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Chapter 14

Searches for χ̃±1 χ̃
0
2 pair-production5

This Chapter presents an overview of searches for the pair-production of a chargino, χ̃±1 and6

next-to-lightest neutralino, χ̃0
2, performed during the Run-2 period of data-taking. This7

Chapter focuses mainly on an analysis performed using data taken in 2015-2016, totalling8

36.1fb−1. Later in this Chapter, the results of an analysis using the full Run-2 dataset9

of 139fb−1 is presented, along with additional studies using machine learning to improve10

the sensitivity to the signal. Chapter 4 presents sensitivity studies for this signal at the11

High-Luminosity LHC, using a dataset of 3000fb−1 collected at
√
s = 14 TeV.12

13

A search for χ̃±1 χ̃
0
2 pair-production decaying via the Wh signature was undertaken in14

Run 1 using 20.3fb−1 taken at
√
s = 8 TeV [1], targeting leptonic W boson decays, and15

h → bb̄, h → γγ, h → WW ∗/ZZ∗/ττ decays. 95% confidence limits were set on this16

signal, excluding the process upto χ̃±1 /χ̃0
2 masses of around 275 GeV for a massless χ̃0

1.17

The exclusion limit for the individual channels, as well as the statistical combination of all18

channels, is shown in Figure 1.1.

Figure 1.1: A plot showing the four exclusion limits obtained from searches for χ̃±1 χ̃0
2

pair-production with the Wh signature during the Run-1 data-taking period.

2
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2 PAIR-PRODUCTION

The Run-1 analysis had limited sensitivity to the signal model, as shown in Figure19

1.1, where the yellow band around the combined limit shows the size of the statistical and20

systematic uncertainty on the SM background.21

1.1 SUSY signal model22

The results of the analysis presented in this Chapter and in Chapter 4 are interpreted23

in the context of a simplified SUSY model [2, 3], in which the χ̃±1 and χ̃0
2 are unstable24

and each decay to the lightest neutralino, χ̃0
1, via a SM W boson and Higgs boson. The25

decay channel targeted in this Chapter and in Chapter 4 require the W boson to decay26

leptonically, W → `ν, while the Higgs boson decays to two b-tagged jets, h → bb̄. The27

Higgs boson in this process, h, is the lightest CP-even Higgs from the extended SUSY28

Higgs sector and is assumed to be a SM-like Higgs boson, with mh = 125 GeV and with29

the branching fraction of BR(h→ bb̄) = 58%. Complimentary decay channels targeting the30

all-hadronic, Wh → qq′bb̄, and the single lepton plus photons, Wh → `νγγ, decays allow31

the reconstruction of the Higgs boson, while the same-sign two-lepton and the three-lepton32

channels are sensitive to the h → WW ∗/ZZ∗/ττ decays. Dedicated searches also target33

the decay of the χ̃0
2 to the Z boson [4,5], targeting the decay of the Z boson to two charged34

leptons. A diagram of the signal process relevant for this Chapter is shown in Figure 1.2.

(a)

χ̃±
1

χ̃0
2

p

p

χ̃0
1

W

χ̃0
1

Z

(b)

Figure 1.2: Diagram showing χ̃±1 χ̃
0
2 pair-production, with the chargino and neutralino

decaying via a SM W boson and a Higgs (1.2a), and a Z boson (1.2b), respectively.

35

SUSY models have an enormous parameter space with over 100 free parameters, such36

as the sparticle masses and couplings. Simplified models vastly reduce the number of free37

parameters, such that a single analysis can be sensitive to a large region of the SUSY model38

phase space. In this analysis, it is assumed that the branching ratios of the χ̃±1 → Wχ̃0
139

and χ̃0
2 → hχ̃0

1 are both 100%, while the mass of the Higgs boson, mh, is assumed to be40

3
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SM-like. The only free parameters of the simplified model used in both this Chapter and41

Chapter 4 are m(χ̃±1 ), m(χ̃0
2) and m(χ̃0

1).42

1.2 Event selection43

Candidate events for this analyses are first selected using a set of loose, preliminary se-44

lections, known as ‘preselection’. The preselection cuts, summarised in Table 1.1, target45

events with an event topology of a single lepton, two b-jets and Emiss
T . All events are46

required to have exactly 1 electron or muon passing the signal lepton requirements, with47

any extra baseline leptons being vetoed. Events are required to have either 2 or 3 jets with48

transverse momentum greater than 25 GeV, and exactly two jets being b-tagged using49

the MV2c10 algorithm. The b-tagged jets are also required to have transverse momentum50

greater than 25 GeV. Lower bound requirements are placed on the mbb and mT variables51

to reduce the combinatoric and multi-jet backgrounds. Finally, all events are required to52

pass one of the Emiss
T triggers detailed in Section ??.

Variable Selection

Nbaseline
` = 1

N signal
` = 1

pT(`1) > 27 GeV

Njet = 2 or 3

pT(jet) > 25 GeV

Nb−jet = 2

pT(b− jet) > 25 GeV

mT > 40 GeV

mbb > 50 GeV

Table 1.1: A summary of the preliminary event selection used in the 36.1fb−1 search for
χ̃±1 χ̃

0
2 pair-production.

53

At the preselection level, the dominant SM backgrounds are tt̄ , Wt-channel single top54

and W+jets. Three SRs are defined, each targeting a different region of the m(χ̃±1 /χ̃
0
2)-55

m(χ̃0
1) parameter space. SRLM is optimised to target scenarios where the mass-splitting56

of the m(χ̃±1 /χ̃
0
2) and m(χ̃0

1), denoted by ∆M(χ̃±1 /χ̃
0
2, χ̃

0
1), is similar to the Higgs mass.57

SRMM and SRHM target larger ∆M(χ̃±1 /χ̃
0
2, χ̃

0
1), around 150-250 GeV and > 250 GeV,58

respectively. The variables identified to separate the signal from the SM backgrounds were59

the Emiss
T , mT, mbb and mCT. Each of these variables are described in Section ??. The60

three SRs are defined in Table 1.2.61

4
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SRLM SRMM SRHM

mbb ∈ [105, 135] GeV

mCT > 160 GeV

Emiss
T > 200 GeV

mT ∈ [100, 140] GeV ∈ [140, 200] GeV > 200 GeV

Table 1.2: A summary of the signal region selections used in the SUSY Wh 1`+ bb̄+Emiss
T

analysis.

The invariant mass of the two b-jets, mbb, targets the Higgs boson mass, selecting62

events in the range 105 < mbb < 135 GeV. The contranservse mass, mCT, is required to63

satisfy mCT > 160 GeV, to effectively suppress the tt̄ process. The transverse mass, mT,64

is required to be greater than 100 GeV to suppress the W+jets background, with three65

bins defined to target different ∆M(χ̃±1 /χ̃
0
2, χ̃

0
1) scenarios.66

1.3 Background estimation67

The tt̄, single top and W+jets backgrounds are the most dominant backgrounds in the68

three SRs. Each of these major backgrounds have corresponding CRs defined in which to69

evaluate the process-specific normalisations, µprocess. The tt̄ CR is defined with 3 mT bins,70

matching the mT ranges of the 3 SR bins, named CR(tt̄)-LM, CR(tt̄)-MM and CR(tt̄)-71

HM, respectively. The top-pair CRs invert the selection on the mCT variable described in72

Chapter ?? to target the production of a pair of top quarks, while the selection on mbb is73

inverted as the distribution is not expected to peak around the Higgs masses. A single-bin74

CR for the single top background, CR(t), and a single-bin CR for the W+jets background,75

CR(W ), are also defined. The single-top CR is defined by requiring the mbb is large to76

target the presence of b-quarks coming from the decay of a top quark and the initial state77

gluon splitting. Finally, the W+jets CR exploits the mT variable, as described in Chapter78

??, to target the decay of a single leptonic W boson, while rejecting the tt̄ background.79

The full definitions of these regions are given in Table 1.3.

Region

Variable CR(tt̄-LM) CR(tt̄-MM) CR(tt̄-HM) CR(t) CR(W )

mT [GeV] ∈ [100, 140] ∈ [140, 200] > 200 > 100 ∈ [40, 100]

mCT [GeV] < 160 < 160 < 160 > 160 > 160

mbb [GeV] /∈ [105, 135] /∈ [105, 135] /∈ [105, 135] > 195 < 80

Emiss
T [GeV] > 200 > 200 > 200 > 200 > 200

Table 1.3: Control region definitions for the SUSY Wh 1`+ bb̄+ Emiss
T analysis.

80

81

5
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Six VRs are defined, three targeting mbb values in a window around the Higgs peak,82

mbb∈ [105, 135] GeV, with three further VRs targeting mbb values in the sideband region.83

The former VRs are referred to as ‘on-peak’ regions, denoted by VRon, while the latter are84

referred to as ‘off-peak’ regions and are denoted by VRoff. Each set of VRs mirrors the SR85

binning in the mT variable. The explicit VR definitions are given in Table 1.4.

Region

Variable VRon(LM) VRon(MM) VRon(HM)

mT [GeV] ∈ [100, 140] ∈ [140, 200] > 200

mCT [GeV] < 160 < 160 < 160

mbb [GeV] ∈ [105, 135] ∈ [105, 135] ∈ [105, 135]

Emiss
T [GeV] > 200 > 200 > 200

Region

Variable VRoff(LM) VRoff(MM) VRoff(HM)

mT [GeV] ∈ [100, 140] ∈ [140, 200] > 200

mCT [GeV] > 160 > 160 > 160

mbb [GeV] < 95 || ∈ [145, 195]

Emiss
T [GeV] > 180 > 180 > 180

Table 1.4: Validation region definitions for the SUSY Wh 1` + bb̄ + Emiss
T analysis. The

subscript ‘on’ and ‘off’ refer respectively to the mbb requirement targeting the Higgs boson,
hence ‘on-peak’, and targeting the sideband regions, or ‘off-peak’.

86

1.4 Systematic uncertainties87

Three sources of uncertainty are considered in this analysis; statistical uncertainties, arising88

from the finite statistics in both data and the MC, experimental systematics and modelling89

systematics. Section ?? describes the experimental systematics evaluated, along with the90

transfer factor prescription which is used to evaluate the modelling uncertainties in this91

analysis.92

93

The dominant experimental systematics originate from the JER, totalling upto 20% of94

the background uncertainty in SRMM, with the subdominant experimental systematics95

arising from the b-tagging uncertainties. The dominant theory uncertainties arise from the96

modelling of the tt̄ process, ranging from 15-20% of the total background uncertainty in97

the SRs. The uncertainty due to the interference between the Wt-channel single top and98

tt̄ processes ranges from 30% to 52% on the single top estimate in the SRs.99

6
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1`+ bb̄+ Emiss
T channel

Uncertainty of region SRLM SRMM SRHM

Total background expectation 5.7 2.8 4.6

Total background uncertainty ±2.3 ±1.0 ±1.2

Systematic, experimental ±1.3 ±0.7 ±0.6

Systematic, theoretical ±2.2 ±0.9 ±0.7

Statistical, MC samples ±1.1 ±0.5 ±0.6

Statistical, µTT,ST,Wj scale-factors ±0.8 ±0.6 ±1.3

Table 1.5: Table showing a summary of the experimental and modelling uncertainties in
the SUSY Wh 1`+ bb̄+ Emiss

T analysis.

1.5 Results100

Background-only fit results101

The results of the background-only fit in the CRs and SRs for the 1` + bb̄+Emiss
T channel102

are shown in Tables 1.6 and 1.7, respectively. As explained in Chapter ??, the background-103

only fit configuration uses only the CRs to normalise the dominant backgrounds, in this104

case tt̄ , single top and W+jets. The tt̄ background has 3 separate normalisation factors,105

one for each mT bin, such that data/MC differences in each region can be corrected in-106

dependently of each other. The results of the background-only fit are then extrapolated107

to the VRs and SRs, such that an estimate of the backgrounds in the SR can be derived108

without bias from any potential excesses in the SRs, or assumptions on the signal model109

itself. Excellent data/SM agreement is observed in the CRs and most of the VRs. In110

VRon-HM and SRMM, there are excesses between 1.5− 2σ.111

112

The normalisation factors derived for the tt̄ , single top and W+jets backgrounds using113

the background-only fit configuration are given in Table 1.8, showing all values are com-114

patible with unity.115

116

Post-fit distributions in the CRs are shown in Figure ??, where excellent data/SM agree-117

ment is observed. The uncertainty band in the ratio includes all statistical and systematic118

uncertainties on the SM backgrounds. Figure 1.4 shows the data/SM agreement in the119

VRs, where good agreement is observed within 2σ.120
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Control regions CR(tt̄)-LM CR(tt̄)-MM CR(tt̄)-HM CR(W ) CR(t)

Observed events 192 359 1115 72 65

Fitted bkg events 192± 14 359± 19 1115± 34 72± 9 65± 8

tt̄ 147± 33 325± 32 1020± 90 15± 14 20+23
−20

Single top 28± 25 22+24
−22 60+70

−60 4+6
−4 33± 25

W+jets 16± 7 7.3± 2.7 25± 11 51± 17 8± 4

tt̄V 1.16± 0.20 2.8± 0.4 6.9± 1.1 0.079± 0.022 3.2± 0.6

Diboson 0.57± 0.24 0.92± 0.29 1.3± 0.4 2.1± 1.1 0.84± 0.28

Others 0.125± 0.032 0.20± 0.06 1.9± 0.5 0.24± 0.17 0.10± 0.04

Table 1.6: Table showing the results of the background-only fit in the CRs of the SUSY
Wh 1`+ bb̄+ Emiss

T analysis. Excellent data/SM agreement is observed in all regions.

Signal regions SRLM SRMM SRHM

Observed events 6 7 5

Fitted bkg events 5.7± 2.3 2.8± 1.0 4.6± 1.2

tt̄ 3.4± 2.9 1.4± 1.0 1.1± 0.6

Single top (Wt) 1.4+1.4
−1.4 0.8+0.9

−0.8 1.2± 1.1

W + jets 0.6± 0.4 0.20± 0.11 1.6± 0.6

tt̄V 0.10± 0.04 0.32± 0.09 0.54± 0.14

Diboson 0.12+0.15
−0.12 0.05± 0.03 0.08± 0.02

Others 0.10± 0.05 0.03± 0.01 0.04± 0.02

Table 1.7: Table showing the background-only fit results in the SRs of the SUSY Wh
1`+ bb̄+ Emiss

T analysis. Excellent data/SM agreement is observed in SRLM and SRHM,
while in SRMM there is a small discrepancy of ∼ 2σ significance.
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Background normalisations

µ(tt̄-LM) 1.02± 0.14

µ(tt̄-MM) 1.15± 0.13

µ(tt̄-HM) 0.89+0.21
−0.20

µ(W ) 1.40± 0.5

µ(t) 1.10+0.7
−1.1

Table 1.8: Table showing the background normalisation factors for the SUSY Wh 1`+bb̄+
Emiss

T analysis, derived by performing a simultaneous fit of all CRs as described in Section
??.
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Figure 1.3: Plots showing the post-fit N-1 distributions of the key kinematic variables in
the CRs. The uncertainty band in the ratio plots contains MC statistical uncertainties and
all systematic uncertainties.
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Model-dependent results121

As shown in the background-only fit results presented previously, no significant excesses are122

observed in the SRs. In this case, model-dependent exclusion limits are set on χ̃±1 χ̃
0
2 pair-123

production decaying via the Wh signature to the 1`+bb̄+Emiss
T final state. As described in124

Section ??, the model-dependent fit configuration uses both the CRs and SRs to set 95%125

confidence limits on the presence of a given signal model. The model-dependent exclusion126

limits for the analysis using a dataset of 36.1fb−1 collected at
√
s = 13 TeV is shown in127

Figure 1.5, excluding χ̃±1 /χ̃
0
2 masses upto 550 GeV for a massless χ̃0
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Figure 1.5: Plots showing the sensitivity to χ̃±1 χ̃
0
2 pair-production with the Wh signature,

decaying via the 1`+ bb̄+Emiss
T channel.

128

Model-independent limits129

In addition to the model-dependent fit, 95% confidence limits are set on a generic BSM130

process using the model-independent fit strategy detailed in Section ??. A visible cross-131

section, σvis, is derived which represents the product of the signal selection efficiency, ε, the132

detector acceptance, A and the production cross-section for the BSM process, σBSM. The133

model-independent limits on σvis derived using the SRs defined early are shown in Table134

1.9, as well as limits on the expected and observed number of signal events.135
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σvis [fb] S95
obs S95

exp p0-value

SRLM 0.23 8.3 8.0+3.3
−2.2 0.46

SRMM 0.28 10.0 5.6+2.9
−1.7 0.04

SRHM 0.18 6.4 6.1+3.1
−1.9 0.44

Table 1.9: From left to right, the observed 95% CL upper limits on the visible cross-sections
σvis, the observed (S95

obs) and expected (S95
exp) 95% CL upper limits on the number of signal

events with ±1σ variations of the expectation, and the discovery p-value (p0).

As shown in Table 1.9, the upper limit on the visible cross-section for a generic BSM136

process ranges from 0.18-0.28 fb.137

1.6 Studies using 139fb−1 data138

The search for χ̃±1 χ̃
0
2 described previously in this Chapter made use of 36.1 fb−1 pp collision139

data collected by ATLAS at
√
s = 13 TeV. An update to this analysis was performed using140

the full Run-2 dataset [6], collected between 2015-2018, and using a reoptimisation of141

the selections described in Table 1.2. ML studies are currently underway to improve the142

sensitivity to the signal, with some initial studies presented in Section 1.6.143

Reoptimised analysis using full Run-2 dataset144

With the full Run-2 dataset of 139fb−1, the selections described in Table 1.2 were not145

sensitive to the signal, due to the relative size difference of the dominant SM background146

cross-sections to the signal. A reoptimised analysis strategy was developed, making use of147

multi-bin fits as described in Section ??, as well as the invariant mass of the lepton and148

the highest-pT b-tagged jet, m(`, b1), which is defined as:149

m(`, b1) =
(

(E`,1 + Eb,1)2 − ||p`,1 + pb,1||2
)1/2

. (1.6.1)

When the lepton and the leading b-jet are both from the decay of a top quark, the m(`, b1)150

distribution has a kinematic endpoint at
√
m2
t −m2

W , enabling good background rejection151

for processes with a leptonically-decaying top quark. The full SR definitions are given in152

Table 1.10. The major difference in the SR definitions of the 36.1fb−1 analysis (Table 1.2)153

and the 139fb−1 analysis (Table 1.10) is the binning in the mCT variable. Each of the three154

SR types, SRLM, SRMM and SRHM, is separated into three bins in mCT. As described in155

Section ??, performing a statistical analysis on multiple bins simutaneously can increase156

the sensitivity to a signal model. The SRs demarcated by (excl.) are the SRs used for157

the model-dependent fit, while the SRs demarcated by (disc.) were the ‘discovery’ SRs158

used for the model-independent fit. The discovery regions are inclusive in both mT and159

12



CHAPTER 1. SEARCHES FOR χ̃±
1 χ̃0

2 PAIR-PRODUCTION

SRLM SRMM SRHM

Nlepton = 1

p`1T [GeV] > 7(6) for e(µ)

Njet = 2 or 3

Nb-jet = 2

Emiss
T [GeV] > 240

mbb [GeV] ∈ [100, 140]

m(`, b1) [GeV] – – > 120

mT (excl.) [GeV] ∈ [100, 160] ∈ [160, 240] > 240

mCT (excl.) [GeV] {∈ [180, 230],∈ [230, 280], > 280}
mT (disc.) [GeV] > 100 > 160 > 240

mCT (disc.) [GeV] > 180

Table 1.10: Overview of the selection criteria for the signal regions. Each of the three
‘excl.’ SRs is binned in three mCT regions for a total of nine ‘excl.’ bins.

mCT , to remove any assumption about the shape of these distributions for a generic BSM160

signal. The background estimation strategy is very similar to that defined in Section 1.3.161

The data/SM agreement in all regions is shown in Figure 1.6, where good agreement is162

seen in all regions within 2σ. In the absence of a significant excess, exclusion limits are set163

at 95% CL, as shown in Figure 1.7. As shown in Figure 1.7, χ̃±1 /χ̃
0
2 masses upto 740 GeV164

were excluded by the analysis using a dataset of 139fb−1. The discrepancy between the165

expected and observed exclusion limits is due to the small overfluctuation of data between166

1− 2σ in several of the SR bins, as seen in Figure 1.6.167
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Figure 1.6: Plot showing the data/SM agreement in all CR/VR/SRs for the 139fb−1 SUSY
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ML studies168

In regions of phase space where the signal and background kinematics are very similar,169

selecting signals by applying selections to a discriminative variables will generally result in170

poor sensitivity. In this analysis, the separation of signal and background is particularly171

challenging in kinematically ‘compressed’ scenarios, where the mass-splitting of the χ̃±1 /χ̃
0
2172

and χ̃0
1 is small. The use of ML methods to separate kinematically-challenging signal pro-173

cesses from the dominant backgrounds was studied. The use of high-level variables, such174

as mT and mCT, defined as variables which are calculated using low-level, such as the175

transverse momenta of the objects, can enable ML classifiers to achieve sensitivity to the176

signal.177

178

Two ML classifiers were trained to separate the tt̄ process, Wt-channel single top pro-179

cess and a compressed benchmark signal model process, with m(χ̃±1 /χ̃
0
2) = 400 GeV and180

m(χ̃0
1) = 250 GeV. A boosted decision tree and a deep neural network, the general princi-181

ples of which are described in Chapter ??, were trained in the multiclass configuration on182

the following high-level and low-level variables:183

• High-level: Emiss
T , mT, mCT, mbb, m(`,b1), m(`,b2), ∆R(b1, b2)184

• Low-level: pT(`1), pT(b1), pT(b2), η(`1), η(b1), η(b2)185

It was found by testing the performance of models including both high-level and low-level186

variables and comparing to models with only high-level variables that no additional dis-187

crimination was achieved when including the low-level variables, and thus they were not188

included in subsequent trainings. As both ML models were trained as multiclass classifiers,189

the output of both models is a prediction for each class. In practice, this means there are190

three values output for each event, corresponding to how tt̄-like, how Wt-like and how191

signal-like each event is.192

193

The receiver operating characteristic (ROC) curve shown in Figure 1.8 shows the signal194

effiency versus background rejection for the tt̄, Wt and signal classes.195
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Figure 1.8: ROC curves showing the classification performance of the BDT and DNN for
tt̄, Wt-channel single top and signal classes.

Each ROC curve is a measure of how well a classifier separates one class from the oth-196

ers. The area under curve (AUC) value is the integral of the ROC curve, and is a measure197

of the classification accuracy of a model. As can be seen, the classification accuracy for198

both the BDT and DNN correctly selects signal events versus the background classes most199

frequently.200

201

The bulk of this work was in developing the ML framework. An analysis using this ML202

framework is currently under development and will be the subject of another Thesis from203

the University of Liverpool.204
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Chapter 2205

Search for Dark Matter produced206

in association with a Top Quark207

This Chapter presents a search for the production of Dark Matter (DM) in association208

with a single top quark, also referred to as DMt, using the full Run-2 dataset collected by209

ATLAS of 139fb−1. The results of the analysis are interpreted in the context of a simpli-210

fied model of DM production, where the DM is coupled to an extended SM Higgs sector211

(2HDM) by a massive, spin-0, pseudoscalar mediator, a.212

213

This Chapter focuses mainly on the tW+Emiss
T signature with a single lepton final state.214

A complementary analysis of the two lepton final state was also performed, as documented215

in [7], and will not be detailed here. In addition to the tW+Emiss
T signature, it was found216

that the sensitivity of these analyses to DM produced in association with a tt̄ pair, referred217

to as DMtt̄, was non-negligble. The overall sensitivity of this analysis to the DMt+tt̄ signal218

was evaluted and is detailed in the fit results. Finally, in addition to the independent anal-219

yses of the single- and two-lepton final states, both channels were statistically-combined220

to increase the sensitivity to the DMt and DMt+ tt̄ signals.221

222

This Chapter begins with a description of the simplfied DM model used to interpret the223

results, focusing on the experimental signature of interest, the tW+Emiss
T signature. The224

SR optimisation and selections, as well as the background estimation strategy are doc-225

umented, before finally presenting the analysis results. Firstly, the background-only fit226

results in the CRs and SRs are presented, before presenting the model-dependent and227

model-independent results.228

2.1 2HDM+a signal model229

As described in Section ??, there is a strong motivation for performing searches for the pro-230

duction of Dark Matter (DM) at the LHC. Many searches for DM production have already231
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been carried out using ATLAS data, with the results of the searches being interpreted232

in the context of the LHC DM simplfied models, as described in [8–10]. These models233

introduce a new, spin-0 pseudoscalar mediator which couples the SM to DM. However,234

such models have a limited phenomenology [11], and examples of these models violating235

gauge invariance and unitarity have also studied [12]. Therefore, while the DM simplified236

models serve as an excellent benchmark in searches for DM production, a more complete237

and theoretically-consistent description of DM production is needed.238

239

The simplest extension to the LHC DM simplified models adds a second Higgs doublet240

to the SM (2HDM). This enables the mixing of the spin-0 mediator with the SM, while241

also not violating constraints set on the SM Higgs couplings. The particular model of242

interest in this thesis is the case of a 2HDM model, with an additional pseudoscalar medi-243

ator, a. For this model, the tW+Emiss
T signature has not been previously studied, but has244

been shown to have promising potential in sensitivity studies [11]. The dominant Feynman245

diagrams for this signature are shown in Figure 2.1. The diagram shown in Figure 2.1a246

is present in the LHC DM simplified models, while the diagram shown in Figure 2.1b is247

only present in the 2HDM+a model. The latter diagram gives an approximate order-of-248

magnitude enhancement to the pp→ tWχχ cross-section through the on-shell production249

of the charged Higgs, H−. The additional diagrams from the 2HDM+a model also interfere250

destructively with the diagrams from the LHC DM simplified model, restoring unitarity.251

directly, leading to a di↵erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as
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ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
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Figure 2.1: Feynman diagram for dark matter production in the Wt channel, in the context
of a 2HDM+a model. This chapter documents studies done in the single lepton channel,
where one of the W bosons in the event decays leptonically.

In addition to the tW+Emiss
T signature, the analysis described in the later sections of252

this Chapter is also sensitive to the tt̄+Emiss
T signature of associated DM production. A253

rescaling procedure is applied to the DMtt̄ process, which is generated, using the DMSimp254
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framework [13], in the context of a simplified DM production model in which the pseu-255

doscalar mediator a directly couples to the SM. The Feynman diagram for this process256

is shown in Figure 2.2. The predictions of this simplified model are rescaled to correctly257

model the prediction using the 2HDM+a model using the procedure described in [14],258

which also includes contributions from the heavy pseudoscalar A.259

a

g

g

t̄

χ

χ

t

Figure 2.2: Diagram of DM produced in association with a tt̄ pair, in the context of the
2HDM+a model under study in this Chapter. The sensitivity of the analysis described
later in this Chapter to this signal is shown in Section 2.5.

The model under study in this Chapter is described in detail in [14], but an overview260

of the most prominent parameters and the choices assigned is given here. As previously261

described in Section ??, models with a second Higgs doublet comprise five physical states;262

the CP-even scalars h and H, the CP-odd pseudoscalar A, and two charged Higgs bosons263

H±. The coupling of the extended Higgs sector is of Type-II, such that one Higgs doublet264

couples to up-type fermions while the other couples to down-type fermions. The mixing in265

the extended Higgs sector is specified by three mixing angles, α, θ and β. α represents the266

mixing angle of the two CP-even states, θ represents the mixing of the CP-odd states, and267

tanβ represents the ratio of the VEVS of the two Higgs doublets. The alignment limit is268

assumed, where cos(β−α) = 0, such that h can be identified with the SM Higgs boson. To269

enhance the sensitivity to this model, it is assumed that there is maximal mixing between270

the Higgs sector and the mediator, A and a, and as such it is assumed that sinθ = 1/
√

2.271

As described in [14], it is assumed the masses of the CP-even neutral Higgs, the CP-odd272

Higgs and the charged Higgs states are degenerate, and the mass of the DM, mχ is set273

equal to 10 GeV. Finally, the DM coupling to a is set equal to unity, yχ = 1. Therefore,274

there are three free parameters; tanβ, mH± and ma. In order to set model-dependent275

limits on this process, two planes are defined to cover the largest possible region of the276

available model phase space. The first is a scan in the ma,mH± plane, assuming tanβ = 1,277

while the second plane is a scan in the mH±, tanβ plane, assuming ma = 250 GeV. The278

cross-section dependence on tanβ for the DMt and DMtt̄ processes is shown in Figure 2.3,279

with ma = 250 GeV and mH± = 600 GeV. As seen, the cross-section for the DMtt̄ process280

has a 1/tan2β dependence, while the DMt has a more complex dependence on the value of281
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tanβ. A summary of the model parameter choices is given in Table 2.1.282

Fixed parameters Assumption

sinθ = 1/
√

2

cos(β − α) = 0

mh = 125 GeV

mH , mA, mH± Degenerate

mχ = 10 GeV

yχ = 1

Table 2.1: A table summarising the model parameter assumptions for the simplified
2HDM+a model of DM production as described in [14].
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Figure 2.3: Diagram showing the production cross-section of DM produced in association
with tW , t and tt̄. The associated tt̄ production cross-section is proportional to 1/tan2β
as described in [15].

2.2 Event selection283

The event selection for this analysis begins with a set of preliminary, loose selections, known284

as ‘preselection’. The preselection cuts aim to select events matching the signal topology,285

while rejecting events with different topologies. All events are required to have exactly286

1 electron or muon in the final state, with any additional reconstructed leptons failing287

the ‘signal’ lepton requirements being rejected. At least three jets are required, to target288

events with at least one hadronically-decaying W boson, and at least one b-tagged jet is289
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required to select events with a top quark. To minimise the background contribution from290

tt̄, events with a second b-tagged jet required it has a transverse momentum pT(b2) < 50291

GeV. The jets and Emiss
T must have an angular separation of at least 0.5 rad, to reject292

events which have mismeasured jets. All events are required to pass the event cleaning293

procedure described in Section ??, as well as passing one of the Emiss
T triggers as described294

in Section ??. In order to ensure a constant Emiss
T trigger efficiency, all events are required295

to have Emiss
T > 250 GeV. The full preselection requirements for this analysis are defined296

in Table 2.2. The definitions for the objects used in this analysis are described in Chapter297

??.298

Variable Selection

Nbaseline
` = 1

N signal
` = 1

pT(`1) > 30 GeV

Njet ≥ 3

pT(jet) > 30 GeV

Nb−jet ≥ 1

pT(b− jet) > 50 GeV

Emiss
T > 250 GeV

mT > 30 GeV

|∆φ| > 0.5 [rad]

Table 2.2: Preliminary selections used for the tW+Emiss
T analysis. All events are also

required to pass the Emiss
T trigger, and the event cleaning requirements detailed in Section

??.The object definitions used are detailed in Chapter ??.

At the preselection-level, the dominant backgrounds, estimated from MC-only, are tt̄299

(67%), W+jets (18%) and single top production (11%), where the percentages in parenthe-300

sis represents the contribution of that process to the total background. Four key variables301

were identified which enabled rejection of the backgrounds while maintaining a reasonably302

high signal selection efficiency; Emiss
T , mT, amT2 and mhad

W . These variables are defined in303

Section ??. The amT2, mTand mhad
W variables formed the inputs to simultaneous adaptive304

random grid search and genetic algorithms, as described in Section ??. The SR selections305

are summarised in Table 2.3.306

2.3 Background estimation307

The major backgrounds in the Emiss
T bins of the SR vary, depending on bin, between tt̄ and308

W+jets, with smaller contributions from Wt-channel single top production, tt̄ + V and309

the diboson backgrounds. A single-bin CR for the tt̄ background, CR(tt̄) and a 2-bin CR310

for the W+jets background, CR(W ), are defined. For the W+jets background, the CR is311
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Variable SRBin0
1L SRBin1

1L SRBin2
1L SRBin3

1L SRBin4
1L

pT(b2) [GeV] < 50 < 50 < 50 < 50 < 50

mT [GeV] > 200 > 200 > 200 > 200 > 200

amT2 [GeV] > 220 > 220 > 220 > 220 > 220

mhad
W [GeV] > 60 > 60 > 60 > 60 > 60

Emiss
T [GeV] ∈ [250, 300] ∈ [300, 400] ∈ [400, 500] ∈ [500, 600] > 600

Table 2.3: Signal region definitions for the tW+Emiss
T analysis.
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Figure 2.4: Post-fit plots of the key kinematic variables. The uncertainty band in the ratio
plot contains only the MC statistical uncertainty and the experimental uncertainties.
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separated into 2 bins of lepton charge to exploit the charge asymmetry of W± production.312

The definitions of the CRs are given in Table 2.4.313

Variable CR(tt̄) CR(W )

N signal
` = 1

pT(b1) [GeV] > 50

pT(b2) [GeV] > 50 < 50

Emiss
T [GeV] > 250

amT2 [GeV] < 220 > 220

mT [GeV] > 200 ∈ [40, 100]

mhad
W [GeV] − < 60

Table 2.4: Control region definitions for the tW+Emiss
T analysis. The W+jets CR is split

into two bins of lepton charge, such that the W± production charge asymmetry can be
exploited.

6 validation regions are defined which are in a region of kinematic phase space that is314

between the CRs and SRs. Two tt̄ VRs are defined in order to validate the extrapolation315

of amT2 and mW , while for the W+jets background, two VRs are defined to validate the316

extrapolation of mT and mW . Each of the W+jets VRs is split into two bins of lepton317

charge to mirror the CR definition. The VR definitions are explicitly defined in Table 2.5.318

Variable VR1(tt̄) VR2(tt̄) VR1(W ) VR2(W )

N signal
` = 1

pT(b2) [GeV] < 50

Emiss
T [GeV] > 250

amT2 [GeV] < 220 > 220 > 220 > 220

mT [GeV] > 200 > 200 ∈ [40, 100] > 100

mhad
W [GeV] − < 60 > 60 < 60

Table 2.5: Validation region definitions for the tW+Emiss
T analysis. The W+jets VRs, like

the CR, are each split into two bins of lepton charge.

2.4 Systematic uncertainties319

In addition to statistical uncertainties in the MC and on data, systematic uncertainties are320

evaluated on all MC background and signal samples, from both experimental and modelling321

sources. The experimental systematics considered are described in Section ??. The domi-322

nant experimental systematics in the SRs are from the JES, JER and b-tagging efficiency323

systematics. The modelling uncertainties on the tt̄ and single top backgrounds are the dom-324

inant modelling systematics in the SRs. The impact of the choice of the hard-scattering325
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generator for the tt̄ and single-top backgrounds is evaluated by comparing the Powheg-Box326

nominal prediction with MadGraph5 aMC@NLO, both interfaced to Pythia8. To assess the327

impact of the PS and hadronisation modelling, the nominal Powheg+Pythia8configuration328

is compared with the nominal hard-scatter generator configuration interfaced to Herwig7.329

As previously described in Section ??, the uncertainty due to the modelling of the interfer-330

ence between the tt̄ and Wt processes is evaluated by comparing the DR and DS schemes,331

with the derived uncertainty applied to the nominal Wt prediction. The uncertainty due to332

the choice of renormalisation and factorisation scales, as well as the ISR and FSR param-333

eters are varied using internal weights in the nominal sample. Table 2.6 gives an overview334

of the size of the dominant systematics in this analysis.

Uncertainty of region SRBin0
1L SRBin1

1L SRBin2
1L SRBin3

1L SRBin4
1L

Total background expectation 169.1 171.3 54.7 20.2 15.6

Total background uncertainty 14.0 13.3 6.1 2.8 2.8

Systematic, experimental 6.6 2.6 1.24 0.7 0.4

Systematic, theoretical 4.5 7.3 3.4 1.06 1.12

Statistical, MC samples 4.1 4.1 2.3 1.1 1.2

Statistical, µ scale-factors 8.1 6.7 1.6 0.4 0.3

Table 2.6: Table showing a summary of the dominant experimental and modelling uncer-
tainties.

335

2.5 Results336

Background-only fit results337

The background-only fit results in the CRs, VRs and SR bins for the single lepton channel338

are shown in Tables 2.7, 2.8 and 2.9, respectively. In this configuration, only the CRs enter339

the fit, allowing an estimate of the backgrounds in the VRs and SRs without any signal340

assumptions. Generally, excellent data/MC agreement is observed in the CRs and VRs,341

while in the SRs there are ∼ 1σ excesses in bins 0 and 1 and an ∼ 1σ underfluctuation of342

data in bin 4.343

344

The background normalisation factors for the tt̄ and W+jets backgrounds, which are de-345

rived in the CRs, are shown in Table 2.10. These show excellent compatibility with the346

SM, agreeing with unity within 1σ.347

348

Figures 2.5, 2.6 and 2.7 show the key kinematic variables for the CRs, VRs and SRs, re-349

spectively, including background normalisation factors from the background-only fit. Good350

modelling is seen in these variables.351
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Control regions CR(tt̄) CR(W+) CR(W−)

Observed events 911 3143 1653

Fitted bkg events 907.41± 30.52 3135.45± 56.87 1665.08± 37.50

tt̄ 846.96± 34.11 748.75± 83.42 720.78± 86.33

Single top 19.82± 11.53 276.59± 69.50 257.00± 70.15

W+jets 3.18± 0.75 2005.00± 98.23 625.41± 42.11

Z+jets 0.13+0.16
−0.13 6.63± 0.99 8.39± 1.29

Diboson 0.87± 0.25 88.85± 15.55 46.05± 8.01

tt̄V 31.01± 7.12 8.16± 2.69 5.96± 1.52

tt̄H 4.37± 0.41 1.12± 0.17 1.17± 0.11

tWZ 1.07± 0.29 0.36± 0.13 0.32± 0.11

Table 2.7: Results of the background-only fit in the control regions for the single lepton
channel of the search targeting the 2HDM+a tW+Emiss

T signature. This fit includes only
the control regions used to normalise the tt̄ and W+jets backgrounds.
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Signal regions SR1LBin0 SR1LBin1 SR1LBin2 SR1LBin3 SR1LBin4

Observed events 182 191 60 24 12

Fitted bkg events 169.12± 13.98 171.28± 13.34 54.70± 6.05 20.16± 2.84 15.55± 2.79

tt̄ 101.34± 11.94 83.65± 11.53 20.07± 4.56 5.12± 1.70 2.31± 1.48

Single top 16.28± 5.19 17.26± 5.22 5.42± 3.23 2.00± 1.77 1.68+2.02
−1.68

W+jets 27.77± 4.02 37.05± 4.34 14.24± 2.44 6.11± 0.97 5.87± 1.08

Z+jets 2.02± 0.91 1.10± 0.68 0.33± 0.09 0.15± 0.04 0.15± 0.02

Diboson 7.20± 1.69 9.65± 2.00 4.59± 1.00 2.24± 0.47 2.59± 0.65

tt̄V 12.28± 1.36 19.55± 3.51 8.71± 1.20 4.05± 0.72 2.53± 0.45

tt̄H 0.56± 0.06 0.60± 0.06 0.17± 0.02 0.06± 0.02 0.03± 0.00

tWZ 1.66± 0.21 2.42± 0.46 1.17± 0.15 0.42± 0.09 0.39± 0.09

Table 2.9: Results of the background-only fit in the signal region for the single lepton
channel of the search targeting the 2HDM+a tW+Emiss

T signature. This fit includes only
the control regions used to normalise the tt̄ and W+jets backgrounds.

1` analysis

µ(tt̄) 0.96± 0.08

µ(W) 1.01± 0.05

1`+ 2` combination

µ(tt̄ 1`) 0.96± 0.08

µ(tt̄ 2`) 1.00± 0.03

µ(W) 1.01± 0.05

µ(WZ) 0.75± 0.26

µ(tt̄Z) 0.81± 0.16

Table 2.10: Background normalisation factors the tW+Emiss
T analysis
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Figure 2.5: Post-fit distributions of the Emiss
T variable in all CRs. Excellent data/MC

agreement is observed. The uncertainty band on the ratio contains the MC statistical,
experimental and modelling uncertainties.
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Figure 2.6: Plots showing the Emiss
T distribution in all VRs. Good agreement between

data and MC in all regions is observed. The uncertainy band on the ratio includes MC
statistical, experimental and modelling uncertainties.
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Figure 2.7: Plots showing the post-fit N-1 distributions of the key kinematic variables.
In these plots, all selections are applied except those on the variable being plotted. All
uncertainties are included in the error band on the ratio. No significant excess is observed
in the SR bins.
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Figure 2.8: Summary plot showing the data/MC agreement in all control and val-
idation regions for the single lepton channel of the search targeting the 2HDM+a
tW+Emiss

T signature. The uncertainty used to calculate the significance of the data/MC
difference includes the statistical component on the MC and the data, as well as the total
systematic uncertainty on the background estimate.

Model-dependent limits352

In the absence of a significant excess, limits are set on the 2HDM+a model at 95% con-353

fidence limits using the previously described prescription. Model-dependent limits are set354

on the DMt and the DMt+ tt̄ signatures, in both the ma −mH± and mH±− tanβ planes.355

For the DMt signature, H± masses are excluded upto 1250 GeV for ma = 100 GeV, while356

for the DMt + tt̄ signature masses above 1400 GeV are excluded. The observed limit of357

the statistical combination of the 1` and 2` channels is not as sensitive as the dedicated 1`358

channel due to the 2σ excess in the 2` SR.359
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Figure 2.9: Plots showing the sensivitity to the 2HDM+a signal with the
tW+Emiss

T signature. Limits are shown in both the ma-mH± plane (a) and the mH±-tan(β)
plane (b). Limits are shown for the analyses targeting the single lepton and di-lepton final
states, along with the statistical combination of both channels.
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Figure 2.10: Plots showing the sensivitity to the 2HDM+a signal for both tW and tt̄
signatures. Limits are shown in both the ma-mH± plane (a) and the mH±-tan(β) plane
(b). Limits are shown for the analyses targeting the single lepton and di-lepton final states,
along with the statistical combination of both channels.
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Model-independent limits360

In addition to model-dependent limits being set on the 2HDM+a signal model, with both361

tW and tW + tt̄ signatures, 95% CL limits are set on any generic BSM processes using the362

model-independent fit strategy described in Section ??. The limits are presented as limits363

on the visible cross-section, σvis = ε · A · σBSM , where ε is the signal selection efficiency,364

A is the detector acceptance, and σvis is the production cross-section for a generic BSM365

process. To set limits on a generic BSM process, the SR definition from Table 2.3 are366

modified, such that the individual SR bins have no upper Emiss
T limit and rather only a367

lower Emiss
T threshold. The yields in these modified, ‘inclusive’ SR bins are shown in Table368

2.11. The results of the model-independent fit are shown in Table 2.12, as 95% CL limits369

on the expected and observed number of signal events.370

Inclusive signal regions

Emiss
T threshold [GeV] > 250 > 300 > 400 > 500 > 600

Observed events 469 287 96 36 12

Fitted bkg events 431.47± 27.12 261.90± 20.10 90.65± 10.07 35.94± 5.22 15.54± 2.77

tt̄ 212.61± 25.01 111.14± 17.69 27.51± 7.36 7.44± 2.94 2.31± 1.48

Single top 43.28± 14.49 26.66± 11.76 9.35± 6.53 3.92± 3.85 1.68+2.02
−1.68

W+jets 91.05± 7.64 63.29± 5.47 26.24± 2.82 11.99± 1.67 5.87± 1.08

Z+jets 3.76± 1.03 1.72± 0.69 0.62± 0.12 0.30± 0.05 0.15± 0.02

Diboson 26.26± 5.49 19.06± 3.92 9.42± 1.97 4.83± 1.01 2.59± 0.65

tt̄V 47.01± 2.76 34.75± 2.39 15.27± 1.17 6.57± 0.48 2.53± 0.33

tt̄H 1.42± 0.09 0.87± 0.07 0.26± 0.02 0.09± 0.02 0.03± 0.00

tWZ 6.07± 0.37 4.40± 0.31 1.99± 0.13 0.81± 0.08 0.39± 0.04

Table 2.11: Table showing the expected and observed yields in the modified signal regions
for the determination of the model-independent limits.

Region 〈εσ〉95
obs[fb] S95

obs S95
exp

SR1L (Emiss
T > 250 GeV) 0.72 100.6 66.7+32.7

−16.4

SR1L (Emiss
T > 300 GeV) 0.51 70.8 54.1+16.0

−15.9

SR1L (Emiss
T > 400 GeV) 0.24 32.9 29.4+10.1

−6.4

SR1L (Emiss
T > 500 GeV) 0.14 18.9 18.7+7.6

−4.9

SR1L (Emiss
T > 600 GeV) 0.08 10.6 12.0+2.7

−3.6

Table 2.12: Table showing the model-independent limits derived for the five modified
inclusive SRs. Upper limits on the visible cross-sections of BSM physics between 0.08-
0.72fb are excluded at 95% confidence limits, translating to an upper limit of around 100
events with a dataset of 139fb−1.
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Part II371

High-Luminosity LHC studies372
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Chapter 3373

Testbeam studies of FE-I4 and374

RD53A performance at HL-LHC375

The Run-2 period of data taking concluded in 2018, with ATLAS having recorded a dataset376

totalling 139 fb−1, making way for the start of Long Shutdown 2 (LS2). With LS2 comes377

the start of preparations for the next phase of the scientific programme of the LHC and378

ATLAS, the High-Luminosity phase. The High-Luminosity LHC (HL-LHC) will begin run-379

ning in the mid-2020s, bringing instantaneous luminosities around 5 times higher than in380

Run-2, reaching 7.5×1034 cm−2s−1 at
√
s = 14 TeV. The total integrated luminosity to be381

recorded by ATLAS during this period is expected to total 3000-4000 fb−1. Both the LHC382

and ATLAS will undergo numerous upgrades to prepare for the HL-LHC operations phase.383

384

The first set of upgrades to the ATLAS detector, known as the Phase I upgrades, will take385

place in Long Shutdown 2 (LS2), between 2019-2021. The New Small Wheel (NSW) [16]386

will replace the current muon end-cap system, providing precision tracking and triggering387

capabilities. In addition, upgrades will be made to the electronics of the LAr calorimeter388

system, providing higher-granularity information to the L1 trigger [17].389

390

Following the completion of Run-3 of LHC operations, both ATLAS and LHC will go391

into Long Shutdown 3 (LS3). During the High-Luminosity LHC (HL-LHC) phase, the392

instantaneous luminosity is estimated to result in an average of 200 inelastic pp collisions393

in each bunch-crossing, with bunch-crossings occuring every 25 ns. This instantaneous394

luminosity far exceeds the design of the ATLAS detector described in Chapter ??. The395

increase in luminosity will render the current ID of the ATLAS detector inoperable, and396

hence a new tracker will be installed, known as the ATLAS Inner Tracker (ITk). The ITk397

will be constructed using only silicon pixel and strip modules, as these technologies are398

suited for high-occupancy, high-radiation environments. This Chapter documents studies399

performed on the performance of pixel modules for the upcoming ATLAS Inner Tracker400
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(ITk) upgrade. In particular, test beam studies were performed using FE-I4 modules, the401

pixel modules currently being used in the IBL, to validate the reconstruction and analysis402

workflow. Preliminary plots from the RD53a modules, a prototype version of the modules403

to be used in the ITk, are also shown.404

3.1 ATLAS ITk upgrade405

The ATLAS ITk, which is to be installed during the Phase II upgrades to the ATLAS de-406

tector, will replace the ATLAS ID during LS3. The ITk is an all silicon tracking detector,407

consisting of pixel and strip modules [18, 19]. Figure 3.1 shows the ATLAS ITk layout,408

where the blue elements correspond to the strip detector modules, while the red elements409

correspond to the pixel detector modules.

Figure 3.1: A schematic diagram, showing the ATLAS ITk layout for active detector
elements. The detector elements shown in blue correspond to the strip detector, while the
red elements correspond to the pixel detector.

410

The ITk aims to provide excellent tracking performance and efficiency, while operating411

in conditions where 〈µ〉 = 200, and also extending the tracking coverage upto |η| < 4.412

In addition to the challenging pileup conditions, the fluence is expected to be as high as413

3× 1016 neq/cm2, and hence the ITk must be extremely radiation-hard.414

415

The pixel detector forms the innermost 5 layers and is surrounded by the strip detector.416

Between the two subdetectors, as many as 13 hits will be recorded for charged particles417

traversing the detector. The increase in the tracking granularity in the ITk is expected418

to improve the current track efficiency performance, despite the harsh pileup conditions,419

while the rate of fake tracks being reconstructed is expected to reduce significantly. Figure420
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3.2 shows the track reconstruction efficiency and fake rate as a function of |η| for simulated421

tt̄ events, comparing the ITk performance with 〈µ〉 = 200 to the Run-2 performance.
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Figure 3.2: Plots showing the track reconstruction efficiency (3.2a) and fake rate (3.2b)
for simulated tt̄ events, comparing the ITk performance with 〈µ〉 = 200 to the Run-2
performance [20].

422

3.2 Experimental setup423

DESY beam424

DESY, the Deutsches Elektronen-Synchrotron, provides test beam facilities to experi-425

mental teams, allowing tests of the performance of detector devices. The DESY-II syn-426

chrotron [21], which begin operations in 1987, accelerates electrons or positrons, with427

momenta selectable between 1-6 GeV. A diagram showing the layout of the DESY-II test428

beam facility is shown in Figure 3.3.

T21

 e-(e+) DESY II

TEST BEAM

Primary
Target

Secondary
Target
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 e +  e -
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e-
T22
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Figure 3.3: Diagram of the DESY-II test beam facility [21].

429

The primary target, a 7 µm thick fiber, is placed in the beam orbit, which creates430

bremsstrahlung photons. The bremsstrahlung photons exit the DESY-II beam, travelling431
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around 22m to hit the secondary targets. When these photons interact with the secondary432

target, electron-positron pairs are produced. The secondary targets are situated in front433

of the test beam facility dipole magnet, which allow the secondary electrons and positrons434

to be directed to three test beam halls, T21, T22 and T24.435

EUDET setup436

Test beam analyses at the DESY facility are performed using an EUDET-type beam tele-437

scope [22]. The telescope itself is a small tracking detector, comprising six silicon pixel438

sensors which are used to provide reference track hits, a triggering system which consists439

of four scintillators (two at the front of the telescope and two at the back) with photo mul-440

tiplier tubes (PMTs) and a trigger logic unit (TLU), and finally a data acquisition (DAQ)441

system which reads out the hits and trigger information. A photograph of the EUDET442

telescope from a test beam in December 2018 is shown in Figure 3.4 for reference.

Figure 3.4: A photograph of the EUDET telescope at DESY from a test beam in December
2018. Here, the six telescope planes are clearly visible, with two RD53a modules situated
between the two groups of three telescope planes.

443

444

The six telescope sensor planes are arranged into two sets of three sensors with space445

between to insert a device-under-test (DUT). Telescope track hits are provided by these446

six planes, each of which has a MIMOSA 26 CMOS sensor. Each MIMOSA 26 sensor447

has 1152 columns and 576 rows of pixels, each of which is 18.4µm × 18.4µm. The total448

instrumented area of each telescope which can collect hit information, known as the active449

area, is 10.6 mm× 21.1 mm. A schematic diagram of the layout of the telescope planes is450
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given in Figure 3.5.

Figure 3.5: Schematic diagram of the layout of the six MIMOSA 26 telescope planes [22].

451

The telescope planes operate at a 80 MHz clock rate, with each row taking 16 cycles to452

be read out. This translates to the telescope being able to be fully read out approximately453

8680 times per second. Reading out at this rate would produce huge amounts of data,454

much of which would be of no use to the subsequent analysis, and hence a trigger system455

is employed to only read out the telescope planes and DUTs when there is a signal, i.e.456

a particle passes through the telescope. When a particle enters the scintillator material,457

ionisation can occur which leads to the subsequent emission of photons. If all four PMTs458

detector photons being emitted by their respective scintillators, the trigger is passed and459

the telescope and DUTs are read out.460

3.3 Reconstruction and analysis461

Reconstruction of test beam data is performed using the EUTelescope framework using462

a multi-step approach. The most important steps are clustering, hit making, alignment463

and finally track-fitting. A schematic diagram of the EUTelescope reconstruction steps is464

shown in Figure 3.6.465

In order to measure the efficiency of a DUT, the reconstructed tracks from the telescope466

planes must be matched to hits in the DUT. The global efficiency of a DUT is given by467

εDUT =
Ntracks, matched

Ntracks
, (3.3.1)

where Ntracks is the total number of telescope tracks and Ntracks, matched is the subset of468

those which have a matching hit in the DUT. After HL-LHC radiation doses, the desired469

efficiency of each pixel module is to be above 97%. The in-pixel efficiency measures the470

efficiency of each pixel, and is calculated by taking the ratio of the471
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Figure 3.6: Diagram showing the workflow for reconstructing data taken at test beams,
using the EUTelescope framework.

472

Two FE-I4 modules [23] were used to validate the reconstruction and analysis setup. These473

modules have 26880 pixels arranged in 80 columns and 336 rows, with an asymmetric pixel474

pitch of 250 µm by 50 µm. Hitmaps for the two FE-I4 modules are shown in Figure 3.7.
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Figure 3.7: Hitmaps for the two FE-I4 DUTs. All hits recorded are in the shadow of the
scintillators, as hits on the sensor outside the scintillator area would not trigger the read
out.

475

One FE-I4 module was irradiated to fluences representative of that expected in the HL-476

LHC, such that the efficiency could be compared with the efficiency at the start of HL-LHC477

operations. The global efficiency of the unirradiated module, ‘DUT 21’, was found to be478

97.5%, while for the irradiated module, ‘DUT 22’, the global efficiency was found to be479

95.1%. In order to account for reconstruction inefficiencies, the relative efficiency of the480
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irradiated DUT to the unirradiated DUT is found by taking the ratio of their global effi-481

ciencies. The relative efficiency of the irradiated module is 97.5%. The global and in-pixel482

efficiency maps for these two modules are shown in Figure 3.8.

0 10 20 30 40 50 60 70
Column

0

50

100

150

200

250

300R
o

w

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Efficiency Map DUT 21

(a)

0 10 20 30 40 50 60 70
Column

0

50

100

150

200

250

300R
o

w

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Efficiency Map DUT 22

(b)

0 20 40 60 80 100 120 140 160 180 200 220 240
m]µLong Side [

0

5

10

15

20

25

30

35

40

45

50

m
]

µ
S

h
o

rt
 S

id
e[

0.8

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

Efficiency Pixel Map DUT 21 Geometry 0 

(c)

0 20 40 60 80 100 120 140 160 180 200 220 240
m]µLong Side [

0

5

10

15

20

25

30

35

40

45

50

m
]

µ
S

h
o

rt
 S

id
e[

0.8

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

Efficiency Pixel Map DUT 22 Geometry 0 

(d)

Figure 3.8: Plots showing the global (3.8a and 3.8b) and in-pixel efficiency maps (3.8c and
3.8d) for the two FE-I4 modules.

483

Initial studies on using the reconstruction framework described earlier were performed for484

the RD53A hybrid [24], which is a prototype version of the eventual ITk pixel modules.485

Work on the reconstruction and analysis of RD53A test beam data is on-going at the time486

of writing.487
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Chapter 4488

Sensitivity to χ̃±1 χ̃
0
2 pair-production489

at the HL-LHC490

This chapter explores the potential sensivitivity of a search for chargino-neutralino pair-491

production using the ATLAS detector during the HL-LHC phase of operation. The HL-492

LHC is expected to begin operation in the latter half of the 2020’s, bringing instantanenous493

luminosities around an order of magnitude higher than those currently at the LHC (7.5×494

1034), along with an increase in centre-of-mass energy to
√
s = 14 TeV. It is expected that495

by the end of the HL-LHC phase, ATLAS will have taken 3000fb−1 of data, an expected496

ten-fold increase over the combination of Runs 2 and 3.497

Along with the increased luminosity and collision energy delivered by the LHC, the498

ATLAS detector will be undergoing major upgrades in Long Shutdown 3 (LS3), providing499

an overhaul of many of the detector’s subsystems. Of particular note is the new Inner500

Tracker (ITk), which will replace the current innermost tracking layers of the current501

ATLAS detector, vastly improving on the vertex resolution which will enable accurate track502

reconstruction in collisions with an average number of interactions per bunch-crossing, 〈µ〉,503

of 200. Figure 4.1 shows a simulated tt̄ event display from the ATLAS ITk in the expected504

pileup conditions at the HL-LHC.505

With the increased centre-of-mass energy and the expected 3000fb−1 dataset, the506

physics analysis potential of the HL-LHC is unprecedented. Much of the HL-LHC physics507

program will be devoted to precision measurements of properties related to the Higgs bo-508

son and its relationship with the symmetry breaking mechanism of the electroweak sector509

of the SM. First sensitivity to the Higgs self-coupling is expected to be possible in the510

HH → bb̄γγ channel through both a conventional cut-and-count analysis [25] and a mul-511

tivariate analysis [26]. This measurement will be used in combination with measurements512

in other final states, such as bb̄ττ and bb̄bb̄ [27], further increasing sensitivity. It is also513

expected that measurements of the largest Higgs boson couplings to SM particles will be514

done with percent-level precision. Along with increased precision in measurements and515
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Figure 4.1: An event display of a simulated tt̄ event in the ATLAS ITk at the HL-LHC,
where there are an expected 200 interactions per bunch-crossing.

sensitivity to SM properties, the HL-LHC will also bring increased sensitivity to TeV-scale516

new physics. This chapter describes one such prospects analysis, forming part of a plethora517

of sensitivity studies [28].518

The analysis described in this chapter targets the same signal model as in Chapter519

??, with a final state of a single electron/muon, two b-jets and Emiss
T . The sensitivity is520

assessed in the context of current expected HL-LHC conditions. Due to the huge dataset521

expected to be collected at the HL-LHC, the sensitivity is expected to reach far beyond522

the Run-2 sensitivity, and as such, mass upto 1500 GeV are considered for the χ̃±1 /χ̃0
2.523

4.1 MC simulation524

Signal samples for this study are generated at leading-order in QCD, with upto two ad-525

ditional partons, using MadGraph5 aMC@NLO [29] for the matrix element (ME), while526

Pythia 8 [30] is used for the parton showering (PS), hadronisation and underlying event527

(UE). The A14 tune is used for Pythia 8 [31] while the NNPDF23LO PDF set [32] is used528

for generation. Partons are matched between the ME and PS using the CKKW-L [33] pre-529

scription, with the scale used for matching set to one quarter of the mass of the χ̃±1 /χ̃0
2. The530

cross-sections are evaluated at next-to-leading order in αs and next-to-leading logarithmic531

precision for the resummation of soft gluon emissions. The nominal cross section is de-532

termined by evaluating the cross section predictions with different PDF sets, factorisation533

and renormalisation scales [34]. Similarly to the analyses previously described, numerous534

generator configurations were used to generate the MC background samples. These are535

summarised in Table 4.1.536

All samples are generated at truth-level. A parameterised simulation of the detector537

response is applied to all truth-level MC samples. This will be described in more detail in538

the following section.539
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Process Generator Tune PDF set Cross-section

+ fragmentation/hadronisation order

W/Z+jets Sherpa 2.2.1 [?] Default NNPDF30NNLO [?] NNLO

tt̄ Powheg-Box v2 + Pythia 8.186 A14 NNPDF23LO [?] NNLO+NNLL

Single top Powheg-Box v1 or v2 + Pythia 6.428 [?] Perugia2012 [?] CT10 [?] NNLO+NNLL

Diboson (fully leptonic) Sherpa 2.2.1 Default NNPDF30NNLO NLO

(semi leptonic) Powheg-Box v1 + Pythia 8.186 AZNLO [?] CTEQ6L1 NLO

Higgs Powheg-Box v2 + Pythia 8.186 AZNLO CTEQ6L1 NNLO+NNLL

Table 4.1: Summary table showing the ME and PS configurations used to generate the SM
MC samples for this study.

4.2 Detector simulation540

In order to make meaningful predictions of sensitivity, a simulation of the ATLAS detector541

at the HL-LHC was developed through a set of parameterised smearing functions. These542

functions, known as the UpgradePerformanceFunctions, simulate the detector response by543

smearing the kinematic and angular properties of the physics objects, as well as providing544

additional collision vertices to simulate the pileup conditions at the HL-LHC. The treat-545

ment of each object relevant to this chapter will be discussed separately. Some shorthand546

will now be introduced for the following sections. R(m,n) represents a random number547

drawn from a uniform distribution in the range m to n. G(µ, σ) represents a number drawn548

from a Gaussian distribution with a mean, µ, and a standard deviation, σ.549

Leptons550

The steps taken in the reconstruction of charged leptons is highly dependent on the gen-551

eration of lepton being considered, but there are some common steps. Lepton ID working552

points are assigned for all three generations of charged leptons, and the detector response553

to the ET for electrons and taus and pT for muons is simulated. The charge-flip probability554

(the probability that the reconstructed lepton has the opposite charge to its true value),555

P (`±truth → `∓reco), is explicitly parameterised for electrons and is also possible for muons.556

Finally, the misreconstruction of an electron as a photon is parameterised.557

558

A parameterisation of the lepton ID efficiencies is used in order to choose which lepton559

ID working points the lepton has passed. For each lepton generation there are three ID560

efficiency parameterisations, one corresponding to each working point. These parameteri-561

sations can be seen in Figure A.1. For a given lepton, the three ID efficiencies corresponding562

to the ID working points are retrieved, and all which satisfy R(0, 1) < εiID, with i = 1, 2, 3,563

are passed.564
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565

The pT resolution for leptons is simulated differently for muons than for electrons and566

taus. For the former, the key quantity is the charge (in units of e) to transverse momen-567

tum ratio, q
pT

, while for electrons and taus it is the energy, E. For both quantities, the568

‘reconstructed’ value is as follows:569

Ereco = Etruth +G(0,∆E)(
q

pT

)
reco

=

(
q

pT

)
truth

+G

(
0,∆

(
q

pT

)) (4.2.1)

Here, ∆E and ∆ q
pT

denote the resolutions on the respective quantity. The reconstructed570

muon transverse momentum is then given by precoT =

∣∣∣∣( q
pT

)−1

reco

∣∣∣∣, while for electrons and571

taus it is given by precoT = ptruthT × Ereco
Etruth

.572

573

The charge-flip probability for electrons is parameterised in η and differs slightly for the574

three ID working points, as can be seen in Figure A.1. The charge-flip probability is deter-575

mined by the tightest working point which is passed by the electron. A charge-flip occurs576

if the following condition is satisfied; R(0, 1) < P (e±truth → e∓reco). For muons, particularly577

high-pT or η muons, can undergo a charge flip when the q
pT

is smeared.578

579

Finally, electrons being misreconstructed as a photons is simulated through a parame-580

terisation in η. For electrons with a pT > 20 GeV, the probability of an electron being581

reconstructed as a photon is 2% for electrons with |η〈 1.37 and is 5% for electrons with582

|η〉 1.52. An electron is misreconstructed as a photon if R(0, 1) < P (e→ γ).583

Jets and flavour tagging584

To simulate jet reconstruction, the first step of the detector simulation process is to smear585

the jet energy and pT . The jet pT is smeared by a multiplicative factor, G (1,∆E), where586

∆E represents the relative jet energy resolution determined from the parameterisation587

shown in Figure A.3a. The jet energy is smeared by multiplying the true jet energy by588

psmeared
T

ptruthT

.589

590

Jet flavour-tagging, in particular the tagging of jets originating from b-quarks, is of great591

importance to the study described in this chapter. The b-tagging working point used in592

this study has a b-tagging efficiency εb = 70%, which has much-improved light-jet rejection593

compared to the εb = 85% working point. The flavour-tag efficiency, εbftag, is parameterised594

in jet pT and η, and can be seen in Figure A.3b. Jets which have originated from a b-quark595

at truth-level are b-tagged if R(0, 1) < εbftag. The misreconstruction of jets as electrons,596

taus and photons is simulated by parameterising the so-called ‘fake rate’. This is rate at597
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which an object is misreconstructed as another object.598

Emiss
T599

Smearing the Emiss
T requires two steps. At truth-level, the missing transverse energy,600

EmissT, truth, is the sum of the transverse energies of all neutral particles in the event; in this601

study, only neutrinos and neutralinos contribute.602

To account for mismeasurement due to pileup, EmissT, truth is smeared by adding an addi-603

tional term, EmissT, pileup, drawn randomly from the distribution shown in Figure A.4a. The604

Emiss
T resolution, ∆ET , is then determined from the parameterisation shown in Figure605

A.4b, using the sum of the neutral particle and pileup Emiss
T components as an input. The606

final Emiss
T is then give as:607

ET = EmissT, truth +G(0,∆ET ) (4.2.2)

Kinematic distribution comparison608

The effects of the detector simulation described in this section can be see in Figure 4.2.609

The ‘truth-level’ tt̄distribution includes no detector effects, the ‘truth-level with smearing’610

tt̄ distributions include the detector simulation described in this section, while the ‘reco-611

level’ sample is reconstructed using the full ATLAS detector simulation.612
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(a) Emiss
T (b) mT

(c) mCT (d) mbb

Figure 4.2: The EmissT , mT , mCT and mbb distributions at truth-level, truth-level with
the detector smearing described in this section, and a fully reconstructed samples. All
distributions are normalised to unity to compare only the shape of the distributions and
not normalisations.

4.3 Event selection613

The object definitions used to reconstruct the leptons and jets are summarised in Table614

4.2 and Table 4.3, respectively.615

Electrons Muons

pT 25 GeV 25 GeV

|η| < 2.47 < 2.7

ID Tight Medium

Table 4.2: A summary of the object definitions for leptons in the HL-LHC projection.

Similarly to the 36.1fb−1 analysis described in Chapter 1, a number of preliminary616

selections are applied to select events with the single lepton, two b-jet topology, as shown617

in Table 4.4.618
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jets b-jets

pT 25 GeV 25 GeV

|η| < 2.5 < 2.5

Jet radius (R) 0.4 0.4

b-tagging WP - 70%

Table 4.3: A summary of the object definitions for jets in the HL-LHC projection.

Preselection

Leptons (pT ≥ 25 GeV) 1e or 1µ

Jets (pT ≥ 25 GeV) 2 or 3

b-jets (pT ≥ 25 GeV) 2

mT ≥ 40 GeV

mbb ≥ 50 GeV

Emiss
T ≥ 200 GeV

Table 4.4: A summary of the preliminary selections used for for the HL-LHC projection.

The loose cuts on mTand mbbare employed to combat MC mismodelling seen in the619

analysis described in Chapter ??, while the cut on Emiss
T is used to both reduce the SM620

background and target events containing two χ̃0
1 in the final state.621

622

Events passing the preliminary selections listed in Table 4.4 are used as inputs to Boosted623

Decision Tree (BDT) classifiers. The BDTs are implemented in Toolkit for Multivariate624

Data Analysis [35]. In this study, binary classification is performed such that the output625

of the BDT is a single value ∈ [−1, 1]. The key discriminatory variables which are given to626

the BDT classifiers as inputs are the Emiss
T , mT, mCT, mbb and ∆R(b1, b2). Along with627

these, the transverse momentum of the lepton and the two b-jets are useful for background628

rejection. The distributions of Emiss
T , mTand ∆R(b1, b2)for the signal are highly depen-629

dent upon the mass and the mass difference of the χ̃±1 /χ̃0
2and χ̃0

1, and as such having one630

classifier which performs equally well across the entire phase space is extremely difficult631

to achieve. To aid in this, three BDT classifiers are trained, targeting ‘low’, ‘intermediate’632

and ‘high’ mass-splittings, ∆M = m(χ̃±1 /χ̃0
2) - m(χ̃0

1). SR-Low targets ∆M < 300 GeV,633

SR-Med targets ∆M ∈ [300, 600] GeV and SR-High targets ∆M > 600 GeV. The signal634

grid, highlighted with the three targeted regions, is shown in Figure 4.3.635

Due to the limited number of MC events in each individual signal sample, all signal636

samples in each mass-splitting regime (‘low’, ‘intermediate’ or ‘high’ ∆M) are summed637

together with an equal weight of 1. The sum of signals for each mass-splitting region638

provide a high-statistics signal sample on which to train the BDTs, with kinematic dis-639

tributions representing a ‘pseudo-average’ of the individual signal samples. A benchmark640
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Figure 4.3: Plot showing the separation of the mass plane into the three defined categories.

signal is chosen from each mass-splitting region for the purposes of comparing the kine-641

matic distributions of signal and background, and for later deriving an optimal cut on the642

BDT output. The kinematic distributions forming inputs to the BDTs are shown, with643

benchmark signals overlaid, in Figure 4.4.644
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Figure 4.4: Kinematic and angular distributions for the BDT input variables at the
preselection-level.

The estimate for signal and background yields in the SRs is obtained by placing a cut645

on the output of the BDTs. The optimal cut value is derived by scanning over the BDT646

output with an increasing lower bound, and calculating the binomial significance, Zn, for647

that region’s benchmark model and the SM background. The optimal cuts are shown in648

Table 4.5.649

SR Signal benchmark BDT range

m(χ̃±1 /χ̃
0
2, χ̃

0
1) [GeV]

SR-M1 (500, 310) > 0.25

SR-M2 (800, 420) > 0.35

SR-M3 (1000, 1) > 0.30

Table 4.5: Benchmark signal models and the corresponding optimised BDT output cut,
derived by maximising the binomial significance, Zn of the benchmark signal over the SM
background.

The BDT output distributions for the SM backgrounds and the benchmark signal point650

for each region is shown in Figure 4.5. The arrows in these plots show the cut placed on651

the BDT output.652

4.4 Systematic uncertainties653

A joint strategy between the ATLAS and CMS collaborations was adopted for estimat-654

ing systematic uncertaines for HL-LHC projection studies. For analyses with an existing655

Run-2 analysis, a prescription for extrapolating the current systematic uncertainties to656

3000 fb−1 , where theoretical modelling uncertainties are expected to be half their current657

value. The extrapolation method for experimental uncertainties depend upon the system-658
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Figure 4.5: BDT outputs for HL-LHC projection. The arrow on each plot shows the cut
placed on the BDT output, defining the SR.

atic under consideration and are provided as multiplicative factors which are applied to659

the Run-2 systematic uncertainties.660

661

In this study, the systematics from the Run-2 analysis described in Chapter ?? are ex-662

trapolated from SR1Lbb-High, which is the signal region most kinematically similar to663

the regions presented in this analysis. The Run-4 extrapolated uncertainties are shown in664

Table 4.6.665
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SR1Lbb-High

JET JER SINGLE NP 10.30%

Wt-Interference 8.10%

ttbar-PS 6.40%

ttbar-Generator 5.50%

ttbar-Rad 5.00%

Wt-PS 4.50%

Wt-Rad 3.30%

JET GroupedNP 2 2.90%

JET GroupedNP 1 2.60%

MET SoftTrk Scale 2.00%

Wt-Generator 1.80%

EG RESOLUTION ALL 1.70%

JET GroupedNP 3 1.10%

FT EFF B systematics 0.98%

FT EFF C systematics 0.97%

FT EFF Light systematics 0.70%

MET SoftTrk ResoPara 0.45%

MET SoftTrk ResoPerp 0.42%

FT EFF extrapolation from charm 0.41%

EG SCALE ALL 0.36%

FT EFF extrapolation 0.18%

Pileup 0.17%

MUONS ID 0.12%

JET EtaIntercalibration NonClosure 0.00%

EF EFF 0.00%

MUONS MS 0.00%

MUON EFF SYS 0.00%

Quadratic sum 18.13%

Table 4.6: A table showing the extrapolated systematic uncertainties based upon the Run-2
analysis.

.

4.5 Results666

The yields after the BDT cuts shown in Table 4.5 are shown below in Table 4.7. Entries667

denoted by ‘-’ indicate there were no events of that particular process in the corresponding668

region. Figure 4.6 shows the 95% CL exclusion limit for this channel, as well as the 5σ669
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Processes SR-M1 SR-M2 SR-M3

tt̄ 38.9 ± 8.4 8.7 ± 3.3 2.5 ± 1.8

single top 28.3 ± 4.8 10.7 ± 3.2 5.4 ± 2.5

W+jets 22.2 ± 5.4 3.0 ± 2.0 2.0 ± 1.8

ttV 5.1 ± 2.4 2.0 ± 1.4 1.0 ± 1.0

Diboson 2.0 ± 2.0 - -

total background 96.5 ± 11.8 24.4± 5.2 10.9 ± 3.4

m(χ̃±1 /χ̃
0
2, χ̃

0
1) = (500, 300) GeV 20.7 ± 4.8 4.6 ± 2.3 1.0 ± 1.0

m(χ̃±1 /χ̃
0
2, χ̃

0
1) = (800, 420) GeV 44.3 ± 2.3 33.6 ± 2.0 21.2 ± 1.6

m(χ̃±1 /χ̃
0
2, χ̃

0
1) = (1000, 1) GeV 32.2 ± 1.8 31.9 ± 1.8 28.9 ± 1.7

Table 4.7: Expected signal and background yields. The errors are statistical uncertainties.
Entries marked − indicate a negligible background contribution.

discovery potential. The three signal regions are combined by taking the best expected670

sensitivity for each signal point. The systematics band, represented by the yellow area671

around the 95% CL exclusion line includes the extrapolated experimental and modelling672

systematics on the SM backgrounds, as well as the statistical uncertainty on all MC sam-673

ples.
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Figure 4.6: 95% CL exclusion limit and 5σ discovery limit for the analysis presented in
this chapter.
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As shown in Figure 4.6, it is expected that this channel can be excluded upto 1280 GeV,676

while there is discovery potential upto 1070 GeV. This far exceeds the exclusion limits at677

the end of Run-2, with results shown in Chapter 1 for both 36.1fb−1 and 139fb−1. During678

this analysis, studies were performed using a both a conventional cut-based analysis and679

also using a deep neural network to perform binary classification of signal and background.680

These studies are included in Appendix A.681
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Appendix A682

Sensitivity to χ̃±1 χ̃
0
2 pair-production683

at the HL-LHC684

The first part of this appendix is dedicated to documenting the detector simulation pa-685

rameterisations detailed in Chapter 4.686

A.1 Detector simulation parameterisations687

Electrons688
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(a) εrec for ‘loose’ electron working point. (b) εrec for ‘medium’ electron working point.

(c) εrec for ‘tight’ electron working point. (d) Electron energy resolution (MeV).

Figure A.1: Electron ID efficiencies, energy resolution and charge-flip probability for the
prospects study presented in Chapter 4. The

Muons689
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(a) εrec for ‘loose’ muon working point. (b) εrec for ‘tight’ muon working point.

(c) εrec for ‘high-pT ’ muon working point. (d) Muon pT resolution (MeV).

Figure A.2: Muon ID efficiencies and pT resolution for the prospects study presented in
Chapter 4. The

Jets690
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(a) (b)

Figure A.3: Parameterised relative jet energy resolution, shown in Figure A.3a, and pa-
rameterised b-tagging efficiency, shown in Figure A.3b, used in the HL-LHC detector sim-
ulation.

Emiss
T691

(a) (b)

Figure A.4: Parameterised Emiss
T distribution from pileup, shown in Figure A.4a, and

parameterised Emiss
T resolution, shown in Figure A.4b, used in the HL-LHC detector sim-

ulation.
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A.2 Cut & count studies692

A reoptimisation of the signal regions defined in Table 1.2 was performed to compare the693

potential sensitivity of the conventional analysis to the multivariate analysis described in694

Chapter 4. During the reoptimisation, the selections on the mbb and mCT variables are695

unchanged from Table 1.2. A scan over the lower bound of the mT and EmissT variables696

was performed in steps of 10 GeV, with no upper bound. The lack of an upper bound on697

these variables means the regions are able to overlap, and therefore lose their orthogonal-698

ity. However, as the final fit result takes the best expected sensitivity for each point, the699

orthogonality of signal regions is not required. The cuts maximising the binomial signif-700

icance, Zn, for the benchmark signal points shown in Table 4.5 are chosen for the three701

signal regions. These cuts are summarised in Table A.1. The sensitivity to each signal

SRLM SRMM SRHM

mbb ∈ [105, 135]

mCT > 160

Emiss
T > 320 > 380 > 420

mT > 180 > 280 > 280

Table A.1: Reoptimised signal region selections for conventional analysis in order to com-
pare sensitivity with the multivariate analysis described in Chapter 4. All cuts are in units
of GeV.

702

point is assessed by calculating the binomial significance, Zn, for each signal point in all703

three signal regions, and the combination of the regions takes the best expected significance704

for each point. The expected sensitivities can be seen in Figure A.5.705

A.3 Deep learning studies706

In addition to the the reoptimisation of the signal regions, described in the previous section,707

a study of the expected sensitivity using a DNN as a binary classifier was undertaken. A708

diagram of the DNN used in this study is shown in Figure A.6, and the model itself is709

implemented using Keras and Tensorflow. The inputs to the classifier are the same as710

described in Chapter 4for the BDT analysis, and the same procedure for separating the711

signal samples into three sets targetting different mass-splitting regimes is also the same.712

The DNN is trained on a GPU for a maximum of 10000 epochs, or until the accuracy of the713

classifier, evaluated using test data, has not improved in 2 epochs. To avoid overtraining,714

a dropout of 20% is used, such that upto 20% of the inputs to each layer can be ignored, at715

random, in each training epoch. Similarly to the BDT analysis described in Chapter 4, 3716

classifiers are trained, one per mass-splitting region. The signal-background discrimination717

can be seen in Figure A.7.718
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Figure A.5: Plots showing the binomial significance, Zn, of each signal point in the reop-
timised SRLM (A.5a), SRMM (A.5b), SRHM (A.5c), and the best expected combination
(A.5d). All plots are produced assuming a total 15% background uncertainty.

Input Layer � �� Hidden Layer � ��Hidden Layer � ��Hidden Layer 	 
�Hidden Layer � 
�Hidden Layer � ��Output Layer � �¹

Figure A.6: A diagram showing the structure of the fully-connected Deep Neural Network
tested as a binary classifier in the HL-LHC sensitivity study.
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Figure A.7: Outputs for each of the DNN classifiers trained on the signal ensemble of each
region and the dominant tt̄ background.
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The shape and range of the output of the DNN classifiers is due to the use of the719

sigmoid/softmax activiation on the output layer of the classifier, while TMVA performs a720

transformation of the form y(x) = − 1
15

(
1
x − 1

)
on the output of the classifier [35]. The721

DNN classifiers were not used in the final analysis as the sensitivity to the signal using a722

cut on the output of the DNN classifiers is much lower than for the BDT classifiers. While723

these studies were not performed due to time and resource constraints, it is expected that724

with larger MC statistics for the signal samples, fine-tuning of the DNN hyperparameters,725

and performing multi-class classification instead of binary classification, the DNN could726

achieve superior classification performance over the BDT classifiers.727

A.4 Extending W+jets sample statistics728

After applying all selections listed in Table 4.4 and the cuts on the BDT output listed729

in Table 4.5, the MC statistics in the W+jets sample was extremely low, such that the730

MC statistical uncertainty was ∼ 100%. For the final statistical analysis, a procedure was731

developed for extending the W+jets sample statistics in order to predict realistic yields and732

uncertainties. Using the detector simulation method described in Chapter 4, individual733

events in the nominal W+jets samples were smeared N = 10 times, to produce an extended734

sample with ≤ N times the input sample statistics. Due to the significant computing time735

of running this procedure, only B-filtered slices of the W+jets MC with W → eν/µν were736

used as the input for this procedure. A plot comparing the shape of the EmissT distribution737

for the nominal B-filtered samples with electrons, muons and taus and extended samples738

for B-filtered samples with electrons and muons is shown in Figure A.8.739

The normalisation of the extended sample is corrected for the multiple smearing method740

by weighting each event by a factor 1
N , and corrected for the missing W → `ν slices by741

multiplying the expected yield of the extended sample by Nnominal
MC /N extended

MC evaluated742

at preselection level. The correction factor for the missing MC slices was found to be743

1.21.744
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Figure A.8: A comparison of the EmissT distributions at preselection level for the nomi-
nal W+jets sample and the sample with extended MC statistics from the multiple event
smearing method described in this section.
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