via b—b+ %) with a BR = 100% using the model-dependent fit
procedure. The exclusion contours produced for each individual SR are shown in Figure
6.19. The exclusion contour produced using the best expected SR is shown in Figure
6.20. The A-type SRs targeting the bulk region of the mass plane provide exclusion
approaching 1 TeV, in sbottom mass for massless neutralinos. The B-type SR provides
exclusion in the intermediate region between the compressed and bulk regions of the
phase space, whilst the C-type SR provides exclusion close to the kinematic diagonal of
the b — b+ %! decay. The inclusion of the region targeting the intermediate mass region
provides additional exclusion when comparing the limits to the 2015 analysis, where

there was a noticable “bump” between the ISR-like and bulk selections. The general

B-type CRs CRzB CRwB CRttB
Observed events 516 737 232
Fitted bkg events 516.09 + 22.72 736.77 £ 27.13 232.05 £ 15.21
Fitted tt events 7.16 £2.21 162.31 £ 33.05 173.34 £ 18.85
Fitted single-top events 3.12 £+ 0.87 45.99 + 3.75 18.90 + 4.56
Fitted W+jets events 0.00 + 0.00 508.90 £+ 41.92 36.00 + 6.58
Fitted Z+jets events 479.57 £+ 23.05 5.30 £0.74 0.37+0.22
Fitted tt + V events 5.09 +£0.43 2.53 £ 0.17 2.43 +£0.26
Fitted diboson events 21.15+2.10 11.74 £ 1.88 1.01 £0.14
MC exp. SM events 354.92 548.85 179.55
MC exp. tt events 5.42 123.03 131.36
MC exp. single-top events 3.11 45.98 18.88
MC exp. W+jets events 0.00 362.06 25.62
MC exp. Z+jets events 320.17 3.54 0.25
MC exp. tt + V events 5.09 2.52 2.43
MC exp. diboson events 21.14 11.72 1.01

TABLE 6.34: Background-only fit results for the B-type control regions, with an in-

tegrated luminosity of 36.1fb~1.

statistical uncertainty.

The errors shown contain both the systematic and
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B-type VRs & SR VRzB VRttB SRB
Observed events 924 184 45
Fitted bkg events 955.52 + 165.98 189.29 £ 51.40 35.79 £ 6.92
Fitted tf events 240.97 + 108.93 113.53 £ 50.02 5.19 + 2.53
Fitted single-top events 32.68 +3.94 9.12+ 1.51 1.474+0.57
Fitted W+jets events 162.58 £+ 46.41 22.01 +5.61 6.42 4+ 2.08
Fitted Z+jets events 488.87 +£121.84 42.05 £10.37 21.36 £ 5.37
Z+jets events using “y+jets” method - - 19.92 £ 2.78
Fitted tf + V events 10.29 + 0.83 1.06 +0.18 0.59 £0.21
Fitted diboson events 20.14 + 3.14 1.52+0.29 0.76 4+ 0.22
MC exp. SM events 687.55 141.43 25.59
MC exp. tt events 182.45 85.99 3.93
MC exp. single-top events 32.67 9.12 1.48
MC exp. W+jets events 115.68 15.65 4.57
MC exp. Z-+jets events 326.35 28.08 14.26
MC exp. tt + V events 10.29 1.06 0.59
MC exp. diboson events 20.11 1.52 0.76

TABLE 6.35: Background-only fit results for the B-type validation and signal regions,
corresponding to an integrated luminosity of 36.1fb~!. The errors shown contain both
the systematic and statistical uncertainty.

Normalisation Value

Mtz 0.72 + 0.17
HUW +jets 1.11 + 0.19
HZ+jets 1.12 + 0.18

TABLE 6.36: Normalisation factors for the main backgrounds in the C-type regions,

using the background-only fit with 36.1fb1.

1o discrepancy in the A- and B-type regions is noticable when comparing the observed

to the expected limits, however this discrepancy is well within the expected systematic

uncertainties.
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C-type CRs CRzC CRwC CRttC
Observed events 54 132 43
Fitted bkg events 53.98 £ 7.34 131.96 £ 11.47 43.03 +6.55
Fitted tt events 5.89+1.74 30.49 +7.90 31.06 £ 7.15
Fitted single-top events 0.00 + 0.00 12.88 +£1.29 5.78 £ 0.50
Fitted W+jets events 0.00 + 0.00 86.39 4+ 14.64 5.31 +1.28
Fitted Z+jets events 46.59 £ 7.55 0.00 £+ 0.00 0.15 4+ 0.07
Fitted ¢t + V events 0.17£0.04 0.08 £0.03 0.25 +£0.05
Fitted diboson events 1.33+£0.16 2.124+1.41 0.47+0.43
MC exp. SM events 51.20 135.62 54.71
MC exp. tt events 8.21 42.49 43.27
MC exp. single-top events 0.00 12.89 5.78
MC exp. W+jets events 0.00 78.05 4.80
MC exp. Z+jets events 41.49 0.00 0.13
MC exp. tt + V events 0.17 0.08 0.25
MC exp. diboson events 1.33 2.12 0.48

TABLE 6.37: Background only fit results for the control regions associated with the
SRC region. All uncertainties include both statistical and systematic uncertainty.

C-type VR & SR VRittC SRC
Observed events 37 7
Fitted bkg events 31.71 £ 4.40 6.29 + 1.54
Fitted tt events 15.64 4 3.88 0.95 4 0.36
Fitted single-top events 2.81 £0.38 0.80 £0.21
Fitted W+jets events 5.61+1.74 1.61 +0.88
Fitted Z+jets events 6.66 + 1.33 2.42 £ 0.86
Z+jets events using “y4+jets” method - 2.16 +0.97
Fitted ¢t + V events 0.17 +0.03 0.07 £0.02
Fitted diboson events 0.81 4+ 0.39 0.43+0.18
MC exp. SM events 36.60 6.24
MC exp. tt events 21.80 1.32
MC exp. single-top events 2.81 0.80
MC exp. Wjets events 5.07 1.46
MC exp. Z+jets events 5.93 2.16
MC exp. tt + V events 0.17 0.07
MC exp. diboson events 0.81 0.43

TABLE 6.38: Background only fit results for the VR and SR associated with the SRC
region. All uncertainties include both statistical and systematic uncertainty.
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both statistical and systematic uncertainties.

Signal Region  ovis [fb] S5 Sg,fp
SRA350 1.06 382 30.97;.°
SRA450 043 156 13.975°%
SRA550 0.3 0.7 7.8737
SRB 072 261 19.97%3
SRC 0.24 87  6.87%3

TABLE 6.39: 95% CL upper limits on the visible cross section of a generic BSM process
(0yis), the number of expected signal events (S

(595

obs

exp)‘

) and the limit on the number of
expected signal events, taking into account the expected number of background events
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on the signal cross sections, which are represented by the thin red dotted lines. The

signal region providing the best expected exclusion is chosen to produce the final limit
contour.
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6.4 Conclusions

Presented in this chapter are the most recent results for the search for direct sbottom
pair production using the ATLAS detector. The initial search using the 2015 dataset
corresponding to a luminosity of 3.2fb~! provided world leading limits on sbottom pair
production, decaying via the b— b+ %) decay mode, when the results were published.
This greatly increased the limits when compared to the Run 1 analysis. For massless
neutralinos sbottom masses of up to 840 GeV are excluded at the 95% CL. This analysis
was heavily based upon the original Run 1 analysis, and was primarily performed to
take advantage of the increase in Ecyg when moving from Run 1 to Run 2, to use the
small luminosity to attempt to discover the sbottom assuming a mass scenario which
was just beyond the Run 1 limits.

The search performed utilising the full 201542016 dataset comprising of a total lu-
minosity of 36.1fb~! further extended these limits by generally improving the analysis
strategy, background modelling, and taking advantage of the increased luminosity dur-
ing 2016 operations. In the bulk region of phase space sbottom masses of up to 950 GeV
are excluded for massless neutralinos, up to neutralino masses of 400 GeV. The inclusion
of a dedicated SR to target the intermediate region of the phase space, where neither
an ISR-like or an mcr-based search are appropriate provides a bridge between the two
analysis and resolves the “bump” feature present in the 2015 limits. Finally the lower
pr threshold applied to the jets in the ISR-like region allows for signals very close to the

kinematic diagonal to be targeted.



Chapter 7

Searches for third generation

squarks in the tb + EIT[liSS final state

This chapter presents an overview of the searches performed in final state events char-
acterised by the presence of a top quark, a bottom quark and E%liss (referred to as the
th+ ERS final state) using both Run 1 and Run 2 data with the ATLAS detector. The
top quark in the event is considered to decay leptonically. The analysis was originally
performed at the end of Run 1, using 20 fb~! of data collected by ATLAS at /s = 8 TeV.
The aim of the analysis was to target more “complex” decay scenarios than the simpli-
fied model cases previously considered. Specifically, the analysis targeted the so-called
“mixed” decay scenario, where the pair produced squarks may decay via different decay
modes. The mixed-decay scenario was an uncovered signature in Run 1 and this analysis
was designed to fully exploit the Run 1 dataset. During Run 2 the tb + EX'S analysis
was performed using the Run 1 analysis as a baseline but with reoptimised SRs and
an updated analysis strategy to more suitably reflect the dominant backgrounds in the
signal regions.

The chapter contains three components. The first component, “Analysis Motivation”,
contains an overview of the signal phenomenology used to guide the design of the signal
regions, for both the Run 1 and Run 2 analyses.

Following from the above, the Run 1 analysis is presented. An overview of the studies
performed to design the SRs is given, culminating in the definition of the signal, control
and validation regions defined in the analysis. The results of the fitting procedure and
exclusion limits are discussed.

The Run 2 analysis is also presented. The updates to the SRs defined in the previous

185
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iteration of the analysis are documented, as is the introduction of an additional SR to
target compressed scenarios. The new control and validation regions implemented for
the analysis are given, and the results of the fitting procedure and limits are presented.

The author’s contribution to the Run 1 analysis consisted of the development of the
exclusive SR (SRexA) and the associated control and validation regions. The contribu-
tion to the Run 2 analysis consisted of the updates to the SR definitions, the updated
background estimation strategy, the evaluation of the modelling uncertainties and the

fit results.

7.1 Analysis motivation

Approaching the end of Run 1, many possible final states had been investigated when
performing searches for the pair production of top and bottom squarks, assuming a 100%
Branching Ratio (BR) for the decay of the squark to the lightest neutralino: ¢ — ¢ + 9
and b — b+ x9 [139, 140, 127].

If the BR for the decay scenario considered is not 100%, for example, when the
decay of the squark can proceed via a chargino, then the constraints from the previous
analyses are less stringent. If the # — t+x{ and £ — b+ ﬁ[ decays are equally probable,
approximately half of the events are expected to proceed as in Figure 7.1. If the W boson
is off-shell, the decay products of the W are not detected and the signature contains a

top-quark, a bottom-quark and E%iss.

t/b
P o w
b/t -0
i Al
S =
b/t X1
» / <
b/t

FIGURE 7.1: Diagram of of the asymmetric tb + ERS decay scenario.

The assumption for the W boson to be highly off-shell results from considering SUSY
scenarios characterised by a small mass splitting between the gauginos. This is suggested

by the constraints on the measured dark matter relic density in the universe.
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Constraints placed by LEP [141] on direct chargino production provide a lower limit
on the chargino mass of 110 GeV, which in these scenarios also constrains the neutralino
masses considered, dependent upon the mass splitting chosen.

If the BR for £ — ¢ + X% or b — b+ X is 50%, then 50% of the decays will proceed
via the asymmetric decay mode and 25% of decays will proceed with both legs decaying
symmetrically. Figure 7.2 contains the processes required to create the physical decay
(for both sbottom and stop production) and Equation 7.1 contains the total number of
expected events when considering the contributions from each decay scenario, with k

taken to be the branching ratio of the # — t 4+ ¥9/b — b+ ¥ decay.

W 2
NTotal = k Ntt/bb+>2(1)>2(1) + 2k(1 - k)Ntb+)~(?)~(it + (1 - k) Nbb/tt‘HZit)Zit (71)
b/t b/t
t/b
p o » w P . W
b/é,é % b y tb e %
_- _-- -+ X1 - Xl
- - X1 - ~F
- o= o0 TS~ > R ¢! ~0
b/t X1 b/ X1 /b X1
p p p W
b/t b/t b/t
(a) TE/bb — tt/bb+ XOXY (b) TE/bb — thxO%E (c) TE/bb — bb/tt + KT X

FIGURE 7.2: Example of the three decay scenarios required to make the physical decay
process for the tb + E4'° analysis.
In Run 1 stop production was targeted. In Run 2 the results are reported as part of
the search for bottom squarks. The sensitivity to the production of both squarks is
the same provided the W decay is invisible. An additional set of SUSY models based
upon pMSSM scenarios (as introduced in Section 2.7.7) are also considered for the Run

1 analysis.

7.1.1 Signal phenomenology

The optimisation studies to achieve the best selection are performed by maximising the
efficiency to extract the mixed signals from the SM background. It is found that selecting
events containing a leptonically decaying top quark is the most optimal to extract the
signal.

For this final state, the main SM processes which must be considered as background

are: tt, single-top, W-jets, diboson and ¢t + V. The dominant background is expected
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to be semi-leptonic ¢t which, due to the expected signal topology, will look very similar
to the signal process under investigation. Single-top Wt-channel production will also
be expected to contribute significantly to the one lepton final state due to the leptonic
decay of either W boson in the event. Additionally a large contribution is expected from
the W-+jets process, with the W boson decaying via either an electron or a muon, it is
also possible that this process can contribute to this final state with the W decaying via
a tau-lepton, and the tau subsequently decaying leptonically.

The contributions from the rare diboson and tt + V are expected to provide a minor
contribution to the final state, due to the small cross sections for these processes at

8 TeV.

7.2 tb+ B Run 1 Analysis

An overview of the studies performed investigating two signal scenarios is presented,
including the optimisation performed to target a more realistic pMSSM-like scenario
and a simplified model scenario. Two types of SR are designed, one set of three SRs
with an inclusive jet multiplicity selection, targeting the pMSSM models, and a single
SR with an exclusive jet selection, targeting the simplified model scenarios. The control
regions designed to constrain the main backgrounds in the analysis (tf and W+jets)
are presented, as are the validation regions used to provide confidence in the fit results
and the most relevant systematic uncertainties. The background-only fit results are
presented, with the statistical interpretation of the fit given in both model-dependent

and independent scenarios.

7.2.1 Signal kinematic studies

The analysis is optimised considering two distinct signal scenarios which both result in
the tb + EXiss final state.

The first targets realistic pMSSM models, containing the pair production of both
stops and sbottoms, which decay asymmetrically as in Figure 7.1. The mass hierar-
chy of the sparticles in these scenarios is driven by the common third generation mass
parameter, mgrs, for the squarks, and the higgsino mass parameter, p, for the gaugi-
nos. The parameters varied in these scenarios are not directly the physical mass of the
b and ¢ but are the mqgr3 and p parameters. These parameters are chosen such that

the mass splitting of )Z{E, 1Y is below 10 GeV across all models and both decay modes
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are kinematically open for the ¢/ b and are equivalently probable. For example, for the
(mqrs, 1) = (400,110) GeV scenario, the percentage of events proceeding asymmetri-
cally is 49%.

In contrast to the above models, the second signal scenario is the simplified model
scenario containing solely the pair production of top-squarks which decay asymmetrically
as shown before. Two mass splitting scenarios are considered for the chargino neutralino
of either 5 or 20 GeV.

Due to the similarities between the above models a general preselection is applied
shown in Table 7.1, on top of which the optimisation studies are based. All events are
required to pass the Run 1 event cleaning, as discussed in Chapter 5. According to
the final state requirements, events are selected consisting of one signal lepton and two
b—tagged jets. A selection of E%“iss > 100 GeV is used to target the neutralinos in the
signal whilst also reducing the ¢t contribution. As the analysis aims to use the amrs
variable, a requirement placed on all regions is mir"lin < 170 GeV, which ensures that the
amrs is calculated. Finally selections on min A¢(b — jets, EXS5) and EXSS significance

reduce the multi-jet background to negligible levels.

Preselection
Variable Selection
Event cleaning selections v
Tb—jets 2
Nleptons 1
Fipiss > 100 GeV
min A¢(b — jets, EFS*) > 0.4
my” < 170 GeV
ERiss sionificance > 5GeV1/?

TABLE 7.1: tb+ EX Run 1 analysis, preselection definition used as a baseline selection
for all regions in the analysis.

The optimisation of all SRs, VRs and CRs are based upon the preselection require-
ments described in Table 7.1.
7.2.2 Signal Region definitions

The most discriminating variables used to define the SR selections are amye and mr,

effective to reduce tt and W+jets backgrounds respectively. Additional selections on
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Meff, E%liss and E%liss significance, the latter two with tighter selections than in the
preselection, are used to target specific regions of phase space for both models.

The main difference between the pMSSM models and the simplified models is the
number of extra-jets (defined as jets with pyr > 50 GeV) expected in the event. Since in
pMSSM models it is possible for the stops and sbottoms to decay via the second lightest
neutralino (Y9), for example ¢ — ¢ + X5, with the subsequent decay X3 — h + X! or
X9 — Z°% + {Y. These extra decay modes can lead to many extra jets in the pMSSM
events. This is in contrast to the simplified model scenarios which consist of only the
t—t+x{andt— b+ )ﬁc decays. With the small mass difference between the )Z{E and
%Y, these scenarios lead to events with a small amount of extra jet activity.

The set of three SRs targeting the pMSSM scenarios are inclusive with respect to the
jet multiplicity. The optimisation is performed to maximise the discovery significance
(Equation 6.1) targeting three benchmark scenarios in the pMSSM mass plane : (mqgr3,
) = (400, 110) GeV, (500, 210) GeV and (700, 110) GeV. The full selections of the SRs
defined to target these regions are reported in Table 7.2. Generally, the meg selection is
increased to target the higher masses with some tuning of the E%ﬁss and E%liss significance
selections. The yields in the inclusive SR defined are shown in Table 7.3.

For the mgr3 = 400 GeV scenario, a selection of meg > 300 GeV is employed to
further reduce the t¢ background after the amrs selection. In addition to this, the E%liss
and E%ﬁss significance selections are tightened to enhance the signal. This selection is
referred to as SRinA. The intermediate scenario (mqrs, p) = (500, 210) GeV) is targeted
by tightening the meg selection with respect to the SRinA selection. This selection,
referred to as SRinB, targets both higher squark and neutralino masses, and requires
Elfliss significance > 12GeVY2. The region defined to target the largest squark mass
scenario (mgr3 = 700GeV) uses the tightest meg selection of > 650 GeV and E%‘iss
> 220 GeV.
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Variable SRinA SRinB SRinC
Event cleaning v

Trigger Single lepton (e, u) pr > 25 GeV
Nb—jets 2

Nlepton 1

Fipiss >200GeV > 120GeV > 220GeV
mr > 140 GeV > 180 GeV
Meft > 300 GeV >450GeV > 650 GeV
ERiss significance >8GeVY?  >12GeVY2 > 5GeVY/?
amrs > 180 GeV > 200GeV > 180 GeV
my" < 170 GeV

min A¢(b — jets, EXPIsS) > 0.4

TABLE 7.2: tb+ E¥' Run 1 inclusive SR definitions.

Expected Yield SRinA SRinB SRinC
tt 10.08 £ 3.77 | 4.44 £2.20 | 2.17 £ 1.56
W+jets 3.41 + 2.00 1.99 £ 1.53 | 0.60 £ 0.80
Z+jets 0.08 + 0.28 0.05 £ 0.23 | 0.03 £ 0.17
single-top 8.66 + 3.19 5.12 +£2.37 | 3.06 + 1.83
Other 3.42 + 2.99 2.19 £+ 2.08 1.0 + 1.12
Background Total 25.67 £ 6.12 | 13.78 £ 4.14 | 6.92 + 2.77
(mors, ) = (400, 110) GeV | 71.90 + 8.48 - -
(maqrs, ) = (500, 210) GeV - 35.63 £ 5.06 -
(mqrs, p) = (700, 110) GeV - - 7.48 £ 2.74

TABLE 7.3: Expected yield values for the inclusive SRs, with the signal point the SRs
were optimised for presented for comparison.

A fourth region, defined in Table 7.4, is used to target signal models with low extra

jet activity, such as in the simplified models. Relatively loose selections on both mg

and ET'** are used with respect to the previous regions, however the main difference is

the selection on the extra-jet multiplicity, with either zero or one extra jet expected in

the events. Table 7.5 shows the number of expected events for the SM processes, and a

representative signal scenario.
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Variable SRexA
Event cleaning v
Trigger Single lepton (e, u) pr > 25 GeV
Np—jets 2
Nlepton 1
By > 160 GeV
mr > 120 GeV
Meft > 300 GeV
amr2 > 180 GeV
my" < 170 GeV
ERiss significance > 10 GeV'/?
min A¢(b — jets, ERS) > 0.4
Nextrajets; (PT > 50 GeV) <2

TABLE 7.4: tb+ E Run 1 exclusive SR definition.

Expected Yield SRexA

tt 12.43 + 4.78
W +jets 3.87 £ 2.14
Z+jets 0.05 £ 0.25
single-top 9.55 £+ 3.35
Other 3.02 £ 3.73
Background Total 28.95 £+ 7.25
(mg, mgo) = (300, 100) GeV | 35.01 + 5.92

TABLE 7.5: tb+ ER Run 1 exclusive SR yield.

Tables 7.3 and 7.5 show that the dominant background in every SR is tf, followed

by single-top and W+jets. There is also a relatively significant contribution from the

“Other” category, which is the sum of the diboson and ¢t + V processes. The dominant

contribution in the Other category is tt + Z, however when considered on its own the

contribution from tt+ 7 is less than both of the single-top and W +jets backgrounds. The

control region strategy is defined based on the dominant top and W+jets backgrounds.

7.2.3 Control Region definitions

The background estimation strategy for the analysis focuses on the definition of one-

lepton CRs enhanced in either ¢t or W+jets. Whilst the yields reported in Tables 7.3

and 7.5 would suggest that the ideal strategy would be to define CRs for tt, single-top
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and W+jets, this is found not to be possible due to the difficulties in isolating a region
enhanced in single-top. For each SR in the analysis, two CRs are defined, one for ¢ and
another for the W+jets process.

The inclusive t¢ CRs (CRTin) are defined similarly to the SR in terms of the meg
selection but inverting the amrs requirement to < 160 GeV. This value is used as it
is close to the predicted end-point of the amrs distribution for t¢, which is 140 GeV.
Additionally either the Efl’}iss or E?iss significance selections are inverted whilst keeping
the lower limit required by the preselection. The exclusive tt CR (CRTexA) is defined
by inverting both the amrs and ErTniSS significance SR selections and is inclusive in meg.

A full overview of the t¢ CRs is presented in Table 7.6.

Selection CRTinA CRTinB CRTinC CRTexA
Event cleaning v

Trigger Single lepton (e, u) pr > 25 GeV

T Lepton 1

Np—jets 2

Episs [100, 200] GeV > 120 GeV [100, 220] GeV > 100 GeV
mr > 140 GeV > 180 GeV > 120 GeV
amms < 160 GeV < 180 GeV
Mt > 300 GeV > 450 GeV > 650 GeV -
Eiss significance >8 GeV'/2  [6,12] GeVY/2  >5 GeV'/?  [5-10] GeV'/?
my" < 170 GeV

min Ag(b — jets, ERIS) > 04

Nextrajets (PT > 50 GeV) - - - <2

TABLE 7.6: Summary of the selections used to define the top CRs in the tb + Eiss
Run 1 analysis.

The inclusive W+jets CRs (CRWin) are defined by inverting the selection on mp
and lowering the selection to < 120 GeV. Similarly to the ¢t CRs, the selections on
either El}liss or E%liss significance are also inverted while maintaining the lower bound as
required by the preselection. To further ensure a region enhanced in W+jets, the b—jet
multiplicity is loosened to allow events containing one or two b—jets. The exclusive
W +jets region (CRWexA) is defined by inverting the mry selection as in the inclusive

regions, and also inverting the E%ﬁss significance selection. Similarly to the exclusive tt

region, an inclusive meg selection is used.
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Selection CRWinA CRWinB CRWinC CRWexA
Event cleaning v
Trigger Single lepton (e, 1) pr > 25 GeV
Nlepton 1
Th—jets 1,2 2
s [100, 200 GeV ~ >120GeV  [100, 220]GeV > 100 GeV
mT < 120 GeV
amra > 180 GeV > 200 GeV > 180 GeV
Meft > 300 GeV > 450 GeV > 650 GeV -

BRI significance > 8GeV/2 [6, 12] GeV?'/? >5 GeV'/? [5, 10] GeV?'/2
mp < 170 GeV

min A¢(b — jets, ERPIsS) > 0.4

Nestrajets, (p1 > 50 GeV) ] _y

TABLE 7.7: Summary of the selections used to define the W+jets CRs in the tb+ Eiss

Run 1 analysis.

th + Emiss Inclusive CRs CRTinA CRWinA CRTinB CRWinB CRTinC  CRWinC
Observed events 1371 4997 429 1946 26 411
Fitted bkg events 1370 £ 37.0 5000 £ 70.8 429 +20.7 1950 £44.1 25.84+5.05 411+ 20.2
Fitted tt events 1330 +38.0 2710+389 416 +21.0 1230+179 24.5+5.08 175+ 48.3
Fitted single-top events 274+£5.05 392+£50.9 807£1.63 178+21.0 0.65+0.17 37.5£5.79
Fitted W +jets events 5.84+224 17404381 0.86+0.55 465+179  0.08700% 179+51.8
Fitted Z+jets events 0.314+0.10 54.8+7.62 0.28+0.22 23.7+4.07 0.04f8:83‘ 6.15 + 0.82
Fitted diboson events 0.744+0.20 86.8+9.90 0.37+0.07 394 +5.17 0.124+0.03 11.3+1.23
Fitted t + V events 7.26 £2.30 8.96+2.72 3.70+1.19 7.37+2.31 0.41+0.13 2.34+0.73
MC exp. SM events 1300 4990 385 2120 274 436
MC exp. tt events 1260 2570 371 1100 26.1 187
MC exp. single-top events 274 392 8.06 178 0.65 37.5
MC exp. W+jets events 6.31 1880 1.43 768 0.09 192
MC exp. Z+jets events 0.31 54.8 0.27 23.6 0.04 6.14
MC exp. diboson events 0.74 86.8 0.37 39.3 0.11 11.3
MC exp. tt + V events 7.26 8.96 3.70 7.36 0.41 2.34

TABLE 7.8: Background fit results for the inclusive CR regions.

Tables 7.8 and 7.9 present both the pre- and post-fit yields for the CRs corresponding

to the inclusive and exclusive SRs respectively. The pre-fit yields show that all regions

are dominated by the ¢t process. The pre-fit yields for the tf process in the CRT regions

show that the t¢ MC generally predicts the data well. The W+jets process is sub-

dominant in the CRW regions, due to the difficulty in designing CRs dominated by

W +jets while remaining close to the kinematics of the SR.
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th + Emiss Exclusive CRs CRTexA CRWexA
Observed events 2870 337
Fitted bkg events 2870 £ 53.6 337 +18.3
Fitted tf events 2740 + 60.0 176 + 26.4
Fitted single-top events 82.1+15.2 54.4 + 7.58
Fitted W+jets events 35.8+14.0 96.5 + 29.3
Fitted Z+jets events 1.30 + 0.67 3.84 £0.70
Fitted diboson events 1.88 £0.31 5.24 +0.84
Fitted tf + V events 9.25+2.91 1.06 £+ 0.32
MC exp. SM events 2720 318
MC exp. tt events 2590 166
MC exp. single-top events 82.0 54.4
MC exp. W+jets events 324 87.4
MC exp. Z+jets events 1.30 3.84
MC exp. diboson events 1.88 5.24
MC exp. tt + V events 9.25 1.06

TABLE 7.9: Background fit results for the exclusive CRs.

Value
Normalisation SRinA SRinB SRinC SRexA
|3 1.06 & 0.07 1.12£0.09 0.94 +0.21 1.06 £ 0.07
HW +jets 0.92 £0.20 0.61 £0.23 0.93 £ 0.27 1.10 £ 0.34

TABLE 7.10: tt and W+jets normalisation parameters corresponding to the fit per-
formed for each SR of the tb + EX' Run 1 analysis using 20fb—1.

Table 7.10 contains the normalisation parameters for the ¢t and W+jets backgrounds.
The tf normalisation parameters are consistently found to be close to 1, again suggesting
generally good modelling of the ¢t process by the MC.

The fluctuation in the central values of the normalisation parameters for the W+jets
backgrounds is due to the purity of the CR in terms of the W+jets background. The
W +jets normalisation parameters for the inclusive regions are consistent to within 1o.

The normalisation parameters are subsequently validated in a set of validation re-

gions.

7.2.4 Validation Region definitions

Similarly to the definition of the CRs, two VRs are defined for each SR, to validate the
modelling of the ¢t and W+jets backgrounds.
The regions are defined for both the inclusive and exclusive selections by maintaining

the CR selection on either the amrs (for the t¢ regions) or the my (for the W+jets
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regions) to ensure a region enhanced in the background under consideration. Otherwise

the SR selections are required. This ensures the region validates the modelling of both

the tt and W+jets backgrounds using kinematics similar to the SR.

Variable VRTinA VRTinB VRTinC VRWinA VRWinB VRWinC
Event cleaning v

Trigger Single lepton (e, ) pr > 25 GeV

NLepton 1

Th—jets 2

Emiss > 200 GeV > 120 GeV > 220 GeV > 200 GeV > 120 GeV > 220 GeV
mr > 140 GeV > 180 GeV < 120 GeV

amms < 160 GeV > 180 GeV > 200 GeV > 180 GeV
Mt > 300 GeV > 450 GeV >650GeV > 300 GeV > 450 GeV > 650 GeV
ERiss gignificance >8 GeVY/?  >12GeVY?  >5GeVY?  >8GeVY?  >12GeVY?2 > 5GeVY/?
my” < 170 GeV

min Ag(b — jets, =) > 0.4

TABLE 7.11: Summary of inclusive tb + EX8 VR definitions

Variable VRTexA VRWexA
Event cleaning v

Trigger Single lepton (e, 1) pr > 25 GeV
NLepton 1

Np—jets 2

B > 160 GeV

mr > 120 GeV < 120 GeV
amrs < 180 GeV > 180 GeV
mp” < 170 GeV

ERiss gionificance > 10 GeV?'/?

min Ap(b — jets, ERIss) > 0.4

Meff > 300
Nextrajets; (PT > 50 GeV) <2

TABLE 7.12: Summary of selections used in the exclusive tb + E¥'* Run 1 VRs.

The results of the background-only fit performed for the inclusive and exclusive re-

gions is included in Tables 7.13 and 7.14, respectively. Generally it is seen that the

regions validating the tf process have generally good agreement between the post-fit

prediction and the observed data. The regions targeting the W+jets process show again
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th + EXiss Inclusive VRs VRTinA  VRWinA VRTinB  VRWinB VRTinC  VRWinC
Observed events 237 257 122 138 36 83
Fitted bkg events 251+23.2 265+30.6 134+16.3 134+17.4 31.7+6.61 97.3+13.0
Fitted tf events 240+22.9 1254+20.6 1294+16.2 71.1+11.1 30.3+6.61 34.2+8.93
Fitted single-top events 4.63+1.82 51.5+20.5 2474+1.20 274+10.8 0.73+0.32 23.8+6.65
Fitted W+jets events 2324098 782+26.0 0.20+0.11 29.84+14.0 0.10+0.05 33.9+12.8
Fitted Z+jets events 0.027003 2.01+£028  0.00700) 0.944+0.19 0.0040.00 0.78+0.12
Fitted diboson events 0.37+£0.12 6.28+0.84  0.157532 4.094+0.49  0.027005 3.52+0.63
Fitted tf + V events 8.96+2.72 2.83+0.92 1.774+0.59 1.19+0.38 0.58+0.19 1.18+0.38
MC exp. SM events 238 265 120 146 33.6 102
MC exp. tt events 228 118 115 63.5 32.2 36.4
MC exp. single-top events 4.63 51.5 2.46 27.3 0.73 23.8
MC exp. W+jets events 2.50 84.6 0.33 49.2 0.11 36.3
MC exp. Z+jets events 0.02 2.01 0.00 0.94 0.00 0.78
MC exp. diboson events 0.37 6.28 0.15 4.08 0.02 3.52
MC exp. tt + V events 2.83 2.45 1.77 1.19 0.58 1.18
TABLE 7.13: Background fit results for the inclusive VRs.
th + Emiss Exclusive VRs VRTexA VRWexA
Observed events 665 280
Fitted bkg events 640 + 71.9 312+ 41.6
Fitted tt events 613+ 71.7 142 £ 20.3
Fitted single-top events 16.1 £ 6.58 50.3 +£20.5
Fitted W+jets events 6.14 + 2.36 108 £ 35.3
Fitted Z+jets events 0.15+0.07 2.34 +£0.40
Fitted diboson events 0.84 £0.12 8.29 £1.01
Fitted ¢ + V events 4.02+£1.29 1.26 £ 0.40
MC exp. SM events 606 294
MC exp. tt events 579 134
MC exp. single-top events 16.1 50.3
MC exp. W+jets events 5.56 97.4
MC exp. Z+jets events 0.15 2.34
MC exp. diboson events 0.84 8.28
MC exp. tt + V events 4.02 1.26

TABLE 7.14: Background-only fit results for the exclusive VRs.
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generally good agreement. In the VRWinC and VRexA regions the prediction overesti-
mates the observed data, however this overestimate is at a level of less than 1o in both

regions and is covered by the statistical and systematic uncertainties.

7.2.5 Systematic uncertainties

The systematic uncertainties are evaluated as explained in Section 6.2.6 with regards to
both the detector and modelling uncertainties. The dominant detector uncertainties are
reported in Table 7.15, the largest contributions are jet-related (JES and JER), and the
uncertainty arising from the b—tagging. The modelling uncertainties are evaluated in a
similar manner to the methods previously discussed but with different MC sets as they

follow the Run 1 recommendations.

tt uncertainties

The uncertainty on the ¢t modelling due to the choice of generator is investigated by
comparing the predictions from a ¢t sample generated with Herwig+Jimmy [142] to a
sample generated with MC@QNLO-Jimmy. The uncertainty on the TF (using the Her-
wig+Jimmy sample as the nominal), is applied to the nominal Powheg-Pythia sample.
The parton shower uncertainty is estimated comparing the nominal Powheg-Pythia sam-
ple with the Powheg-Herwig+Jimmy sample. Finally the ISR and FSR uncertainties are
evaluated using t¢ samples generated with AcerMC-Pythia [143]. The uncertainties on
the TF are calculated and summed in quadrature, before applying them symmetrically

to the nominal Powheg-Pythia sample.

Single-top uncertainties

The uncertainties on the single-top modelling are estimated in a similar manner as
described above for the tt process, however there is no dedicated CR defined for the
single-top background and the uncertainty is calculated with respect to the absolute
yield and not the transfer factor. In addition to the above uncertainties, the uncertainty
on the interference term between single-top and tt is also calculated. The sum of the
nominal Powheg-Pythia Wt-channel and tt yields is compared with the yield of an
inclusive WWbb sample generated at LO using AcerMC+Pythia. The uncertainty on
the yield in this scenario is summed in quadrature with the generator, PS and radiation

uncertainties, and applied to the nominal single-top Wt-channel process.

W +jets uncertainties
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For the Sherpa samples used to model the W+jets process, uncertainties arise from the
choice of ME matching scale; renormalisation and factorisation scales; and also the soft
gluon resummation scale. These uncertainties are evaluated using a 1D parameterisation
based upon the number of truth-jets in an event. Further to this, the uncertainty related
to the heavy flavour composition of the samples is estimated by varying the cross sections

of the ¢- and b-filtered slices by 24% [137].

Source of uncertainty ‘ SRinA  SRinB SRinC SRexA
Detector uncertainties
JES 8.4% 15% 5.8% 5.4%
JER 28% 32% 6.8 32%
b—tagging 11.1% 15% 9.8% 9.5%
Theory uncertainties
Top production 2% 43% 64% 33%
Single-top 38% 69% 1% 80%
W+jets 4.9% 8.2% 44%  32.5%

Total background systematic (% of total background) | 25% 20% 41% 22%

TABLE 7.15: Overview of the dominant detector and modelling uncertainties present

in the Run 1 tb + EX5 analysis. The size of the total systematic uncertainty (as a

% of the background expectation) is also given. As the uncertainties considered may

be correlated, the total uncertainty may not simply be the sum in quadrature of the
uncertainties.

Table 7.15 presents the dominant uncertainties for the analysis and the contribution to
the total systematic uncertainty of each of the dominant uncertainties. The dominant
theory uncertainties are related to the modelling of the top-processes (both t¢ and single-
top), which is expected as the ¢t and single-top processes are the dominant processes in
the SRs. For the inclusive B and C regions, the uncertainty due to the modelling of the
single-top processes is the largest contribution to the total uncertainty. Whilst this is is
partly due to the single-top process being dominant in these regions, it is also somewhat
due to the arbitrary nature to assigning the interference systematic to a specific sample
(when it affects both ¢¢ and single-top). For the t¢ dominated SRexA, the uncertainty

from the single-top is also dominant, which is again due to the interference term.

7.2.6 Interpretation of Results

The background only fit results for all SRs are reported in Table 7.16. A slight excess
of events in data with respect to the background predictions is observed in every region
which are correlated due to the overlapping nature of the SRs. Table 7.17 estimates the

significance of the excesses in each of the SR which are found to be between 0.730—1.670.
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Figure 7.3 presents the amry distributions in each SR where generally there is good

agreement between the data and post-fit background.

Signal Regions SRinA SRinB SRinC SRexA
Observed events 38 20 10 46
Fitted bkg events 27.0+6.73 14.1+2.84 7.12+2.93 31.3 £6.82
Fitted tf events 10.7 £5.64 4.98 +1.40 2.04 £1.96 13.2+3.01
Fitted single-top events 9.08 4+ 2.88 5.24 +2.07 3.224+2.14 9.96 4+ 5.34
Fitted W+jets events 3.21+1.24 1.24 £0.65 0.56 = 0.26 4.35 £ 1.65
Fitted Z+jets events 0.09 £0.02 0.05£0.01 0.03 £ 0.00 0.07£0.01
Fitted diboson events 1.04 £0.18 0.72+£0.11 0.29 £ 0.06 1.48 +0.29
Fitted tf + V events 2.92£0.92 1.88 +0.61 0.98 £0.32 2.30 £0.72
MC exp. SM events 26.7 14.4 7.28 30.2
MC exp. tt events 10.1 4.44 2.17 12.4
MC exp. single-top events 9.07 5.24 3.21 9.96
MC exp. W+jets events 3.47 2.04 0.60 3.94
MC exp. Z+jets events 0.09 0.05 0.03 0.07
MC exp. diboson events 1.04 0.72 0.29 1.48
MC exp. tt + V events 2.92 1.88 0.98 2.30

TABLE 7.16: Background fit results for all SRs in the tb + EIs* Run 1 analysis.

Value
Normalisation SRinA SRinB SRinC SRexA
Observed events 38 20 10 46
Expected Events 27.0 + 6.73 14.1 +£2.84 7.12 +£2.93 31.3 £ 6.82
Significance 1.290 1.250 0.730 1.670

TABLE 7.17: Expected and observed yields of the th+ Efis SRs. With the significance
of the excesses in each region also presented. As the SRs are overlapping (in meg
selection) the excesses are correlated across the regions.

The model-independent fit procedure is used to produce model-independent limits
on a generic BSM signal hypothesis, the results of which are presented in Table 7.18.
Due to the excesses, the observed limit on the number of signal events is weaker than

the expected limit from the background-only fit.
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FIGURE 7.3: Post-fit data MC comparisons of the amro distribution in each SR. Error
bands include both statistical and systematic uncertainties.

Signal Region  (eAo)20.[fb]  So5, S,

SRinA 1.41 28.5 19.3709
SRinB 0.81 16.3  10.7132
SRinC 0.58 11.9  9.873%
SRexA 1.58 321 203759

TABLE 7.18: Breakdown of upper limits. Left to right: 95% CL upper limits on the

visible cross section ({(eAo)

column (S22,

95
obs

) shows the 95% CL upper limit on the number of signal events, given the

) and on the number of signal events (S,

95
obs

). The third

expected number of background events

Figure 7.4 presents model-dependent exclusion limits for the pMSSM model consid-

ered. Plot 7.4(a) presents the limits placed in the (mgr3, ) mass plane, with limits

placed on mgr3 from 340 to 680 GeV for pr = 110 GeV. The limits on placed on mgr3 and

1 can be translated into direct limits on the masses of the sbottom, stop and neutralino

in this pMSSM model, which are shown in Figures 7.4(b) and 7.4(c) respectively.
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The limits placed directly on the mgr3 and p parameters show interesting behaviour
for mgrs > 700 GeV. This is due to the relationship between mgr3 and m;: increasing
the mqr3 parameter beyond 700 GeV leads to scenarios with a significant production of
the heavier stop eigenstate, fo; whilst leaving the £; mass at about 600 GeV. A represen-
tation of this behaviour can be seen further in Figure 7.4(b), where the uncertainty band
for the expected exclusion appears to stop abruptly at m; =600 GeV. This behaviour
does not occur in the sbottom scenario, as shown in Figure 7.4(c), where the limit in
the mg, Mg mass plane is very similar to the limit in the mgr3, p phase space. In these
scenarios stop masses are excluded between 320 and 560 GeV, and sbottom masses are

excluded between 280 and 660 GeV, for neutralinos with mass 110 GeV.
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FIGURE 7.4: Limits placed in (a) the natural pMSSM p-mgrs phase space, (b) the

mg, mgo mass plane and (c) the mj, myo mass plane. The blue curve shows the expected

confidence level at 95%. The yellow band shows the expected confidence level at o = =+1.

The red curve shows the observed limit at 95% CLs with dashed-red curves representing
the 0 = 41 theoretical limits on the signal cross section.
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Figures 7.5(a) and 7.5(b) present the exclusion limits placed in the two simplified
model scenarios with Am(xT,x}) = 5GeV and Am(xT, X)) = 20GeV respectively,
assuming an equal BR for the t — ¢+ x{ and £ — b + )Z‘;E decays. The impact of the
largest discrepancy observed in the SRexA region, is visible in the low mass diagonal
region of Figure 7.5(a). For neutralinos with mass 110 GeV, stop quarks with masses
between 300 and 510 GeV are excluded, leaving a large set of models uncovered to be
targeted in Run 2.
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FiGure 7.5: Combined SR limit plot in the asymmetric simplified model scenarios

considered assuming BR(f — ¢t + {}) = 50%. The red curve presents the observed limit

at the 95% CL. The blue curve shows the expected confidence level at 95%. The yellow
band shows the expected confidence level at o = £1.

Figure 7.5(b) presents the limits in the Am(X1, X)) = 20 GeV scenario. The significant
differences between the kinematics of the Am(xT, X)) = 5GeV and Am(xF, 1)) =
20 GeV scenarios lead to weaker expected limits in the case of the Am(¥T, X)) = 20 GeV
scenario as the decay product of the W* are visible, reducing the number of events
passing the exclusive selection. Stop masses are excluded between 370 and 500 GeV for

mge = 110 GeV 1in these scenarios.

7.3 tb+ EM Run 2 Analysis

The Run 2 search is optimised solely on the simplified model scenario, considering the
pair production of sbottoms decaying asymmetrically via bb — % —|—t>2f. The chargino-
neutralino mass splitting is taken to be 1 GeV in these scenarios. This provides similar
decay kinematics to the simplified models considered in the Run 1 analysis. The analysis
was performed concurrently with the sbottom 2016 analysis, with a statistical combina-

tion of the tb + E%‘iss and sbottom analyses foreseen to provide stronger constraints in
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case of null results in the mixed scenario. As such, some analysis choices for the Run 2
th + Efrmss analysis are designed to ease the statistical combination of the analyses.

In the following sections an overview of the updates to the Run 1 analysis are pre-
sented, including the definition of a new SR to target the models characterised by a small
mass difference between b and X (= m;) and the reoptimisation of the SRs that are
based on the Run 1 analysis. The CR/VR strategy is presented for both the Run 1 based
regions and the new region. The dominant systematic uncertainties are discussed briefly
as they are calculated in an identical manner to the sbottom 2016 analysis. Finally
the background-only fit results and the statistical interpretation of both the tb + E%ﬁss

analysis on its own, and the combined sbottom and ¢b + E%iss analyses are presented.

7.3.1 Signal kinematic studies

The optimisation studies for the analysis are focused on maximising the sensitivity to
the mixed-decay scenarios, where one leg of the decay proceeds via b— b+ %) and the
other leg proceeds via b — tﬁt, with the subsequent decay )Zli — W+ X

During the production of the samples to be used for the analysis, it was found that
there are no noticable kinematic differences between the scenarios with mass splitting =
1GeV or 5 GeV, and models with Am()ﬁc, 1)) = 1 GeV have been chosen. An additional
check was performed to investigate if there were any significant differences in the pair
production of 7 or b if both decay asymmetrically. The result of these studies was found
to be that the decay kinematics are similar, regardless of which squark was produced at
the production vertex.

The results of the above investigations allow the simplified scenarios used in Run 1
search to be placed on an even footing with the Run 2 signals. This implies that the
regions used for the Run 1 analysis will be sensitive to the Run 2 signal scenarios and
are used as a baseline for the Run 2 search.

As the search was performed in parallel with the sbottom 2016 analysis, the preselec-
tion used for the optimisation studies is identical to the preselection used in the sbottom
analysis, as presented in Table 6.1. The choice of a common preselection is motivated

by the aim of performing a statistical combination of the analyses.
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7.3.2 Signal Region definitions

Similarly to the Run 1 analysis, the general SR strategy is to use the amry variable
to reject the contribution from tf, and mr to reject W+jets. Table 7.19 presents an
overview of the SRs defined for the analysis.

The A-type regions for the analysis use the inclusive regions defined in the Run 1
search as a baseline. These regions differed due to the meg selection, but also due to
the Effniss and E%‘iss significance selections which were chosen to target different regions
of the complex pMSSM phase space. In contrast, the regions defined for the Run 2
analysis use the same Effmss and E%liss significance selections whilst increasing the meg
selection to target higher sbottom masses. When targeting large mass splitting between
the sbottom and the neutralino, the invariant mass of the b—jets in the decay provides
discrimination between signal and SM background hence a selection of my, > 200 GeV
is introduced. It is found that extrapolating in meg provides sensitivity to higher mass
sbottoms, however a minimum meg threshold of 450 GeV is used in the lowest mqg SR
(SRinA450), with two further SRs defined with meg > 600 (SRinA600) and > 750 GeV
(SRinA750) respectively.

The B-type region (SRB) is designed to target the so-called compressed scenario,
with Am(g, ) ~ my. The myy, selection introduced above is inverted and the selections
on amre and the mT variable are loosened to prevent signal event losses. A selection on
the min m(b, ER) variable is introduced to provide additional discrimination between
signal and the ¢t background.

In addition to the above SRs, a region kinematically close to the selection which
exhibited the most significant excess in the Run 1 analysis is defined. This SR, labelled
as SRA-300-2j is characterised by a stringent selection on the number of additional jets

and is retained as it addresses a topology uncovered by other SUSY searches.



Chapter 7. Search for third generation squarks in the tb + ErrfniSS final state

207

SRinAx SRA-300-2j SRB
Pre-selection 4 4 v
Signal Leptons (e, p) 1 1 1
pr(¢) > 27GeV >27GeV > 27GeV
Njets >2 =2 > 2
Tb—jots 2 2 2
Emiss > 200 GeV > 200GeV > 200 GeV
E%iss significance > 8GeVs >8GeV: >8GeV:
myy® < 170 GeV <170GeV < 170GeV
min Ag(j, BRiss) > 0.4 > 0.4 > 0.4
amrs > 250 GeV > 250 GeV > 200 GeV
mr > 140 GeV > 140 GeV > 120 GeV
Mbb > 200 GeV > 200GeV < 200 GeV
MefF > 450,600,750 GeV > 300 GeV > 300 GeV
min m (b, EWisS) — - > 200 GeV

TABLE 7.19: Summary of the Run 2 tb + EX* SRs. For the inclusive A regions, the

x refers to the meg selection of the region.
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FIGURE 7.7: Significance of the sbottom 2016 analysis SRA350 and SRA450 regions
as defined in Table 6.21, when applied to the asymmetric decay scenario.

The significances obtained with the 50% BR. assumption for the tb + E%ﬁss SRs are
presented in Figure 7.6 for each of the regions defined in the analysis. It is seen that an
increased meg selection targets higher sbottom mass scenarios, whilst the compressed
selection Figure 7.6(e) provides the highest sensitivity to the mj, mgo = (400,200) mass
point. Figure 7.7 presents the significance of the sbottom SRA350 and SRA450 selections
when applied to the asymmetric scenario with a BR = 50%. It can be seen that there
is a complimentarity between the sbottom and tb+ E%iss SRs, and a combination of the

two would allow for exclusion up to around 800 GeV for scenarios with light neutralinos.

7.3.3 Control Region definitions

The analysis strategy related to the A-type SRs differs significantly to that of the Run
1 analysis. Only two CRs are defined to constrain the backgrounds for the A-type SRs.
A dedicated CR for W+jets processes is no longer considered as W4jets events are
expected to contribute less than 5% of the total SM background, while a CR is adaped
to aid in the estimate of the single-top background. Investigations performed between
Run 1 and Run 2 allowed for a selection to be defined which targets the single-top
background.

Table 7.20 presents the CRs defined to constrain the ¢f and single-top backgrounds
for the A-type regions. The tt region is defined with inverted amro and my,y, selections

produce a pure tt region. As these regions are to be combined with the sbottom 2016



Chapter 7. Search for third generation squarks in the tb + ErrfniSS final state 210

A-type regions, in addition to requiring orthogonality with the SRs, mutually exclusive
requirements are also set with respect to the one-lepton sbottom CRs. For the tt CR,

this is ensured using a selection of mcr < 250 GeV. In contrast to this, the single-top

CR is identical to the sbottom CRstA region.

Variable CRttA CRstA
Pre-selection v v
NLeptons (€, /1) 1

pr(£) > 27 GeV

Nb—jets 2

Fipiss > 200 GeV

min A¢(j, ERss) > 0.4

mp” < 170 GeV > 170 GeV
mqcT < 250 GeV > 250 GeV
Mbb < 200 GeV > 200 GeV
Meft > 300 GeV X
ERss gionificance > 8GeV?l/? X
amrs < 250 GeV X
EFS [meg X > 0.25
mr > 140 GeV X
Njets > 2 2,3,4
pr(j1) > 35 > 130
pr(j2) > 35 > 50
pr(ja) > 35 (or Mjets < 4)  [35,50] (or njets < 4)

Leading b—jets

X

v

TABLE 7.20: Overview of the control regions associated to the SRinA selections.

There is significant contribution in the SRB region of tt, single-top and W-+jets

events.

Three CRs are defined, one for each of the main backgrounds.

Table 7.21

presents the selections used to define the B-type CRs. The inclusion of the min A¢(b —

jets, ErTniSS) > 2.0 selection ensures that the selection is mutually exclusive with respect

to the sbottom B-type CRs.

The ¢t CR is defined by inverting the amrs and minmr(b, E%ﬁss) selections with

respect to the SR requirement. The single-top CR associated with SRB, requires mj}

min

> 170 GeV to ensure a selection with high purity of single-top. In addition, the myy,

selection is also inverted to reduce the ¢t contributions. Finally the W +jets region is
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defined requiring only one b—jet in the event. A window in mr of [30, 120] GeV is used

to further enhance the W+jets contribution in this region.

Variable CRttB CRstB CRwB
Pre-selection v v v
NLeptons (evﬂ) 1

pr(£) > 27 GeV

Nb—jots 2 2 1
Episs > 200 GeV

min A¢(j, ERiss) > 0.4

mp” <170GeV ~ >170GeV < 170GeV
Mpb <200GeV > 200GeV > 200 GeV
Eiiss gignificance > 8

amra < 200 GeV X > 200 GeV
mr >120GeV  [30,120] GeV  [30,120] GeV
Njets > 2

min mr (b, ERSS) <200GeV > 200GeV < 200 GeV
min A¢(b — jets, FRiss) > 2.0 > 2.0 > 2.0

TABLE 7.21: Summary of the control regions associated to SRB.
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th + Emiss A-type CRs CRttA CRstA
Observed events 975 118
Fitted bkg events 975.04 + 31.23 118.01 +£10.84
Fitted tf events 915.05 + 33.06 17.87 £ 3.90
Fitted single-top events 20.87 £+ 8.58 52.56 + 20.84
Fitted W+jets events 15.20 £9.17 44.62 £ 15.95
Fitted Z-+jets events 0.3410%% 1.57 +0.26
Fitted diboson events 1.99 +£1.42 0.94 £0.29
Fitted ttV events 21.58 £ 1.81 0.45 + 0.08
MC exp. SM events 927.98 146.20
MC exp. tt events 856.38 16.73
MC exp. single-top events 32.50 81.88
MC exp. W+jets events 15.20 44.64
MC exp. Z-+jets events 0.34 1.57
MC exp. diboson events 1.99 0.94
MC exp. ttV events 21.57 0.45

TABLE 7.22: Pre- and post-fit background expectations in the A-type control regions.

The errors shown are the statistical plus systematic uncertainties.

Table 7.22 presents the pre- and post-fit yields for the A-type CRs. The pre-fit MC

expectation in the CRstA region consists of a similar amount of single-top and W+jets.

As there is not a specific CR designated to constraining the W+jets background, the

W+jets contribution is allowed to float within its uncertainty in the fit. Table 7.24

th + Emiss B-type CRs CRttB CRstB CRwB
Observed events 593 277 330
Fitted bkg events 592.97 £+ 24.35 276.93 + 16.61 330.09 £+ 18.15
Fitted tt events 565.28 + 24.78 47.75 £ 8.51 84.16 £ 8.88
Fitted single-top events 9.36 + 3.25 123.62 £+ 32.35 23.25 £7.46
Fitted W+jets events 8.64 +4.57 97.00 + 23.97 208.77 £+ 23.90
Fitted Z-+jets events 0.107016 0.78 £0.19 1.44 +0.50
Fitted diboson events 0.26 = 0.18 5.66 = 1.97 12.18 +6.28
Fitted ttV events 9.33+0.75 2.124+0.21 0.29 + 0.08
MC exp. SM events 612.22 297.72 272.98
MC exp. tt events 583.52 49.31 86.82
MC exp. single-top events 13.27 175.19 32.94
MC exp. W+jets events 5.75 64.67 139.32
MC exp. Z+jets events 0.10 0.78 1.44
MC exp. diboson events 0.26 5.66 12.17
MC exp. ttV events 9.33 2.12 0.29

TABLE 7.23: Pre- and post-fit background expectations in the B-type control regions.

The errors shown are the statistical plus systematic uncertainties.
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Normalisation  A-type Fit result B-type Fit result

jrrs 1.07 £ 0.04 0.97 £ 0.05
Usingle—top 0.64 £ 0.25 0.71 £ 0.19
MW +jets - 1.50 £ 0.22

TABLE 7.24: Normalisation parameters corresponding to the fit performed for the
tb + ET'*° Run 2 analysis.

presents the normalisation parameters with the ¢¢ and single-top contributions both
scaled up in the fit procedure. The uncertainty on the single-top normalisation is driven
by the small statistics in the CRstA region.

The pre- and post-fit yields for the regions used in the B-type fit are presented in
Table 7.23. Single-top is the dominant contribution to the CRstB region, comprising of
43% of the total pre-fit yield compared to 29% W +jets. The use of a 1 b—jet CR to
constrain W+jets leads to a region dominated by W+jets with only a small contribution
from the tf and single-top processes. Finally as in the A-type region, the CRttB region
is dominated by tt. The pre-fit MC yield in the CRttB region overestimates the data

slightly, which causes the tf normalisation to be less than 1, as reported in Table 7.24.
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FIGURE 7.8: Distributions of key variables used in the definition of the tb + Emiss
CRs: (a) CRstA, mpp; (b) CRttB, mt. The error bars contain both statistical and
systematic uncertainties.

Figure 7.8 presents distributions of: (a) the mpp in the CRstA region; and (b) the
mr in the CRttB region. In both regions for both variables the post-fit background

expectation is in very good agreement with the observed data.
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7.3.4 Validation Region definitions

Two sets of VRs are defined to validate the SM background estimates resulting from the
fit procedure for both A- and B-type regions.

The two A-type VRs are defined in Table 7.25. VRA-amT2 aims to validate the
modelling of amTs beyond the kinematic end-point by using the SR amo selection with
an inverted mp}, requirement. The VRA _mbb uses the same selection as the SR on the

mypp variable but an inverted amrsy selection to validate the modelling of myy,.

Variable VRA_amT2  VRA_mbb
Pre-selection v v
NLeptons (€, 1) 1

pr(£) > 27GeV

Np—jets 2

Meft > 300 GeV

s > 200 GeV

Emiss significance > 8GeV1/2

min A¢(j, ERss) > 0.4

amms > 250 GeV < 250 GeV
mp" <170GeV < 170GeV
mr [30,140] GeV > 140 GeV
Mpb < 200 > 200 GeV

TABLE 7.25: Summary of the A-type VRs.

Two B-type regions are defined to validate the normalisations calculated for the B-
type fit. These regions aim to validate the modelling of either the amTo or my,y, variables.

The VRB_amT2 region is defined requiring the SR selections but with an inverted
mypp selection to validate the modelling of amrs. A check of the signal contamination in
this region is performed and it is found that the VR does not have a significant amount
(< 15%) of signal contamination.

The modelling of my;, in MC simulation is validated in the VRB_mbb region which
requires identical selections to the SR, but using a mass window in mr of [30, 120] GeV

to ensure orthogonality with the SR.
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A-type Validation Regions VRmbbA VRamt2A
Observed events 878 89
Fitted bkg events 877.83 + 339.72 64.97 £ 12.55
Fitted tf events 837.60 % 339.99 19.44 + 8.62
Fitted single-top events 21.34 +£11.13 21.96 + 11.36
Fitted W+jets events 1.62 £0.85 21.41 +8.41
Fitted Z+jets events 0.05+0.01 0.25+0.10
Fitted diboson events 0.15 =+ 0.06 0.9075-53
Fitted ttV events 17.06 + 1.29 1.00 £0.13
MC exp. SM events 836.19 75.97
MC exp. tt events 784.06 18.20
MC exp. single-top events 33.24 34.20
MC exp. W+jets events 1.62 21.41
MC exp. Z-+jets events 0.05 0.25
MC exp. diboson events 0.15 0.91
MC exp. ttV events 17.05 1.00

TABLE 7.27: Pre- and post-fit background expectations in the A-type validation re-
gions. The errors shown are the statistical plus systematic uncertainties.

Variable VRB_amT?2 VRB_mbb
Pre-selection 4 v
NLeptons (€, 1) 1

pr(0) > 27GeV

Np—jets 2

Eipiss > 200 GeV

ERIss gignificance > 8GeV'/?

min Ag(j, ERiss) > 0.4

amrs > 200 GeV

mp” < 170 GeV

mr >120GeV  [30,120] GeV
Mpb > 200 GeV < 200 GeV
Njets > 2

min me (b, ERSS) > 200 GeV

min Ag(b — jets, ERPIsS) > 2.0

TABLE 7.26: Summary of the B-type Validation Regions.

Table 7.27 displays the pre- and post-fit expectations for the VRA regions. The

VRA_amT?2 region can be seen pre-fit to consist of relatively equal amounts of ¢¢, single-

top and W+jets. Post-fit there is a 1.60 discrepancy between the observed number of
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B-Type Validation Regions tb_-VRamt2B tb_-VRmbbB
Observed events 53 517
Fitted bkg events 41.08 +£9.50 520.81 4+ 136.09

Fitted tf events 16.71 £ 7.27 276.87 £128.31
Fitted single-top events 15.31 +6.74 46.88 + 18.96
Fitted W+jets events 1.3871 5% 181.21 £ 65.08
Fitted Z+jets events 0.02 £ 0.00 1.09 £ 0.32
Fitted tf + V events 7.61 4+ 0.66 3.85+0.45
Fitted diboson events 0.05 £ 0.01 10.90 + 1.81
MC exp. SM events 47.55 489.10
MC exp. tt events 17.26 286.10
MC exp. single-top events 21.70 66.47
MC exp. W+jets events 0.91 120.68
MC exp. Z-+jets events 0.02 1.09
MC exp. tt + V events 7.61 3.86
MC exp. diboson events 0.05 10.91

TABLE 7.28: Pre- and post-fit background expectations in the SRB validation and

signal regions. The errors shown are the statistical plus systematic uncertainties. Un-

certainties on the fitted yields are symmetric by construction, where the negative error
is truncated when reaching to zero event yield.

events and the expected number of background events. This has been studied in detail
and found to be due to a mismodelling of the am o variable in MC simulation, which is
observed also at the preselection level. This mismodelling is covered by the modelling
uncertainties of the ¢ and single-top processes. The VRA _mbb region shows very good
agreement between the data and the expected background estimate.

The fit results of the B-type VRs are presented in Table 7.28. A slight discrepancy is
observed in the VRB_amT2 region used to validate the modelling of the amrs variable,
however this is the level of less than 1o0. The VRA_mbb region has good agreement

bewtween the expected and observed number of events.

7.3.5 Systematic uncertainties

The systematic uncertainties considered in the analysis are identical to those in the
sbottom 2016 analysis as reported in Section 6.3.5, including the single-top/tt inter-
ference systematic. Table 7.29 reports the effects of the major detector and modelling
uncertainties for the analysis.

The dominant uncertainties are related to the jet energy scale and resolution and to

the uncertainty on b—tagging, which have relatively similar contributions to the total
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Source of uncertainty [ SRinAs & SRA-300-2j SRB
Detector uncertainties

JES 6-12% 5%

JER 20 - 30% 1%

b—tagging 27 -36% 11%
Theory uncertainties

Single-top 30 - 54%  30%

W+jets <5% 1%

tt production 52 - 74%  54%

Total background systematic (% of total background) ‘ 23 -30% 22%

TABLE 7.29: Overview of the dominant detector and modelling uncertainties present
in the Run 2 tb + EX* analysis. Due to the similarities between the A-type regions,
and the fact that they overlap, a range of values are given for the uncertainties in
these regions. The size of the total systematic uncertainty (as a % of the background
expectation) is also given. As the uncertainties considered may be correlated, the total
uncertainty may not simply be the sum in quadrature of the uncertainties.

overall systematic uncertainty as in the Run 1 analysis. The theoretical uncertainties
are the main contributions to the total overall uncertainty, with the uncertainties from

the tf and single-top modelling leading to the largest contributions.

7.3.6 Intepretation of Results

The results of the background-only fit procedure are presented in Table 7.30. The ex-
pected number of background events in the SRinA600 and SRinA750 regions models
the observed data very well, whilst there are discrepancies observed in the SRs with the
looser meg selections (SRinA450, SRA-300-2j and SRB). The region with the largest
discrepancy between post-fit MC and data is the SRA-300-2j region, at the level of 1.30
and is partially correlated with the SRinA discrepancy due to the overlapping meg and
jet multiplicity selections of these two regions. The discrepancy in the SRB region is un-
related to the discrepancy in the other regions due to the my,y, selection. When compared
to the excess in the SRA-300-2j region in Run 1, the excess has decreased from 1.40 to
1.30 in Run 2. Figure 7.9(a) presents an N-1 distribution of the meg in the SRinA600
region, which shows good agreement between the post-fit background expectation and
the observed data. The mr distribution in the SRB region is presented in 7.9(b), the
post-fit background expectation generally agrees well with the data, however the slight
discrepancy in the SRB region is noticable.

Exclusion limits are placed in both the model-independent scenario and in the asym-
metric decay scenario assuming an equal BR for the b— b+ )2(1) and b — t + )ﬁc decay

modes.
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tb + Emiss Signal Regions  SRinA450  SRinA600  SRinA750 SRA-300-2j SRB
Observed events 33 21 13 12 69
Fitted bkg events 28.08 £6.83 22.99 £5.37 14.37 +£3.61 6.28 +1.85 53.47 +12.04
Fitted tf events 12.15+£5.89 996 +£4.69 5.46+2.74 2.39+1.32 15.82+7.12
Fitted single-top events 9.07+£4.38 6.62+3.23 4.204+2.37 2.88+1.60 10.15+5.32
Fitted W+jets events 1.08+£0.54 0944+0.49 0.59+0.27 0.40+£0.26 16.99 +8.33
Fitted Z+jets events 0.02+0.00 0.02+0.00 0.024+0.00 0.02+0.00 0.08+0.02
Fitted ¢t + V events 5.68 £ 0.65 5.40+0.65 4.03+£0.53 0.55+0.14 8.74+1.14
Fitted diboson events 0.07£0.03 0.05+£0.01 0.05+£0.02 0.05£0.02 1.68=40.25
MC exp. SM events 26.08 21.45 13.44 5.73 52.54
MC exp. tt events 11.41 9.35 5.13 2.24 16.35
MC exp. single-top events 7.83 5.71 3.63 2.48 14.38
MC exp. W+jets events 1.07 0.93 0.59 0.39 11.31
MC exp. Z+jets events 0.02 0.02 0.02 0.02 0.08
MC exp. tt + V events 5.68 5.39 4.03 0.55 8.75
MC exp. diboson events 0.07 0.05 0.05 0.05 1.68

TABLE 7.30: Pre- and post-fit background expectations all signal regions. The errors
shown are the statistical plus systematic uncertainties.
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FIGURE 7.9: N-1 Distributions of key variables in the SRs: (a) SRinA600, meg; (b)
SRB, mr. The error bars consider both statistical and systematic uncertainties.

Signal Region  (eAc)2% [fb] S, S22,
SRinA450 0.61 22.1 187154
SRinA600 0.39 13.9 151755
SRinA750 0.28 10.0 119732
SRA-300-2j 0.40 14.3  9.573%
SRB 1.14 41.3 2957351

TABLE 7.31: Model-independent upper limits on the cross section of a generic BSM
process. Left to right: 95% CL upper limits on the visible cross section ({(eAc)% ) and
on the number of signal events (S3; ). The third column (S23)) shows the 95% CL
upper limit on the number of signal events, given the expected number of background

events
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Table 7.31 presents the model-independent limits at the 95% CL on the number of
additional BSM events corresponding to an upper limit on the visible cross section. Due
to the discrepancies in the SRinA450, SRA-300-2j and SRB regions the exclusion limit
on the observed number of events is less stringent than the expected limit, whereas for
SRinA600 and SRinA750 the exclusion limit on the observed number of events is better
than the expected limit.

The model-dependent exclusion limits placed in the (l;7 1)) mass plane are presented
in Figure 7.10. Figure 7.10(a) presents the limit using the best expected SR, which
is driven in the high mass region by the SRinA600 and SRinA750 regions. In the
compressed region the SRB region can be seen to provide exclusion power along the
kinematic diagonal (beyond which the b—t+ )Zf decay is forbidden).

The limits for the SRA-300-2j region can be seen in Figure 7.10(e) where the effects
of the discrepancy in this region can be appreciated as the observed limit is weaker than
the expected limit. As the SRA-300-2j region is sub-optimal for these scenarios and was
kept as a cross-check for the Run 1 discrepancy the signal sensitivity is weaker than the

other regions.

7.4 Combination with Sbottom Analysis

As previously shown in Section 7.3.2, the sbottom 2016 analysis is also sensitive to the
asymmetric decay scenarios targeted by the 1-lepton analysis. This is primarily due
to the sensitivity of the sbottom analysis to the symmetric b — b + %Y decay, which
occurs in 25% of signal events under the hypothesis of equal BRs for the b — b + b%i
and b — t + )Zf A model-dependent fit is performed using the sbottom 2016 analysis
to place exclusion limits in the (B, )Z(l)) mass plane under such a hypothesis and is shown
in Figure 7.11.

Upon comparing the exclusion contours of the two analyses good constraints can be
obtained by performing a statistical combination of the tb+ EXS* and bb+ ESS regions,
as both analyses have similar reach in the (b, ¥}) mass plane.

The A-type sbottom SRs is combined with the A-type tb+ E%iss SRs, and the B-type
sbottom SR are combined with the B-type tb+ E%ﬁss SR. The statistical combination of
the analyses was foreseen during the design of the tb+ E%iss analysis and, as mentioned,
the regions used for the tb + E%iss analysis are designed to be either orthogonal to

the sbottom analysis, or to overlap completely to allow the same region to be used for
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FIGURE 7.10: Expected and observed exclusion limits of the SRs at 95% CL in the
(mg, mgo) plane for the BR(b — b+ X}) = 50% scenario. The dashed black and solid
bold red lines show the 95% CL expected and observed limits respectively.
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both analyses. When performing the combined fit for the A-type regions, the single-top
CR definition is identical for both analyses, as such the same single-top normalisation
parameter must be used, which is taken to be the single-top normalisation obtained
using the sbottom 2016 fit (Table 6.29, figingle—top = 0.82+0.35). This is consistent with
the single-top normalisation parameter obtained considering the tb + Efrniss background-
only fit which is pigingle—top = 0.64 £ 0.25. With the single-top normalisation from the
bb + EXss fit, the 7 also varies within uncertainties. On the other hand, the combined
fit for the B-type regions is straightforward as the SRs and CRs for both analyses are
mutually exclusive and the fit is performed with the normalisation parameters reported
in Tables 6.33 and 7.24.

The likelihood function (as in Equation 6.11) is built using the products of the prob-

abilities from the individual regions in each analysis:

L6, b, 6) = PP o pIREBR RS B o g

The results of the statistical combination are shown in Figure 7.12 for the BR(I; —
b+ X)) = 50% scenario, with the best expected SR from the individual analyses also
shown as a reference. The statistical combination of the analysis provides exclusion up to
larger sbottom masses. For example, compared to the individual analyses which extends
to sbottom masses up to 800 GeV for mgo = 110 GeV, the combined exclusion excludes
sbottom masses up to 880 GeV for the same neutralino mass. In the compressed region
the sensitivity of the sbottom analysis to the symmetric sbottom decay contributes to
the constraints of scenarios in the kinematic limit where the b — ¢ + )Zli decay is only
just viable from the conservation of total energy. This region is difficult to target with
the tb+ Effmss analysis as the signal is very similar to the t¢ background. The sensitivity
of the bb + ErrfniSS analysis to the symmetric b — b+ %Y scenario (which occurs in 25% of

events) provides exclusion in this region.

7.5 Conclusions

This chapter presented the results from searches performed in Run 1 and Run 2 for
stop/sbottom pair production where two decay modes are kinematically available: £/ b—

t/b+x% and £/b — b/t 4+ XT. As the mass splitting between the chargino and neutralino
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respectivelyExclusion limits of the three sbottom SRs which have sensitivity in the
asymmetric decay scenario at 95% CL

is taken to be small in these scenarios, the chargino decay subsequently proceeds via
ﬁc — W* + xY. These searches were unique in that they were specifically optimised to
target the asymmetric decay mode, which leads to a final state consisting of a top-quark,
a bottom-quark and Elfliss, provided that the W boson is off mass-shell.

The search performed using the 20 fb~! Run 1 dataset was optimised targeting two
signal scenarios. An optimisation was performed on a pMSSM scenario designed such
that Am()}f, 1Y) is small, leading to an off-shell W boson, and so the BR of the sym-
metric decays lead to approximately 50% of events proceeding via the asymmetric final
state. In this scenario limits are placed on the common mass parameter of the third
generation squarks (mqgr3) and the higgsino mass parameter (u). These limits can be

related to direct limits on the stop/sbottom and neutralino masses, with stop masses
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comparison.

excluded up to 560 GeV and sbottom masses excluded up to 660 GeV for neutralinos of
mass 110 GeV. An optimisation was also performed targeting stop pair production in a
simplified model scenario, with the BR(f — t+x?) = 50%, and the mass splitting of the
lightest gauginos set to either 5, or 20 GeV. For the Am()Zli, 1)) = 5GeV scenario lim-
its are placed on the stop mass up to 510 GeV for neutralinos of mass 110 GeV. When
considering the Am()ﬁc, 1)) = 20GeV scenario the exclusion limits are less stringent
and top squark masses are excluded between 370 and 500 GeV for neutralinos of mass
110 GeV.

Using the combined 201542016 Run 2 dataset a search was performed in the tb—i—E%ﬁSS
final state, investigating sbottom pair production with asymmetric decays in a simplified
model scenario and assuming Am(ﬁc, 1)) = 1 GeV. The search used the Run 1 analysis
as a baseline to define the SRs, however the CR strategy was changed to reflect the
different background composition of the SRs when moving from Run 1 to Run 2. Further
to this an additional SR to specifically target the compressed region of the phase space

was introduced. Exclusion limits are placed in the b, %) mass plane, with sbottom
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masses of between 350 and 800 GeV excluded for neutralinos of mass 110 GeV.

The Run 2 version of the analysis was designed to allow for a statistical combination
with the sbottom 2016 analysis. The statistical combination of the analyses provides
greater exclusion in the b, 1Y phase space, with sbottom masses excluded up to 880 GeV
for neutralino masses of 110 GeV. Further to this as the sbottom analysis is unaffected
by the kinematic diagonal, beyond which the b—t+ )ﬁt decay is forbidden, the sbottom

analysis provides additional exclusion in the compressed mass region.



Chapter 8

Search for direct Dark Matter
production in association with

b—jets

This chapter contains an overview of a search performed investigating direct dark mat-
ter production in association with b—jets using the full 2015 and partial 2016 dataset
collected by ATLAS in Run 2, comprising a total luminosity of 13.3fb~!. The analysis
focuses on searching for simplified models for DM production as introduced in Section
2.8. This chapter is heavily based upon the results presented in Ref. [3].

A brief overview of the signal models under investigation is introduced, the main
background processes expected when considering the bb+ E%liss final state are discussed
and the signal region is presented. The control regions associated with the SR are
documented with the results of the background-only fit results normalisation parameters.
These are subsequently validated in the validation regions. Finally the background-only
fit results in the SR are shown and the statistical interpretations are given in both
model-independent and model-dependent scenarios.

The author’s contribution consisted of the development of the CR strategy, analysis
cross-checks, the calculation of the modelling uncertainties, and validation of the signal

samples.
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8.1 Signal Model Overview

Searching for dark matter production using hadron collisions provides complementary
results to direct and indirect dark matter detection experiments [144, 145, 146, 147].
When performing a search for dark matter production in hadron collisions the production
mechanism for DM is unknown and must be modelled in some way. As discussed in
Chapter 2.8, simplified model scenarios are considered when modelling the production
of DM in hadron collisions. An important aspect of the models used is the Yukawa-like
coupling between the mediator and the fermions, leading to interest in the production
of DM in association with top or bottom quarks, the latter is presented in Figure 2.8.
The mass-dependent LO cross section for the associated production of either a scalar or

pseudoscalar mediator is presented in Figure 8.1 assuming m, = 1GeV.

T T T T j
Atlas Simulation
MadGraph5_aMC@NLO =

DM+bb (LO), m_ =1 GeV E

—— ®-Scalar E|

LO Cross Section [pb]
i

—— ®-Pseudoscalar

105 o v b b b b b b b by
0 100 200 300 400 500 600 700 800 900 1000
m, (GeV)

FiGURE 8.1: Leading-Order cross sections for simplified model production of DM in
association with b—quarks

8.2 Event selection and Signal Region definition

The expected final state consists of 0 leptons, two b—jets and EEFiSS. The E%‘iss in the
event arises from the DM particles and is dependent upon the mass difference between
the DM and the mediator, in some scenarios the optimal selection on E%ﬁss is lower
than the recommended offline trigger threshold of 250 GeV, however it is found that a
2D-hyperbolic selection based upon the leading jet pr, pr(j1), and the ErTniSS ensures the
trigger is fully efficient:

150 - pr(j1) — 11700
pr(j1) — 85

pr(j) > 85GeV By > ( ) Gev (8.1)
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The SM background processes contributing to this final state and passing the trig-
ger requirements are similar to those in sbottom analysis. The dominant contribution
arises from the Z-jets process with additional contributions from tt, single-top, W -+jets.
Minor contributions are expected from the rare diboson and ¢t + V processes. The con-
tribution from the multi-jet background can be reduced to a negligible level by the
application of a selection on min Ag(j, ERmiss).

A single SR is defined based upon discriminating between signal and background
events using the large separation expected in the (7, ¢) phase space between the two
b—jets in the signal. The signal topology suggests low jet multiplicity hence a selection
of either 2 or 3 jets is used in addition to the final state requirement of two jets identified
as having originated from a b—quark. The trigger requirements dictate the selection on
pr(j1) and a further selection on the leading b—jet pr is also used. Table 8.1 contains

the full signal region selection employed by the analysis.

Quantity SR
Niepton (baseline) | 0
Niepton (signal) 0
min A¢(j, EF™) | > 0.4
Njets 2—3
Nb—jets =2
pr(j1) [GeV] > 100
pr(j2) [GeV] > 20
pr(j3) [GeV] < 60
pr(b1) [GeV] > 50
ER [GeV] > 150
ARpmin > 2.8
An (b1, b2) > 0.5
Z(b1,b2) > 0.5
A¢(b1,b2) > 2.2

TABLE 8.1: Summary of the signal region selections.

The ARnin variable is calculated between all jets in the event. In addition to this, the
jet imbalance, Z (b1, b2), is used to discriminate between the signal and the main Z+jets
background as the b—jets arising from gluon splitting in the background are expected

to have similar transverse momentum resulting in Z = 0.
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SM process Yield

tt 58 £ 1.5
Z+jets 20.1 £ 6.0
W+jets 1.2 +£0.8
single-top 2.7+ 1.1
other 0.00 £ 0.00
Total Expected Background | 29.8 + 6.3

TABLE 8.2: Expected pre-fit background yields in the SR.

Table 8.2 presents the expected background yields in the SR. The dominant contri-
bution is from the Z+jets background, with Z — vv. The subdominant backgrounds
in this region arise from tf pair production and single-top, with contributions from the

W +jets background. These yields are used to guide the control region strategy.

8.3 Control Region definitions

The four main sources of background are estimated with the aid of three dedicated
CRs. A two-lepton (same flavour opposite sign), one-b—jet region (CRZ1b) is defined
to estimate contributions from the Z+jets process. The tt process is constrained in a
one-lepton and two-b—jet region (CRW2b). Due to the similarities between the W+jets
and single-top events a single control region, hence a single normalisation parameter, is
considered for both processes. This CR (CRW1b) requires one-lepton and one-b—jet.

Regions with a different b—jet multiplicity with respect to the SR are used to keep
the regions mutually exclusive to the SR and retain a sufficient number of events. In
these regions other selections are loosened based upon the angular variables to further
increase the number of events in the region. In the one-b—jet regions the calculation of
the angular variables is performed using the non-b—tagged jet with the highest b—tagging
weight as the second b—jet.

The CRZ1b region requires the invariant mass of the leptons to be in the Z-mass
window [75-105] GeV. The SR selection on ER is inverted and lowered to 100 GeV
and a selection on E" (the lepton corrected EX* as introduced in Section 6.2.3) is
used. A looser EMsS selection is employed in the CRW1b region, with a selection of mr
between 30-100 GeV to enhance contributions from both W+jets and single-top events.
The CRW2b region is very pure in ¢t from the requirement of one lepton and two b—jets.

A lower bound of mt > 30 GeV is used to reject events with mismeasured leptons.
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Quantity CRZ1b CRW1b CRW2b
Niepton (baseline) | 2 1 1
Niepton (signal) 2 1 1
min A¢(j, EF=5) | > 0.4 > 0.4 > 0.4
Njets 2-3 2-3 2—-3
Nbjets =1 =1 =2
pr(j1) [GeV] > 100 > 100 > 100
pr(j2) [GeV] > 20 > 30 > 20
pr(js) [GeV] < 60 < 60 < 60
pr(b1) [GeV] > 50 > 50 > 50
ERs [GeV] <100  >130  >120
ER" [GeV] >120 - -
ARmin > 2.8 > 2.5 > 2.8
mr - [30,100] > 30
M [75,105] - -
pr(£1) [GeV] > 30 > 30 > 30
pr(l2) [GeV] > 25 - -
Ap(by, b2) > 2.2 [1,2.2]  >22

TABLE 8.3: Summary of the selections of the control regions of the analysis.

Table 8.4 shows the results of the background only fit for the control regions. In
each region, the diboson and tt + V events (listed collectively as “others”) are shown to
contribute minimally to the total event yield (< 1%). The total expected pre-fit yields
in each region are shown to model the observed number of events well. A relatively large
difference arises in the CRW2b region where the MC overestimates the data, however
this difference is expected when targeting ¢t events in this region of phase space using
the nominal Powheg+Pythia6 sample. This effect has been found in other analyses
targetting equally extreme regions of phase space [148]. Figure 8.2 presents key post-fit
kinematic distributions in the CRs.

The normalisation parameters for the main backgrounds are presented in Table 8.5.
The normalisation parameters further confirm the good modelling of the one-b—jet CRs
as they are consistent with unity, whilst the CRW2b leads to p;7 < 1. The normalisation
parameters for the main backgrounds are validated in a set of VR regions with selections

closer to the SR kinematics.
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CRW1b CRZ1b CRW2b
Observed 96 176 131
Total background 96.0 + 9.8 176 + 13 131+ 11
Wtjets 49.2+7.8 0.01%552 43+18
Z+jets 0.6+0.5 168 + 13 0.0379:52
tt 128 £2.7 58+ 1.7 109 + 13
single top 33.1£6.0 1.5+1.0 177+ 4.0
others 0.375% 12409 0.037908
pre-fit total 101.2 £ 12.3 159.1 £ 24.1 158.1 £ 3.8
pre-fit W-tjets 51£11 0.0279-93 44418
pre-fit Z+jets 0.6 +0.4 149 + 24 0.0379:03
pre-fit tf 15.9+£2.5 7.2+1.9 1353+ 1.6
pre-fit single top 34.3+49 1.7+1.1 18.3£3.0
pre-fit others 0.370:3 1.240.9 0.0719-08

TABLE 8.4: Fit results in all control regions for an integrated luminosity of 13.3fb=!.
The category "others” includes the very rare backgrounds dibosons and tt + V.

Normalisation Value
g 0.81 + 0.1
MW +jets/single—top 0.97 +£ 0.2
I Z+jets 1.12 £ 0.2

TABLE 8.5: Normalisation factors for the main backgrounds in the DM+bb analysis
using the background-only fit with 13.3fb~!.

8.4 Validation Region definitions

When defining the CRs a significant number of kinematic selections were changed to
produce regions enhanced in the dominant backgrounds. To validate the normalisation
parameters a set of three VRs with selections more representitive of the SR are designed,
described in Table 8.6.

The tt, single-top and W -+jets normalisation parameters are validated in a one lep-
ton one b—jet region, VRW1b, which is orthogonal to the CRW1b region due to the
requirement of A¢(by,be) > 2.2. The SR selection on An(by,be) is also applied to more
closely model the SR kinematics. The modelling of the Z+jets background is validated
in a two lepton (same flavour, opposite sign), two b—jet region (VRZ2b). The invariant
mass of the leptons is chosen to be in a tight Z-mass window of between 80-100 GeV.
The usage of this tight mys selection and requirement of two b—jets in the event reduces
statistics, preventing the angular selections used in the SR being applied in this region.

The final VR is designed to validate the extrapolation from the one- and two-lepton

CRs, to the final state by requiring zero leptons and two b—jets (VRLR). To ensure
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this region is orthogonal to the SR, a selection of ARy, < 2.5 is applied whilst the

remainder of the selections used are identical to the SR.
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TABLE 8.6:

Quantity VRZ2b VRWI1b VRLR
Niepton (baseline) | 2 1 0
Niepton (signal) 2 1 0
min A¢(j, EF5) | > 0.4 > 0.4 > 0.4
Njets 2-3 2—-3 2—-3
Nb—jets =2 =1 =2
pr(j1) GeV > 85 > 100 > 100
pr(j2) GeV > 20 > 30 > 20
pr(js) GeV < 60 <60 < 60
pr(b1) GeV > 50 > 50 > 50
Emiss GeV < 80 > 150 > 150
B’ GeV >100 - -

A Rmin > 2.8 > 2.8 <25
An(by, b2) - > 0.5 > 0.5
Z(b1,b2) - - > 0.5
mr - [30,100] -

mee [80,100] - -
pr(l1) GeV > 30 > 30 -
pr(l2) GeV > 25 - -
Ap(b1,b2) - > 2.2 > 2.2

Summary of the selections of the validation regions of the analysis.

VRW1b VRZ2b VRLR
Observed 121 67 87
Total background 105 £ 20 58 +£13 98 +£18
W+jets 30.2 £ 8.3 - 34+£1.2
Z+jets 1.0+ 0.6 49.7+11.5 36.7+9.2
tt 26.0+7.9 7.8+2.6 47+ 14
single top 47+ 10 0.52 £0.44 10.7+ 3.0
others 0.5+0.3 0.0475-07 0.140.1
pre-fit total 113.6 £ 14.5 54.3+£12.4 105.6 £ 19.6
pre-fit W-+jets 31.3£84 - 3.5+1.3
pre-fit Z+jets 0.9+0.5 44 £ 12 33+£11
pre-fit tt 32.3£9.1 9.7+29 58 £ 16
pre-fit single top 48.6 £ 7.6 0.54 £0.45 11.0+ 2.6
pre-fit others 0.5+0.3 0.04%5:67 0.1+0.1

TABLE 8.7: Fit results in all validation regions for an integrated luminosity of 13.3 fb=!.
The category “others” includes the subdominant backgrounds such as diboson and #t+V

production.

Table 8.7 presents the background-only fit results for the validation regions. The

observed yield and post-fit expectations are in agreement to within 1o in all regions.

Importantly the zero lepton VRLR region is modelled well, providing confidence in the
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FIGURE 8.3: Post-fit distributions for key variables in the one- and two-lepton VRs.

(d) VRW1b, Z(b1,b2)

Both statistical and systematic uncertainties are considered.

extrapolation from the one/two lepton CRs to the zero lepton SR. Figure 8.3 presents

a selection of post-fit distributions in the one- and two-lepton VRs showing very good

agreement between the post-fit background expectation and the observed data.

8.5 Systematic uncertainties

The detector and modelling uncertainties considered for the analysis are evaluated in an

identical manner to the uncertainties considered for both the sbottom analysis and the

th+ ElFiss Run 2 analysis, as previously discussed in Section 6.2.6.

Table 8.8 contains an overview of the dominant systematic uncertainties in the analy-

sis. Asexpected, with the final state under consideration, the main detector uncertainties
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are jet related (JES and JER). A large contribution also arises from the flavour tagging
uncertainty. The EXSS uncertainty is a significant contribution which arises from the
2D-hyperbolic selection used to ensure events pass the trigger threshold.

The main modelling uncertainty is due to the modelling of the Z+jets process. The
contributions from the subdominant backgrounds, tt, single-top and W +jets, are a much

smaller contribution to the overall modelling uncertainty.

Source of uncertainty [ SR
Detector uncertainties

JES 20.6%

JER 7.2%

b—tagging 36%

Emiss 43%
Modelling uncertainties

Z+jets 62%

W+jets 6.4%

it 10%

single-top 6.3%

Total background systematic (% of expected background) ‘ 21%

TABLE 8.8: Overview of the dominant detector and modelling uncertainties present in

the DM+bb analysis. The size of the total systematic uncertainty (as a % of the back-

ground expectation) is also given. As the uncertainties considered may be correlated,
the total uncertainty may not simply be the sum in quadrature of the uncertainties.

8.6 Results and Interpretations

The results of the background-only fit procedure are presented in Table 8.9. The largest
background in the region is the Z+jets process, which comprises of over 70% of the
total post-fit yield. The observed number of events and expected background post-fit
are in very good agreement. Both model-independent and model-dependent limits are
placed at the 95% CL. The results are interpreted in the two model dependent scenarios
considered and limits are placed on the production cross-section for both scalar and
pseudoscalar mediators.

Figure 8.4 presents the distributions of 7 and ARy, further confirming the good
modelling in the SR.

Table 8.10 presents the model-independent limits on the cross-section of a generic
BSM process in addition to the upper-limits on the number of additional BSM events

given the observed and the background yields.
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SR
Observed 33
Total background 31.0£6.2
W+jets 12408
Z+jets 22.6 £5.7
tt 4.7+14
single top 26£1.1
others -
pre-fit total 29.8 £6.3
pre-fit W+jets 1.2+0.8
pre-fit Z+jets 20.1+6.0
pre-fit ¢t 58+ 1.5
pre-fit single top 2.7+1.1

pre-fit others -

TABLE 8.9: Fit results in the SR for an integrated luminosity of 13.3fb~!. The category
“others” includes the subdominant backgrounds such as diboson and t£+V production.
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FIGURE 8.4: Distributions of (a) pr asymmetry Z and (b) ARy, with all signal region

selections applied except the selection on the variable, which is denoted by the arrow.

One signal model with (mg,m,) = (20,1) GeV is shown, with the cross section scaled
by a factor of 60. All statistical and systematic uncertainties are included.



Chapter 8. Search for direct Dark Matter production in association with b—jets 236

Signal channel (eAa)2P [fb] SO S,

SR 1.38 18.3 16.8757

TABLE 8.10: Left to right: 95% CL upper limits on the visible cross-section ({(eAc)%P )

obs

and on the number of BSM events (5%, ). The third column (522 ) shows the 95% CL

exp
upper limit on the number of signal events, given the expected number of background

events.
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F1cURE 8.5: Cross section upper limits placed on the production of scalar mediators
assuming a DM mass of 1 GeV for 13.3fb~! of data.

Figures 8.5 and 8.6 present the limits placed on the production cross sections of both
scalar and pseudoscalar mediators respectively, with the assumption that m, = 1GeV.
As the observed and post-fit background yields agree to such a level the expected and

observed 95% CL limits are very similar.

8.7 Conclusions

The chapter presented an overview of a search for direct dark matter production in
association with b—jets using 13.3fb~! of Run 2 data collected by ATLAS. As previously
discussed using an EFT approach to model the production of DM at LHC energies is not
necessarily valid and this search uses simplified model scenarios with either a scalar or
pseudoscalar mediator. The mediator provides a link between the fermionic sector and

the dark sector and the free parameters in these models are the masses of the mediator
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(mg/q), the DM mass (m,) and the couplings of the mediator to the fermionic sector
(g97) and dark sector (g,). No significant excesses are observed in the SR and limits
are placed on the production cross section for scalar mediators with masses between
10-1000 GeV and pseudoscalar mediators with masses between 10 and 500 GeV, for a
DM particle of mass 1 GeV.
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Summary

The high quality data collected by ATLAS over the course of both Run 1 and Run
2 has been used in a plethora of physics analyses including precision measurements
of SM processes, the discovery of the Higgs boson, and many BSM searches. These
analyses have returned results consistent with the predictions made by the SM. Analyses
performed searching for the direct production of particles expected by a variety of BSM
physics theories, such as SUSY, have so-far returned null results. This thesis contains
the results of searches for three such BSM processes.

Chapter 6 contains two searches investigating the direct pair production of bottom
squarks decaying via b — b+x{ at /s = 13 TeV, in the O-lepton, 2-b—jets and E%liss final
state. The first of these searches was performed using the 3.2 fb~! of luminosity collected
during 2015 and, at the time, placed world-leading exclusion limits on sbottom pair
production, with sbottom masses excluded up to 840 GeV, for massless neutralinos [1].
The second search improves upon the previous analysis and uses the full 2015 and 2016
dataset with a total luminosity of 36.1 fb~!. This analysis provided additional sensitivity
to more massive sbottoms, with an expected exclusion power of up to 1030 GeV for
sbottom masses, and extended the exclusion limits to sbottom masses up to 950 GeV,
assuming massless neutralinos.

Two searches for pair production of either top or bottom squarks decaying asymmet-
rically are presented in Chapter 7. These searches investigated scenarios where multiple
decay modes are open for the sbottom/stop: tt/ bb — tb + )Z(l]fdc. These scenarios lead
to a complex final state consisting of a top quark, bottom quark and E%liss, and tar-
geted the one-lepton, two-b—jets and E%liss final state. The first search, performed in

Run 1, targeted both pMSSM scenarios and simplified model scenarios characterised by

238
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a small mass splitting between the ﬁ[ and YV. For the pMSSM scenarios, exclusion
limits were placed on the mg;3 and p mass parameters with mg;3 excluded between 340
and 680 GeV for p = 110 GeV. In the simplified model scenarios considered, exclusion
limits are placed on stop masses assuming equal branching ratios for the t — ¢ + x!
and t — b+ )Z?E decays. For the Am()}f,)}?) = 5 GeV scenario, stop masses are
excluded between 300 and 510 GeV for mgo = 110 GeV. Weaker limits are placed in
the Am()zli, 1)) = 20 GeV scenario, where stop masses are excluded between 370 and
500 GeV for an equivalent neutralino mass. The second search was performed using the
2015 and 2016 data collected during Run 2, focusing on the pair production of sbot-
toms decaying asymmetrically. This search improved upon the Run 1 analysis, using
an improved analysis strategy, setting exclusion limits on sbottom masses between 350
and 800 GeV for neutralinos of mass 110 GeV. A statistical combination of the sbottom
and tb+ E%ﬁss searches was performed, with the combination of the analyses excluding
sbottom masses up to 880 GeV for mgo =110 GeV.

Finally, Chapter 8 presents a search for direct dark matter production in association
with b—jets in the O-lepton, 2-b—jets and E%liss final state. This search is performed in-
vestigating simplified model scenarios for dark matter production, and limits are placed,
in both scalar and pseudoscalar mediator scenarios, on the production cross section for

a range of mediator masses, assuming m, = 1 GeV.

9.1 Future Outlook

While the null results reported by the searches for BSM physics may seem disheartening,
especially considering the expectation that signs of BSM physics would be seen within
days of the start of Run 1, there are still signs hinting towards BSM physics. The con-
tinued data-taking by ATLAS and CMS during the remainder of Run 2 and beyond, will
provide further opportunities to investigate BSM physics using complementary methods.

Primarily, the increased luminosity allows for improvements to be made to the pre-
existing analyses. Additional luminosity will allow for tighter selections when targeting
signal scenarios, along with better modelling of the SM background processes. Inves-
tigating more complex models, many of which are currently uncovered, may provide
hints of BSM physics which may have been missed with the simplified model scenarios

currently investigated.
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In addition to searches providing hints at BSM physics, the measurements of SM
processes will be expected to reach an unprecedented precision. For example if the W-
boson mass can be determined to a precision of 4 MeV, then the contributions from a
variety of BSM physics models should be visible [149].

As the newest particle to be discovered, the Higgs boson also provides a tool to
investigate BSM physics. Measurements of the Higgs couplings and branching ratios
may provide the first concrete suggestions of BSM physics. The Higgs boson should also
be used as a tool to discover new physics, considering models where a SM-like Higgs
boson arises in the decay chains of new particles. The author is already actively working
on searches for bottom squarks decaying via the second lightest neutralino, b—b+ V.
In these models the second lightest neutralino subsequently decays via X3 — h+ xJ. A
variety of mass scenarios are considered for the mass splitting between the gauginos.

The search for new physics at the LHC has just commenced and inputs from non-
collider experiments both currently collecting data and beginnning to do so in the near
future (such as dark matter direct detection experiments, and the g-2 experiment at
Fermilab) will also provide complementary information that might give further guidance

to physicists in the search for the unknown.



Appendix A

Trigger selections and efficiencies

As introduced in Section 3.7, triggers are used to select interesting events depending
upon the existence of leptons, jets and large Effniss in the event. The efficiency of a given
trigger is the number of accepted events collected by the trigger, relative to the total
number of events produced that could be recorded by the trigger. Trigger efficiencies
are calculated using data collected using a different trigger, to give the total number of
events that could be recorded.

For example the efficiency of a single electron trigger is calculated using Equation
A.1, where € is the trigger efficiency, Ngolected 18 the total number of single electron
events collected by the trigger, and Nrgia is the total number of events with a single

electron that could have been collected.

€ — NCollected (Al)
NTotal

When developing an analysis the efficiency of the triggers used needs to be taken into
account when designing control, validation and signal regions. In the sbottom analysis
(as described in Chapter 6) a Eﬁﬁniss trigger is used to target the signal models under
consideration. Figure A.1 presents the efficiency of the EXSS trigger as a function of the
E%‘iss present in the event. As seen in the figure, the efficiency of the trigger is 100%
when the Effmss in the event is > 250 GeV. This motivates the Eﬁﬂniss selection used when
defining the sbottom SRs, ensuring the trigger is fully efficient.

The sbottom analysis, the tb+FEXSS analysis (as presented in Chapter 7) and the
dark matter analysis (Chapter 8) use regions which require either one, or two leptons.
For either 1-lepton selection or the 2-lepton selections defined in the analyses, single

lepton triggers are used. The lepton pr requirements in the analyses are driven by the
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trigger efficiency to ensure the trigger is fully efficient. The electron and muon trigger
efficiencies, as a function of the lepton pr are shown in Figure A.2.

When defining the SR for the dark matter analysis it is found that a selection of EXss
> 250 GeV, ensuring that the E%‘iss trigger is fully efficient, removes a large amount of
signal events. Due to the relationship between the E%iss and the pr of the leading jet
in the signal a 2D selection on these two variables, to investigate if the Effniss threshold
could be lowered whilst still being in the region where the E%liss filter is fully efficient.

Figure A.3 presents the efficiency of the E%ﬁss trigger as a function of the E%ﬁss and
leading jet pt for both data and MC. The black curve shows the hyperbolic selection
as defined in Equation 8.1. It is seen that this selection allows the E%liss selection to

be loosened to > 150 GeV (with respect to the > 250 GeV required if applying a 1D
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FIGURE A.3: 2-dimensional hyperbolic trigger efficiency as a function of the E&ss and

leading jet pr.

selection as in Figure A.1) and still remaining fully efficient (e > 0.95%).

The photon-replacement method used in the sbottom analysis uses a single photon

trigger referred to as HLT_g120_loose which is found to be fully efficient with a selection

of photon pp > 130 GeV, as seen in Figure A 4.
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The photon trigger used in the analysis is the HLT_g120_loose (orange curve), which is
fully efficient at a photon pr > 130 GeV. Taken from [134].



Appendix B

Truth-level object definitions

When performing certain studies relevant for the analyses presented within this thesis,
truth-level samples are used. These samples do not take into account any detector effects
and are primarily used to calculate the modelling uncertainties. When using truth-level
objects a series of selections are employed to attempt to reproduce the fiducial selections
used for the analyses.

In addition to the selections used in Table B.1, all objects are required to be associated
with the hard process, this removes bremstrahlung photons, muons from heavy flavour
decays etc. An overlap removal corresponding to the Run 1 overlap removal introduced
in Chapter 5 is also used. Finally the missing transverse momentum EEFiSS is calculated

using the vector sum of all non-interacting particles in the event.

Object Baseline pr requirement  Baseline |n| requirement
Electron > 10GeV <24
Muon > 10GeV <24
Photon > 35 GeV < 2.37
Jets > 20GeV <28
b—jets > 20GeV <25

TABLE B.1: Overview of the truth-level object definitions.

The jets considered are anti-k; truth jets with a jet radius R = 0.4, and the b—jets are
identified by looping over the jets and checking the truth-label of the jet. To introduce
a facsimile of the b—tagging algorithms used when considering detector effects, the ||
requirement is tightened and a probability is assigned to the jet corresponding to the
likelihood to tag (or mis-tag) the jet as a b—jet depending on the b—tagging efficiency

of the algorithm that is being imitated. The mis-tag rate is also flavour dependent.
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Appendix C

tt modelling uncertainties

During the calculation of the tf generator and parton shower uncertainties for the sbot-
tom 2016 analysis (Chapter 6) and tb+ ER Run 2 analysis, it was found that there was
lack of statistics for the alternative samples when considering the full analysis selections.
A significant number of selections were loosened to produce a sensible estimate for the
tt uncertainties.

To provide confidence in the estimate provided by the recommended method, an
alternative comparison is made with a Sherpa tt sample. The Sherpa sample also suffers
from a lack of statistics when tight selections of meg and mcr are used, so instead a
preselection level extrapolation is performed comparing the nominal Powheg sample to

the Sherpa sample.

T T R o R
ATLAS Internal ATLAS Internal

Powheg tf Powheg tf

10 =

Events / 50 GeV
ol 11l
Events / 50 GeV

Sherpa tf Sherpa tf
10° _[Lm:ss 115"
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FIGURE C.1: Comparisons between the nominal Powheg and the alternative Sherpa tt
samples. The extrapolated line of best fit provides confidence in the nominal method
for evaluating the tf modelling uncertainties.
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Figure C.1 presents (left) the meg distribution using the tb 4+ EIS preselection and
(right) the mcr distribution using the bb+ EMiS preselection. The line of best fit shown
on the ratio plot for these comparisons is used to provide confidence in the nominal value
calculated for the ¢ uncertainties, as ratio of the Sherpa sample to the nominal Powheg
sample leads to a relatively similar uncertainty as calculated from the nominal method.

Further to this, both a Kolmogorov-Smirnov (KS) Test and a x? test are performed on
the two distributions to investigate the compatibility of the Powheg and Sherpa samples.
For the tb+ EXs distribution the result of the KS test is a probability of compatibility
of 56% and a x?/NDF of 1.9. For the bb+ ER mcr distribution the result of the KS is
a probability of compatibility of 60%, with a x?/NDF of 1.5. The results of these tests
suggest that a comparison between the Sherpa and Powheg samples, to calculate the tf

modelling uncertainty, is well motivated.
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