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Abstract

The Standard Model of particle physics is undoubtedly one of the greatest
triumphs of modern physics. However, the Standard Model is not believed to
be the final theory of particle physics. Supersymmetry is a popular proposed
extension of the Standard Model, predicting the existence of many new particles.
No experimental signs of supersymmetry have yet been observed, but the search
continues. The topic of this thesis is the search for chargino-neutralino ()Zf )
pair production using the full Run 2 dataset of /s = 13 TeV proton-proton
collisions collected by the ATLAS detector at the Large Hadron Collider (LHC)
between 2015 and 2018. This dataset corresponds to an integrated luminosity of
139 fb1.

A search for ﬁ;zg pair production in final states with three leptons and
missing transverse momentum is presented. No significant excess above the
Standard Model predictions is found in the data. The results are interpreted in
simplified models of supersymmetry, and statistically combined with results from
a previous ATLAS search for compressed mass spectra in two-lepton final states.
Various scenarios for the production and decay of ff and Y9 are considered.
For a pure higgsino ;zf;zg scenario, exclusion limits at 95% confidence level are
set on Y9 masses up to 210 GeV. For a pure wino 5(;—“5(3 scenario, limits are set
on {9 masses up to 640 GeV for decays via on-shell W and Z bosons, up to
300 GeV for decays via off-shell W and Z bosons, and up to 190 GeV for decays
via W and Standard Model Higgs bosons.

Also two studies based on the three-lepton search conducted in preparation
for future runs of the LHC are presented. The first study concerns the final
decision on the ATLAS hardware trigger architecture for the High-Luminosity
LHC, where one of the options could allow for lowering the offline EX* trigger
threshold from 200-210 GeV to 160 GeV. The three-lepton search would benefit
materially from such a lowering, in particular in the especially intriguing low-
Am(%9, X9) region predicting a relic density of dark matter consistent with
current observations. The second study considers the new Run 3 derivation data
format, DAOD__PHYS. By comparing this format to the Run 2 DAOD_SUSY2
format, an inconsistency in the trigger-matching procedure between the two
formats is found, affecting low-pT muons.

Further, a statistical combination of results for the simplified-model scenario
of pure wino ﬁxg decaying via W and Higgs bosons is presented, for which
results from five different searches targeting different final states are combined.
Projected onto the m(x</x3) vs. m(X?) plane, the observed combined 95% CL
exclusion contour extends the contours for the individual searches in the area
near the kinematic limit Am(%9, X}) = ms. For large X3 masses, however, it
falls within the contour of the best performing single search, due to one of the
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other searches experiencing an excess.

A summary of various communication, outreach and recruitment activities
are also reported. With the escalating need for persons educated in the natural
sciences, and the decline in the number of applicants to science teacher programs
and physics bachelor’s programs in Norway in recents years, such activities are
an important investment in the future.



Samandrag

Standardmodellen for partikkelfysikk er utvilsamt ein av dei stgrste triumfane i
moderne fysikk. Likevel er ikkje standardmodellen venta & vere den endelege
teorien for partikkelfysikk. Supersymmetri er ei populer foreslatt utviding
av standardmodellen som spar eksistensen av mange nye partiklar. Ingen
eksperimentelle teikn pa supersymmetri har blitt observert enno, men sgket
held fram. Temaet for denne avhandlinga er sgk etter parproduksjon av
ladino og n@ytralin (;zf;zg) i datasettet av proton—proton-kollisjonar med
ein kollisjonsenergi pa 13 TeV samla inn med ATLAS-detektoren ved Large
Hadron Collider (LHC) mellom 2015 og 2018. Dette datasettet svarar til ein
integrert luminositet (datamengd) pa 139 fb=1.

Eit sgk etter parproduksjon av ;ﬁxg i sluttilstandar med tre lepton og
manglande transvers rgrslemengd EX' blir presentert. Ingen signifikante
overskot samanlikna med standardmodellen sine prediksjonar blir funne i
datasettet. Resultata tolkast ved hjelp av forenkla supersymmetri-modellar,
og blir statistisk kombinert med resultata fréa eit tidlegare ATLAS-sgk etter
komprimerte massespektrum i sluttilstandar med to lepton. Ulike scenario for
produksjon og sundfall av )Zf og X9 blir vurdert. For eit scenario med reint
higgsino f(lif(g blir grenser sett med 95% konfidensniva pa y{3-massar opp til
210 GeV. For eit scenario med reint wino )2%)28 blir grenser sett pa {3-massar
opp til 640 GeV for sundfall via W- og Z-boson pa masseskala sine, opp til
300 GeV for sundfall via W- og Z-boson av masseskala sine, og opp til 190 GeV
for sundfall via W- og Higgs-boson.

To studiar basert pa tre-lepton-sgket gjennomfert som ferebuingar til seinare
datatakingsperiodar av LHC blir ogsa presentert. Den fgrste studien omhandlar
den endelege avgjerda om kva trigger-arkitektur ATLAS-detektoren skal ha for
High-Luminosity LHC (HL-LHC), kor eit av alternativa kan medfgre ei senking
av ERiss_trigger-terskelen fra 200-210 GeV til 160 GeV. Tre-lepton-sgket vil ha
nytte av ei slik senking, spesielt i omradet med lag Am(%9, ¥J), som er ekstra
spanande fordi det spar den observerte rest-tettleiken av mgrk materie. Den
andre studien omhandlar det nye dataformatet DAOD_PHYS. Ved a samanlikne
dette formatet med det tidlegare DAOD__SUSY2-formatet, fann vi eit avvik i
prosedyren for sakalla trigger-matching mellom dei to formata, som paverkar
myon med lav transvers rgrslemengd.

Ogsa ein statistisk kombinasjon av resultat fra fem ulike sgk etter same
forenkla supersymmetri-modell med reint wino ;zf;zg som sundfell via W- og
Higgs-boson blir presentert, der dei ulike sgka vurderer ulike sluttilstandar.
Projisert ned pa m(xi/x3)-m(x?)-masseplanet ligg den observerte eksklusjon-

IMerk at det ikkje finst offisielle norske namn pa dei supersymmetriske partiklane. Eg vel
& bruke ladino og ngytralino for hgvesvis chargino og neutralino.
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skonturen for kombinasjonen utanfor konturane for dei individuelle sgka i omradet
nzer den kinematiske grensa Am(%9, X9) = my. For store {3-massar ligg han
derimot innanfor konturen for det best presterande sgket, fordi eit av dei andre
spka sag eit overskot samanlikna med standardmodellen sin prediksjon.

Fi oppsummering av ulike kommunikasjon-, formidling- og rekrutteringsak-
tivitetar blir ogsa rapportert. Med det aukande behovet for folk utdanna innanfor
naturvitskap, og nedgangen i sgknadar til realfagsleerarutdanningar og bachelor-

program i fysikk i Norge dei seinaste ara, er slike aktivitetar ei viktig investering
i framtida.



Acknowledgements

First and foremost, I would like to thank my supervisors. Heidi Sandaker,
my main supervisor and the constant in my supervision team, thank you for
being so easy to talk to, supportive and positive. Eirik Gramstad and Sara
Alderweireldt, thank you for taking me on as your student when I was lost, and
for answering my many questions and helping me hands-on. This thesis would
not have happened without the two of you. Thank you, Farid Ould-Saada, for
taking the lead in getting me through my ATLAS authorship qualification task,
and David Cameron, for supervising me on this task. I would also like to thank
all the people I have had the pleasure to work with in the ATLAS Collaboration,
in particular in the SUSY EWK 3L and the SUSY EWK combinations groups.

Twelwe years of studies at the Department of Physics is coming to an end,
the last six with the HEP section, and it feels surreal. I have made many good
friends over the years. Thank you all, for making these years so enjoyable. T
have really appreciated our interesting conversations, endless quizzes, pub visits
and soccer matches. A special thanks goes out to Knut Oddvar, Simen, Jeriek
and Even: T am happy to be the “jenta gurl” to your “gutta boyz”. I look back
at many fond memories with you guys, traveling the world, enjoying Norway’s
winters on cross-country skis in Oslomarka, the tradition of celebrating May
17 together, and you guys visiting my summer-farm paradise. Another special
thanks goes out to Gert, Oda, Even (again) and Alex, for all the mental support
in the final stages of this endeavor.

Thank you, Hilde, for suggesting that I work on physics communication with
you instead of the usual teaching duties. Not only has it been fun and rewarding,
but you have also become a good friend that I truly appreciate. Thank you for
encouraging me to do outreach myself, both inside and outside of university.
I would never have ended up on Norway’s biggest morning TV show (mostly
talking about cows, but also some physics) or being interviewed for an hour on
live radio (cows and physics is apparently a popular combination) if it wasn’t
for you. Thank you also to the departement’s management for allowing me to
spend my duty work like this.

Thank you, Are, for being my mentor and good friend, always with an open
door. You help and support me, no matter the issue, and it has been reassuring
to know you are just a staircase away. I probably wouldn’t have participated in
the abovementioned media madness if it wasn’t for your peptalks in advance.
Or started this Ph.D., for that matter. (Or finished it.)

Also some people and activities outside the university should be acknowledged
for getting me through this Ph.D. Thank you to all the girls in my choir, TRILL.
Pursuing a Ph.D. in physics can be an all-consuming exercise, and it has been
healthy to have some good friends also outside of university. Some of you I have

Vv



Acknowledgements

met weekly for almost ten years now, and I have really enjoyed all the fun we
have had, both when singing and otherwise. My summer-farm paradise also
deserves some praise. When you spend most work days in front of a computer,
searching for something that might not even exist, it is very refreshing to do
some work showing immediate results from time to time, like chopping wood and
milking cows. My hobby of knitting should also be mentioned. Again, actually
creating something with my hands after a long day in front of the computer has
been my meditation. And provided me with many warm sweaters, which is nice
for Norwegian winters (and summers).

And of course, my family. Thank you, mamma, for teaching me to focus
on one thing at a time when it all feels too overwhelming. And for constantly
reminding me, from the very beginning of this Ph.D., that the goal is to get it
done, not to make it perfect. Thank you, pappa, for passing down the gift of
enjoying talking to everyone. And for teaching me that everyone is a “bra kar”
(nice guy) — I'm grateful for growing up with that worldview. My sisters, Lisa
and Nora, thank you for always being so supportive. I am very thankful for our
friendship and close bond.

A big thanks also to other family and friends for all support and cheers along
the way.

Lastly, I also found my special someone at the department. Thank you,
Anders, for all your support, understanding and patience. Finally finishing this
Ph.D. after six years is great, but the most important thing I take home is you.

Eli Baeverfjord Rye
Oslo, June 2023

Vi



Contents

[Abstraci]
Samandrag]
|Acknowledgements|
Mntroduction]
I Foundations
1 Supersymmetr
persy
1.1 The Standard Model of particle physics[ . . . . . . ... ..
[1.1.1 Lagrangian and symmetries| . . . . . . .. .. ..
I1.1.2 The need for new physics| . . . . ... ... ...
1.2 Introducing supersymmetry| . . . . .. ... ..o
[L.2.1 Extending the Poincare group|. . . . . . ... ..
1.2.2 Superfields and (s)particles| . . . .. ... .. ..
23 Supersymmetry solutions| . . . .. ... ... .
1.3 The Minimal Supersymmetric Standard Modell . . . . . . .
1.3.1 The MS5M Higgs sector| . . . . . .. ... .. ..
11.3.2 R-parity] . . . . .. ...
I1.3.3 Supersymmetry breakingl. . . . ... ...
I1.3.4 Particle phenomenology of the MSSM| . . . . . .
1.4 Theoretically motivated models| . . . . . . ... ... ...
.41  The constrained MSSMI . . . ... ... ... ..
11.4.2 Natural supersymmetryl . . . . . ... ... ...
1.5 Summaryl. . ... ..o
2 The Large Hadron Collider and the ATLAS experiment|

BT __CERN . .. ..ottt

B2

The Large Hadron Collider] . . . . . . ... ... ... ...

2.2.1 The LHC accelerator complex] . . . . . .. .. ..
2.2.2 Luminosity] . . . . .. .. ... ... ...
223  Cross-sectiond . . . . . . . ... ... ..

P3

The ATLAS experiment| . . . .. ... ... ... .....

2.3.1 Coordinate system| . . . . . . ... ... ... ..
12.3.2 Detector layout| . . . . . ... ... ... ..
2.3.3 Irigger and data acquisition|. . . . . . . . .. ..

iii

10
12
12
14
14
16
17
18
18
19
21
21
22
22

23
23
24
25
26
27
30
30
31
36

Vii



Contents

2.3.4 Event reconstruction and particle identification| . 38

2.4 Summary and outlook|. . . . . ... o000 42

[II' " Searching for chargino—neutralino pair production| 45
13 Signals and backgrounds| 47
3.1 Relevant jargon when searching for new physicsl . . . . . . 47

13.2 Target signal-model scenarios| . . . . ... .. ... .... 48

3.3 Simplified models and experimental signaturel . . . . . .. 48

B.3.1 Previousresultd . . . . .. ... 50

13.4 Backgrounds to the three-lepton final state] . . . . . . . .. 51

13.5 SUMMATY] .« « v o v v v v e e e e 52

4 Analysis methodology| 55
4.1 Simulated eventdl. . . . . .. ... L L 55
K.1.1 Producing simulated events] . . . . . .. ... .. 55

4.1.2 Relevant Monte Carlo samples] . . . ... .. .. 58

4.2 13 TeV proton—proton collision dataf . . . . . . .. .. . .. 62

K.3 Event reconstruction and preselection| . . . . . .. ... .. 63

4.4 Summary and outlook|. . . . . ... o000 66

B A three-lepton off-shell WZ analysis| 67
Bl Overview of variablesl . . . . . .. ... .. ... .. .... 67

b.2 Search regions| . . . . . ... oo 70
b.2.1 Signal region optimization| . . . . . . . ... ... 70

0.2.2 Signal region definitions| . . . . . . .. ... ... 72

.3 Background estimation| . . . . ... ..o 0000 77
3T WA . ... 78

B32 . . ... 79

b.3.3 Z4jets . ..o 79

b.3.4 Summaryl ... ... 80

5.4 Systematic uncertainties] . . . . . . ... 83
B.4.1  Instrumental uncertaintied . . . .. ... ... .. 83

042  Theoretical uncertainties . . . . . . . . . . .. .. 84

b.4.3 Uncertainties on data-driven Z+jets background |

[ estimatd . . . . . ... oo 84
b.4.4 Summary| . . ... 85

9.5 Statistical procedure| . . . . ... o000 86
b.o.l  The likelihood functionf. . . . . . . . .. ... .. 87

5.5.2 Hypothesis testingl . . . ... ... ... ..... 88

B Resultd . - - o oo oo 91
b.6.1 Model-independent limits| . . . . .. ... .. .. 91

5.6.2 Model-dependent limits] . . . . ... .. ... .. 93

b.7 Preparing for reinterpretation| . . . . . .. ... .. ... 100
b.7.1 Acceptance and efficiency plots] . . . . . . .. .. 100

viii



Contents

b2 Cutflows] . . . . . . ... 102

H.7.3 Usage] . . . v v o o 108

b.8 Summary and outlook|. . . . . . .. ..o 0oL 109

16 Preparing for future LHC runs| 113
[6.1 ER'SS trigger threshold study for the HL-LHC| . . . . . . . 113

[6.1.1 Impact of lowering the E'™ trigger threshold for [

| the three-lepton oft-shell W2 analysis| . . . . .. 114
6.1.2 Final decision on the ATLAS trigger architecture |

[ for HL-THCA . . . . ... ... ... ... .. ... 119
6.2 Validation study of new Run 3 DAOD format| . . . . . .. 122

6.2.1 DAOD PHYS and DAOD _SUSY2 comparison| . 122

16.2.2 Trigger-matching in DAOD _PHYS|. . . . .. .. 123

6.3 Summary and outlook|. . . . .. .. ..o 0000 125
[r___Statistical combinations of Run 2 searches| 127
[(.1  DStatistical combinations 101l . . . .. ... ... ... .. 127

[7.1.1 Statistical independence] . . . . . ... ... ... 127

[7.1.2 Signal grid harmonization| . . . . . . .. ... .. 128

[.1.3 Tool and workflowl . . . . .. ... ... ..... 128

[7.2 Higgsino Y; Y9 production decaying via WZ| . . . . . . .. 130

7.2.1 Reproducing original analysis results] . . . . . . . 130

[7.2.2 Reproducing initial combination results| . . . . . 132

[723 Investigating 90% CL exclusion limits] . . . . . . 134

[7.3  Wino ;%3 production decaying via Wh| . . . ... .. .. 135

[731 Orthogonality of analyses] . . . .. ... ... .. 137

[7.3.2 Reproducing original analysis results| . . . . . . . 138

[7.3.3 Producing workspaces for additional signal points| 139

[(.3.4 Points to combinel. . . . . . ... oL 143

[7.3.5 Correlation of systematic uncertainties| . . . . . . 143

[7.3.6 Nuisance-parameter consistency|. . . . . . . . .. 144

[7.3.7 Improvement from the combination|. . . . . . . . 145

[7.4 Summary and outlook|. . . . . ... ... 0000, 158

Il Outreach and communication| 161
18 ATLAS authorship qualification task on ATLAS@QHome| 163
8.1 ATLAS@QHome|. . . . . . o oo v oo 163

R.1.1 Software and architecturel . . . . . .. ... ... 164

8.2 Enhancing the ATLAS@Home graphical interface] . . . . . 167

18.2.1 Adding technical and task information| . . . . . . 168

18.2.2 Adding live event displays| . . . . . . ... .. .. 168

18.3 Summary. ... .. 170

19 Communicating physics| 173




Contents

9.1 Norwegian media visit to CERN| . . . . .. ... ... .. 173

19.2 Radio and podcasts| . . . . . . .. ..o 174
P21 Abels tarn and Abels forgard] . . . . .. ... .. 174

9.2.2 gssifl ..o 175

9.2.3 God fysikkl. . . . ... .o oo 176

93  Outreach talkd . . . . . ... ... ... .. ... ... ... 176

94  Social media seriesl . . . . ... Lo oo 177
BE—Othed. . . . .. oo 177

9.6 Summary and outlook|. . . . . ... ... 0000, 178
[Conclusions 181
A ppend 185
A Acceptance and efficiency plots and cutflows for the |
wino/bino (—) and higgsino interpretations| 187

IB Press resulting from the Norwegian media visit to CERN |
[ 1n 20719 199
Bibliograp 201



Introduction

Our current best understanding of the universe is encapsulated in the Standard
Model (SM) of particle physics [1H7]. The Standard Model describes the
fundamental constituents, the matter particles, and their interactions, the forces.
Over the years, the Standard Model has proven to be extremely successful at
describing most features of nature that we have observed experimentally. The
most prominent highlight came in 2012, when the ATLAS and CMS experiments
at the Large Hadron Collider (LHC) discovered a particle consistent with the long-
sought Higgs boson [8] [9]. The (Brout-Englert-)Higgs boson was first predicted
theoretically in the 1960s [10H13], and its discovery marked the first observation
of the full particle spectrum predicted by the Standard Model. However, despite
its success, the Standard Model is not believed to be the final theory of particle
physics. First and foremost, it does not include the force of gravity. Further,
rather than coming from a higher theoretical principle, its parameters are chosen
to match observations. More technical problems include the so-called hierarchy
problem of the Higgs boson mass, and that it does not explain dark matter.

Supersymmetry (SUSY) [14419] is a proposed extension of the Standard
Model which introduces a fermion—boson symmetry, predicting the existence
of many new particles. As supersymmetry can accomodate several of the
shortcomings of the Standard Model simultaneously, it is one of the most
popular theories for physics beyond the Standard Model (BSM). For instance,
it offers a solution to the above-mentioned hierarchy problem, and the lightest
supersymmetric particle is a candidate for dark matter. Great efforts have been
put into searching for the hypothetical supersymmetric particles — both the
ATLAS and CMS collaborations have separate working groups only occupied with
this, each currently consisting of hundreds of people. No signs of supersymmetry
have yet been observed, but the work continues.

Although production cross-sections are larger for strongly produced super-
symmetric particles than for electroweakly produced supersymmetric particles,
more and more eyes are now on electroweak (EWK) supersymmetry. Several
hints that new physics might hide in the electroweak sector have emerged more
or less recently. For instance, the so-called anomalous magnetic moment of the
muon gives rise to the probably most clear discrepancy between the Standard
Model and measurements today. The magnetic moment is usually expressed in
terms of the so-called g-factor, which theoretically — without any quantum loop
corrections — should equal exactly 2. However, quantum corrections increase
this value, and the difference from the simple expectation of 2, a, = (¢—2),/2, is
commonly called the anomalous magnetic moment. The combined experimental
average is currently a$® = 116592061(41) x 10~ , while the best Standard

2l

Model prediction is aﬁM = 116591810(43) x 10~ [21]. The difference between



Introduction

these values corresponds to a significance of 4.20.

The topic of this thesis is the search for electroweak supersymmetry — more
specifically, chargino—neutralino pair production — in 13 TeV proton—proton
collisions with the ATLAS detector at the LHC. Simply put, charginos Y* and
neutralinos Y°, collectively referred to as electroweakinos, are the fermionic
supersymmetric partners of the Standard Model W, Z and Higgs bosons. The
dataset used throughout the thesis was collected with the ATLAS detector
between 2015 and 2018, referred to as “Run 2” of the LHC. Most of the work
presented in this thesis was performed as part of two different ATLAS SUSY
analysis working groups. First, I was part of the ATLAS SUSY EWK 3L group,
occupied with searching for chargino—neutralino pair production in final states
with three leptons and missing transverse momentum, resulting in Ref. . I
contributed to the off-shell WZ part of the analysis, in particular aiding in the
optimization of the signal regions and preparing necessary documentation for
the HEPdata repository . Later, I was part of the ATLAS SUSY EWK
combinations group, engaged with statistically combining the results for multiple
Run 2 electroweak SUSY searches, with a resulting paper in the pipeline. Results
for searches targeting the same production and intermediate decay modes (i.e. the
same simplified model) but different final states were combined. I was in charge
of investigating and performing combinations for two different simplified models:
higgsino Xixy pair production decaying via W and Z bosons, and wino Y1 xJ
pair production decaying via W and Higgs bosons.

In addition to analysis work, I have contributed to multiple communication,
outreach and recruitment activities during the course of this Ph.D., both
related to particle physics and physics in general. I did my ATLAS authorship
qualification task on ATLAS@Home [24}126], part of the broader LHC@Home
, where volunteers can take part in high energy physics experiments by running
Monte Carlo simulation on their private computers. My ATLAS authorship
qualification task was on enhancing the ATLAS@Home graphical interface,
showing some basic information on the physics relevant for ATLAS, as well as
personalized information on the volunteer’s contribution. Further, instead of the
usual 25% teaching duties required for a four-year fellowship at the Department
of Physics at the University of Oslo, I was allowed to work with the department’s
communications adviser 25% of my time. In this role, I contributed to the
organization of the Norwegian media visit to CERN in October 2019, where I in
addition to inviting journalists and setting up the program functioned as a tour
guide and also got interviewed about my own research. Other examples include
giving popular-science talks at different events, and guesting popular-science
radio shows and podcasts.

I choose to include a description of these activities in this thesis because I
believe they are very important. The research being carried out at CERN is at the
mercy of funds and support from society, and with that comes the responsibility of
disseminating the resulting knowledge to the general public. Further, continuous
recruitment of good candidates is essential for CERN’s success story to continue.
Additionally, to keep up with technological development, and to solve today’s
imminent energy- and climate-related problems, society in general has an

2
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escalating need for persons educated in the natural sciences — perhaps physics
in particular. However, in Norway, the number of applications to science teacher
education programs and physics bachelor’s programs have been declining in
recent years [29]. Outreach and recruitment activities are thus a good investment
in the future, in many ways.

Thesis outline

This thesis consists of three parts, each containing two or more chapters. The
first part introduces the foundations required to understand the work presented
in this thesis. The second part describes the analysis work performed and the
results obtained. In the third part, the topic shifts to communication, outreach
and recruitment activities.

Part 1: Foundations

Chapter [1] gives an introduction to supersymmetry.

Chapter [2]| gives an introduction to the experimental setup used to collect the
data used in this thesis, namely the Large Hadron Collider and the ATLAS
experiment.

Part 2: Searching for chargino—neutralino pair production

Chapters 3-6 describe the search for chargino—neutralino pair production in
final states with three leptons and missing transverse momentum presented
in Ref. . Although I have only worked on parts of the search analysis, all
relevant aspects of the analysis are introduced. Chapter 7 summarizes my
contribution to the ATLAS SUSY EWK combinations effort.

Chapter [3| gives an introduction to the signals of chargino—neutralino pair
production relevant for this thesis, and the corresponding backgrounds to the
three-lepton final state.

Chapter [] gives an introduction to some of the methodology used to analyze
the vast amount of data collected with the ATLAS detector in the search for
chargino—neutralino pair production in three-lepton final states.

Chapter [5| summarizes the three-lepton off-shell WZ analysis and presents the
corresponding results.

Chapter [6] summarizes two studies based on the three-lepton off-shell WZ
analysis, conducted in preparation for future runs of the Large Hadron Collider.

Chapter [7] summarizes my contribution to the ATLAS SUSY EWK combina-
tions effort.
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Part 3: Outreach and communication

Chapter [8] summarizes my ATLAS authorship qualification task on the AT-
LAS@Home project.

Chapter [9] summarizes the communication, outreach and recruitment activities
I have contributed to during the course of this Ph.D., mostly as part of my duty
work at the Department of Physics.



Part |

Foundations






Chapter 1
Supersymmetry

The Standard Model (SM) is undoubtedly one of the greatest triumphs of modern
physics. However, as described in the [[nfroduction)] it is not believed to be the
final theory of particle physics, and the topic of this thesis is the search for one
of its most popular proposed extensions, namely supersymmetry (SUSY). In this
chapter, a general introduction to supersymmetry will be given, mostly based
on Refs. . More details on the specific supersymmetry model scenarios
relevant for the work presented in this thesis will be given in Chapter [

To set the stage, a brief introduction to the Standard Model of particle physics
will be given in Section [[-]] including an overview of some of its shortcomings. In
Section[L.2] the concept of supersymmetry will be explained, before the Minimal
Supersymmetric Standard Model (MSSM) is introduced in Section Finally,
in Section [I-4] two relevant theoretically motivated realizations of the MSSM
are introduced.

1.1 The Standard Model of particle physics

The elementary particles of the Standard Model can be divided into two main
categories. The fermions make up matter, while the bosons are force-mediating
particles. Figure shows an overview of the Standard Model. The three
left-most columns list the fermions, divided into quarks and leptons. The lighter
first-generation fermions make up all ordinary atomic matter, while the heavier
fermions only appear as unstable products of particle interactions. The remaining
particles in the overview are bosons, where the W and Z bosons mediate the
weak nuclear force, the gluon g mediates the strong nuclear force, and the photon
~ mediates the electromagnetic force. As gravity is not included in the Standard
Model, the corresponding (hypothetical) force-mediating graviton is listed as
being outside of the Standard Model. Finally, the Higgs boson is introduced as
part of the so-called Higgs mechanism, in which the elementary particles acquire
mass through electroweak symmetry breaking.

The elementary particles interact via some force if they carry the corre-
sponding charge, which is conserved in the interaction. Only particles that are
electrically charged interact via the electromagnetic force, only particles with
(weak) isospin interact via the weak nuclear force, while only particles with color
chargeEl interact via the strong nuclear force. Only quarks and gluons carry color
charge. In addition, all elementary particles carry an intrinsic property referred
to as spin, which can be seen as some type of internal angular momentum.
Fermions carry half-integer spin, while bosons carry integer spin. Further, all

IThere are three possible color charges: red, green and blue. Despite the naming, color
charge has nothing to do with the visual perception of color.
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Figure 1.1: Overview of the elementary particles of the Standard Model .
The charge referred to in this overview is electric charge. In this overview created
right after the Higgs boson discovery in 2012, the Higgs boson mass is listed to
be 125-126 GeV. Since then, this mass has been measured more precisely, and
the current value is 125.25 + 0.17 GeV .

matter particles (fermions) have corresponding antiparticles. An antiparticle has
the same mass and spin as its counterpart, but opposite charges. Some particles
can be their own antiparticle, e.g. the neutrinos.

1.1.1 Lagrangian and symmetries

The above description of the Standard Model gave a somewhat superficial
introduction to its ingredients. If we dive deeper, the fundamental constituents
of the Standard Model are quantum fields, and particles are treated as excited
states of these fields. This theoretical framework is called quantum field theory
(QFT), which combines the theories of quantum mechanics, classical field theory
and special relativity. The starting point of a quantum field theory is the
Lagrangian density L (often simply referred to as the “Lagrangian”), which is
a function of quantum fields and their derivatives. There is one quantum field
per particle type in the theory, and interactions between different particle types
are described by interaction terms involving the corresponding quantum fields.
Such interactions can be visualized and “evaluated” using so-called Feynman

8



The Standard Model of particle physics

diagrams.

A transformation that leaves the Lagrangian invariant is referred to
as a symmetry. There are two types of symmetries for quantum field
theories. Invariance under transformations of spacetime, such as rotation
and translation, are referred to as external spacetime symmetries. Invariance
under transformations of the fields themselves are referred to as internal gauge
symmetries. The term “gauge” refers to redundant degrees of freedom in the
Lagrangian, meaning that they have no observational consequences. As will
become clear in the following, the fundamental forces are closely related to such
gauge symmetriesEl

Symmetries are described in terms of mathematical groups. A set of gauge
transformations that leaves the Lagrangian invariant form a gauge group. The
Standard Model is based on invariance under three such groups collectively
known as the Standard Model gauge group, denoted SU(3)¢ x SU(2), x U(1 yEl
Here, SU(3)¢ is the symmetry group of quantum chromodynamics (QCD) Wthh
is the quantum field theory of the strong interaction. The subscript C refers
to the color charge, which is the conserved charge in this interaction. Further,
SU(2), is the symmetry group of the weak force, for which weak isospin I is
the conserved charge. In this case, the subscript L refers to that the weak force
only acts on left-chiral particles (and antiparticles of right-chiral particles)ﬁ
For the U(1)y symmetry group, the conserved quantity is the weak hypercharge
Y =2(Q — I3), where @ is electric charge and I3 is the third component of the
weak isospin.

One important feature of the Standard Model is that the electromagnetic and
weak interactions are unified into a more fundamental electroweak interaction,
described by the combined gauge group SU(2);, x U(1)y. However, due to
the electroweak symmetry breaking needed to give the particles their masses,
this group is broken down to U(1)em, so that the weak and electromagnetic
interactions appear as two different forces at low energies. U(1)em, is the symmetry
group of quantum electrodynamics (QED), the quantum field theory of the
electromagnetic interaction, conserving electric charge.

Fermions are represented by four-component Dirac spinor fields, describing
both the particle and the antiparticle, with two possible spin states for each of
themEl Fermions that are their own antiparticles are called Majorana fermions.
In order to be acted upon by SU(n) transformations, the fermion fields have
to be put into vectors referred to as gauge multiplets. The SU(2) and SU(3)
transformations are defined in terms of 2 x 2 and 3 x 3 matrices[]and they thus

2In fact, the force-mediating bosons are often referred to as gauge bosons.

3The “special unitary group” of degree n, SU(n), is the Lie group (meaning that it describes
a continuous symmetry) of n X n unitary matrices of determinant 1. The special unitary
group is a subgroup of the more general unitary group U(n), whose unitary matrices may have
complex determinants with absolute value 1, rather than real 1 in the special case.

4In order to explain observations of parity symmetry (spatial inversion) violation of the
weak interaction, it is defined as a chiral theory.

5All fermions have spin-1/2, but they exist in two different spin states, referred to as spin
+1/2 and spin —1/2.

6These also form the fundamental representations acting on the fermions.
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need two- and three-dimensional vectors to act upon, respectively, referred to
as SU(2) doublets and SU(3) triplets. Fermions that are not charged under a
particular force are referred to as singlets under the corresponding gauge group.
For instance, leptons are SU(3) singlets since they are not charged under the
strong force.

The gauge bosons are described by vector (spin-1) fields, which appear
when applying the so-called gauge principle. Simply put, we start out with a
Lagrangian containing the free (non-interacting) fermion fields, identify global
transformations of these fields that leave the Lagrangian unchanged, promote
these transformations to local (or gauge) transformations and demand that the
Lagrangian should still be invariant. This latter criterion forces the introduction
of spin-1 vector fields, which are the vector bosons.

1.1.2 The need for new physics

Over the years, the Standard Model has shown to be in excellent agreement
with experimental results across a range of observables. However, despite its
success, the Standard Model is not believed to be the final theory of particle
physics. For instance, as explained in the the anomalous magnetic
moment of the muon gives rise to the probably most clear discrepancy between
the Standard Model and measurements today. There are also several other
motivations for physics beyond the Standard Model. Some originate from
unexplained observational phenomena, while others stem from a more theoretical
perspective. Some of these motivations are explained below. Please note that
this is not an exhaustive list.

Baryon asymmetry

The naive expectation is that equal amouts of matter and antimatter should
have been produced in the Big Bang. However, the fact that the world around
us is made up of baryoni(ﬂ matter means that there is an imbalance of matter
and antimatter in the observable universe. This is referred to as the baryon
asymmetry problem, or simply the matter asymmetry problem, to which the
Standard Model offers no explanation.

Neutrino masses

Neutrinos are assumed to be massless in the Standard Model. However, the
observed neutrino oscillations are only possible for non-zero neutrino
masses. The upper limit on their masses are very small, e.g. 0.8 eV in Ref.
published in 2023, and it is unknown whether they are Majorana or Dirac
fermions.

"Baryons are composite subatomic particles containing three quarks, e.g. protons and
neutrons.
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Dark matter

The existence of dark matter is inferred from its gravitational effects on visible
matter and gravitational lensing of background radiation. An example is the
galazy rotation problem . Stars rotating in the periphery of spiral galaxies are
rotating so fast that the galaxies would fly apart if the gravity of their constituent
stars and gas is all that is holding them together. While “normal” baryonic
matter makes up 5% of the total mass-energy content of the universe, dark matter
is believed to make up 27% — i.e. five times more. Today, the most widely
accepted explanation is that dark matter is composed of weakly interacting
massive particles (WIMPs), that interact only through gravity and the weak
force. The only such candidates in the Standard Model are the neutrinos, but
they are very low in mass (see above) and cannot make up the total amount of
dark matter.

Grand unification

The Standard Model is widely believed to be an effective low-energy model
of a more fundamental high-energy model. In such a Grand Unified Theory
(GUT) [38H41], the three interactions of the Standard Model should unite at
a higher energy and act as a single interaction under some larger gauge group.
In practice, this would mean that the three Standard Model coupling constants
would unite at a high energy scale. However, by evolving the couplings to higher
energies using so-called renormalization group equations (RGEs), they fail to
intersect. Although this is not a direct problem with the Standard Model itself,
it is often used as an argument for physics beyond the Standard Model.

Higgs mass hierarchy problem

The Higgs boson discovered in 2012 has a mass of 125.25+0.17 GeV . However,
the mass predicted by the Standard Model is much higher due to the divergence
of quantum loop corrections to the “bare” Higgs mass. This divergence can be
dealt with by introducing a cut-off scale A, above which the Standard Model in
any case is not valid. The loop corrections at leading order in A are then [31]

Af|? As

Am2 = —
M 872 1672

A%+ (1.1)

where the first and second terms come from fermion and scalar loops, respectively,
and Ay and As are their respective couplings to the Higgs bosonEl The cut-off
scale A is often taken to be the GUT scale (O(10'¢ GeV)) or the Planck scale
(O(10'? GeV)), which makes it difficult to keep the Higgs mass at the electroweak
scale of 102 GeV, as measured. This is referred to as the Higgs hierarchy problem.

8The terms left out are at most logarithmically dependent on the cut-off scale A.
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1.2 Introducing supersymmetry

The need for physics beyond the Standard Model was argued above. One of
the most popular extensions of the Standard Model is supersymmetry, which
proposes a symmetry between fermions and bosons. In supersymmetry, each
Standard Model particle has a superpartner sparticle, which only differs from
the particle by half a unit of spin. If ) is a supersymmetry operator that alters
the spin by 1/2, this can be illustrated schematically as

Q|fermion) = |boson), Q|boson) = |fermion). (1.2)

The bosonic superpartners of the Standard Model fermions are called sfermions.
The rule of thumb for individual sfermion names is also to add a prefix “s-”
to the Standard Model fermion name, e.g. selectron. Further, the fermionic
superpartners of the Standard Model gauge bosons are collectively referred to
as gauginos. Also for the individual gauginos, the naming convention is to add
a suffix “-ino” to the Standard Model boson name, e.g. photino. A tilde (~) is
used to indicate supersymmetric particles. For instance, the above-mentioned
selectron and photino are denoted é and 7, respectively.

Just from this, some observations can be made. As no two Standard Model
particles only differ by half a unit of spin, supersymmetry introduces many
new particles. Further, as no supersymmetric particles have yet been observed,
supersymmetry must be a broken symmetry if it exists. If it was unbroken,
the sparticles would have had the same masses as their corresponding particles,
meaning that we should have observed them already.

1.2.1 Extending the Poincaré group

The general concept of supersymmetry was introduced above, but what was its
origin? Briefly, supersymmetry came about in the 1960s and 1970s as a result
of an attempt at unifying internal gauge and external spacetime symmetries.
More specifically, an attempt to extend the external spacetime symmetries to
also include the internal gauge symmetries in a non-trivial way, i.e. without all
the generators of the internal gauge symmetries commuting with the spacetime
symmetry generators. When working with a mathematical group, it is often
more instructive to look at the corresponding algebra, which is expressed in
terms of the generators of the group. The group generators are group elements
that can produce all the elements in the group by repeated application of the
generators on themselves and each other.

The spacetime symmetry group which all physical objects obeying special
relativity must be invariant under is the Poincaré group. This is the group of
all Lorentz boosts and rotations, as well as translations. The corresponding
generators must satisfy the Poincaré algebra:

[P.,,P) =0, (1.3)
[M;wa Pp] = _i(gupPV - guppu)y
[M},Ll/) Mpo’] = _i(gﬂpMua - gMO’MVp - gl/pM,u,o' + gVO'M[Lp)7 (15)
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where M, are the generators of Lorentz boosts and rotations, P, are the
generators of translations, and g,, are coeflicients of the Minkowski metric
tensor g. These generators commute with the generators B; of the Standard
Model gauge groups, i.e.

[P, Bi] = [M,

nvs

B] = 0. (1.6)

In 1967, Coleman and Mandula showed that there exists no Lie-algebra-
basecﬂ extension of the Poincaré algebra that fulfills the goal of unifying external
and internal symmetries . This is referred to as a no-go theorem. However,
in 1975, Haag, Lopuszanski and Sohnius wanted to see if they could get around
this no-go theorem by allowing anticommutators in Lie algebras, by introducing
the concept of graded Lie algebras, also called superalgebras . A superalgebra
L is a direct sum of two Lie algebras Lo and Ly, L = Lo & L1, with a special
binary operation called grading giving anticommutation relations for generators
in L1. By combining the Poincaré algebra with an algebra spanned by a set
of four new generators Q,, a = 1,2, 3,4, called Majorana spinor charges, Haag
et. al came up with the supersymmetric extension of the Poincaré algebra — the
super-Poincaré algebram

Instead of working with the four-component Majorana spinor charges, it is
often useful to work with two-component Weyl spinors @Q 4, related by

.= (gh). (L7)

where QA is the hermitian conjugate of Q4, and A = 1,2 and A = 1,2 are
distinct indices. The super-Poincaré algebra is then given by the Poincaré
algebra, Equations (1.3)—(L.5), plus the (anti)commutation relations

{Qa,QB} = {Q/UQB} =0, (1.8)

{Qa,Qp} = 20", 4 Py, (1.9)

[Qa, Py =[Q4, P =0, (1.10)

[Qa, M™] =P Qp, (1.11)

where o = L(otG” — g¥o"), with o/ = (Lax2,0'), and o' are the two-

dimensional Pauli matrices. The transformations corresponding to this super-
Poincaré algebra are called supersymmetry transformations, and the objects
transforming under such transformations can be represented by so-called
superfields.

Note that supersymmetry as defined in Equations 7 actually does
not fulfill the original goal of unifying external and internal symmetries, since

9n physics, we are particularly interested in so-called Lie groups (named after the Norwegian
mathematician Sophus Lie), which are used to describe continuous symmetries.

10The super-Poincaré algebra, is often simply called the superalgebra, which can be a bit
confusing.
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1. Supersymmetry

no gauge generators B; appear. The internal symmetries can appear for so-
called N > 1 supersymmetries, where the super-Poincaré algebra is extended by
introducing more Majorana spinor charges, labeled Q¢, where @ = 1,..., N.
However, such N > 1 supersymmetries introduce an extensive number of
extra particles, and do not seem to be realized in nature. Nevertheless, as
supersymmetry has some interesting features (such that it can be shown to be
the largest possible extension of the Poincaré group), it ended up becoming
a quite popular theory. In Section we will see how supersymmetry can
accomodate several of the shortcomings of the Standard Model described in
Section [1.1.2] But first, we will see how the additional particles predicted by
supersymmetry come into play.

1.2.2 Superfields and (s)particles

There are two different types of superfields, corresponding to the irreducible
representations of the super-Poincaré algebra. The two types are referred to as
scalar and vector superfields. The superfields do not correspond to individual
particles directly, instead, they contain fermionic and scalar degrees of freedom
related by supersymmetry transformations (Equation )

After applying the equations of motion, a scalar superfield contains two
scalar (bosonic) degrees of freedom and two fermionic degrees of freedom, where
the former are contained in a complex scalar component field and the latter
are contained in a two-component Weyl spinor. Note that scalar superfields
and Weyl spinors are either left- or right—handedﬂ A vector superfield, after
applying the equations of motion, contains a massless vector boson with two
bosonic degrees of freedom and two Weyl spinors of opposite handedness with
two fermionic degrees of freedom. The two Weyl spinors in a vector superfield
are hermitian conjugates, and so they contain the same two degrees of freedom.

Fermions are constructed from scalar superfields. To construct a Dirac fermion
and its antiparticle, four fermionic degrees of freedom are needed, or rather two
different Weyl spinors of opposite handedness. As each scalar superfield contains
two bosonic degrees of freedom in addition to a Weyl spinor, two scalar particle—
antiparticle pairs are introduced when constructing a Dirac fermion. These are
the sfermions, the bosonic superpartners of the Standard Model fermions.

Further, one vector superfield per Standard Model gauge boson is needed,
each containing a massless vector boson with two bosonic degrees of freedom.
The two “excessive” Weyl spinors in each superfield combine into the gauginos,
the fermionic superpartners of the Standard Model gauge bosons.

1.2.3 Supersymmetry solutions

In this section, we will see why supersymmetry has become such a popular theory
by briefly reviewing its solutions to some of the shortcomings of the Standard
Model presented in Section [1.1.2)

M Corresponding to the two inequivalent fundamental representations of the SL(2,C) group
homomorphic to the Poincaré group.
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Dark matter

As explained in Section [[.1.2] the only dark-matter candidates in the Standard
Model are the neutrinos, which in any case cannot make up the total
amount. Supersymmetry introduces many new particles, including some possible
candidates for particle dark matter . In particular, the massive fermionic
superpartners of the Standard Model gauge bosons can fulfill the criteria for
being WIMPs.

Grand unification

As explained in Section [I.1.2] when evolving the Standard Model coupling
constants to higher energies using RGEs, they fail to intersect. In supersymmetry,
however, the evolution of the coupling constants is altered, and in some
realizations they can indeed unify into a common coupling g, at the GUT
scale.

Higgs mass hierarchy problem

As supersymmetry introduces many new particles, the number of correction terms
to the Higgs mass will in fact increase by introducing supersymmetry. However,
there are exactly twice as many bosons as fermions in supersymmetry, and their
couplings can be shown to satisfy the relation |\ f|2 = Xs. This means that the
correction terms from Standard Model fermions cancel out the correction terms
from supersymmetry bosons in Equation , and vice versa. For unbroken
supersymmetry, in which the Standard Model particles and their corresponding
sparticles are mass degenerate, this cancellation is exact for all orders of A. This
is currently one of the main motivations for supersymmetry.

For broken supersymmetry, however, the non-leading terms in Equation
become important, as they are mass-dependent. For so-called softly broken
supersymmetry, the contributions to the Higgs mass is at most

1672 2

2

Am? = — As m?In (;\l) + ..., (1.12)

at leading order in A, where my is the mass scale of the soft-breaking terms,

which can be seen as the “extra mass” of the supersymmetric particles compared

to their corresponding Standard Model particleslzl In order to keep the Higgs

mass contributions in Equation small, ms cannot be too large. This is

referred to as the little hierarchy problem, and is regarded as the main motivation
for supersymmetry to be manifest at a relatively low energy scale.

121n fact, the label “soft term” refers to supersymmetry-breaking terms that at worst give
mass corrections logarithmic in A.
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1.3 The Minimal Supersymmetric Standard Model

The focus of this thesis will be on the Minimal Supersymmetric Standard Model

(MSSM) 47], which is the supersymmetric model with the smallest field

content consistent with the Standard Model. The MSSM is based on the minimal

extension of the Poincaré algebra, i.e. N = 1 supersymmetry. In the following, the

superfields necessary to recover the Standard Model particles will be introduced,

using notation conventional in phenomenology (as opposed to pure theory).
For the leptons, we introduce the left-handed scalar superfields

Li:(j‘) and Ej, (1.13)

where I; and E; are for the charged leptons, v; is for the (left-handed) neutrinos
and the generation index i runs from 1 to 3. The E; superfield contains the part
of the (s)particles that do not couple to SU(2)r, while I; and v; are placed in
SU(2)r, doublets L;. From these fields and their hermitian conjugates, all of
the Standard Model leptons and their bosonic superpartners, collectively called
sleptons, are constructed. Similarly, for up- and down-type quarks we introduce
the scalar left-handed superfields

Qi = <Zl) , Ul and Di, (114)

where again the generation index runs from 1 to 3, and u; and d; are placed in
SU(2)r, doublets Qzﬂ From these fields and their hermitian conjugates, all of
the Standard Model quarks as well as their bosonic superpartners, called squarks,
are constructed.

For the gauge bosons, we need to introduce one vector superfield per generator
of the Standard Model gauge groups, which is eight, three and one for SU(3)¢,
SU(2), and U(1)y, respectivelylﬂlﬂ The corresponding vector superfields are
denoted

c*, W* and B, (1.15)

where a runs from 1 to 8 for C* and from 1 to 3 for W¢. These altogether 12
vector superfields give the g (eight color combinations in total), W23 and B°
gauge bosons of the Standard ModelEl as well as their fermionic superpartners
referred to as gluino, wino and bino, respectively, denoted g, W9 and B°.

The only Standard Model particle then left to introduce is the Higgs boson.
In the MSSM, two Higgs superfield SU(2);, doublets are needed in order to give
masses to both up- and down-type quarks:

Hf HY
w = <H0> and Hd = (H3> , (116)

13Note that the color indices are omitted for simplicity.

14This requirement is needed to obey gauge invariance.

15The SU(n) groups have n? — 1 generators.

16Before the electroweak symmetry breaking, in which W23 and B? mix and form the
physical (mass-eigenstate) bosons W+, Z0 and ~.
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where the indices indicate which quarks they give mass to and the signs indicate
the electric charge of the component superfields. These four left-handed scalar
superfields introduce altogether four Weyl spinors, with two fermionic degrees
of freedom each, and eight bosonic degrees of freedom. Three of the latter
are absorbed into mass terms for the W+ and Z° bosons through the Higgs
mechanism (as in the Standard Model), while the remaining five form the physical
mass eigenstates h, H®, A and H*. The Weyl spinors combine into so-called
higgsinos. In the next section, the Higgs sector of the MSSM will be discussed
further, as it has some important features.

1.3.1 The MSSM Higgs sector

Compared to the Standard Model Lagrangian, the only new parameter in the
(unbroken) MSSM Lagrangian is the Higgs superfield mass parameter, denoted pu.
This parameter is introduced via a new mass term in the so-called superpotential
of the MSSME which is quadratic in the Higgs doubletsﬁ However, an
additional 104 new parameters are introduced via the soft-breaking terms, which
will be discussed in Section [[3.3]

Further, in the MSSM, these soft-breaking terms are responsible for boosting
the sparticle masses, but electroweak symmetry breaking is still needed for the
Standard Model masses. The particles acquire their masses through the Higgs
mechanism, in which a complex scalar field doublet with a non-vanishing vacuum
expectation value is introduced, such that the electroweak SU(2)r x U(1)y
symmetry of the Standard Model is “spontaneously” broken down to the U(1)em
symmetry of quantum electrodynamics. This means that the vacuum state
breaks the symmetry that still exists in the Lagrangian. In the Standard Model,
the Higgs mechanism is put in by hand through the choice of a potential for the
Higgs fields. In the MSSM, however, so-called radiative electroweak symmetry
breaking (REWSB) gives an explanation for the Higgs mechanism by
creating a suitable Higgs potential. The term radiative refers to the fact that
the symmetry breaking in this case is driven by quantum corrections from RGE
running of the coupling constants and soft-masses of the model.

One of the desired results of the symmetry breaking is that the neutral
components of the Higgs doublets acquire a non-vanishing vacuum expectation
value, v, = (H2) and vg = (HY), respectively. To get the Standard Model boson
masses, these must satisfy the experimental constraint

2 == 2T (174 Gev)? 117
Uu'i‘vd:U—Ww( e), ( )
where my is the Z-boson mass, and g and ¢’ are the SU(2);, and U(1)y coupling
constants, respectively. The remaining freedom in the ratio of the two vacuum

17Corresponding to the (non-gauge) interaction terms of an ordinary quantum field theory.
18The term is pHZiasz, where o2 is the second Pauli matrix. The ios construction
preserves SU(2)r, invariance.
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expectation values is usually parameterized as

tan 8 = v—u, (1.18)
Vg

where by convention 0 < § < /2.

1.3.2 R-parity

In the Standard Model Lagrangian, there are no terms that violate conservation
of baryon number B and lepton number L. And indeed, no processes violating B-
and L-conservation have been observed experimentally. However, in the MSSM,
some of the terms in the superpotential do not conserve B and L. As this leads
to some unacceptable predictions, such as rapid proton decay, these terms need
to be suppressed. This is done by introducing a new symmetry. In the MSSM,
all interactions are required to conserve the discrete and multiplicative R-parity
P [50], defined as

Pr = (_1)3(B—L)+25’ (1_19)

where s is spin. With this definition, all Standard Model particles and the
additional Higgs bosons of the MSSM have Pr = +1, while all sparticles have
Pr=-1.

In addition to suppressing the MSSM superpotential terms violating B-
and L-conservation, conservation of R-parity leads to three very important
phenomenological consequences:

1. When produced from Standard Model particles, sparticles can only occur

in pairs.

2. Sparticles decay into an odd number of lighter sparticles.

3. All sparticle decay chains end with the lightest supersymmetric particle

(LSP), which has to be absolutely stable.
As the LSP has not yet been observed experimentally, it has to be invisible to
detectors if it exists. This means that it should be at most weakly interacting,
i.e. both color and electrically neutral. It is therefore a good candidate for
particle dark matter, mentioned in Section [[:2:3]

1.3.3 Supersymmetry breaking

As discussed in Section [I.2] supersymmetry must be a broken symmetry in
order to produce the mass differences between the supersymmetric particles and
their corresponding Standard Model particles required by experimental results.
However, the underlying symmetry-breaking mechanism is unknown. In such
cases, it is common to use an effective phenomenological theory constructed from
an originally symmetric (non-broken) theory by adding terms that explicitly
breaks the symmetry. This is referred to as explicit symmetry breaking, and is
done in the MSSM.

All viable supersymmetry-breaking terms that satisfy a few phenomenolog-
ically motivated constraints must be included. First, only terms that break
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supersymmetry softly are allowed. As explained in Section [[.2.3] one of the
advantages of supersymmetry is that the quadratically divergent loop corrections
to the Higgs boson mass are canceled out. Soft supersymmetry-breaking terms
preserve this cancellation. Second, the full MSSM Lagrangian must remain
invariant under the Standard Model gauge group, SU(3)c x SU(2)r, x U(1)y.
Finally, only terms conserving R-parity are allowed, as discussed in the previous
section. Altogether 104 new parameters are added to the MSSM Lagrangian via
such soft-breaking terms. The two that will become the most relevant in the
following are M7 and Ms, which are the bino and wino soft-mass parameters,
respectively, breaking the mass degeneracy between the Standard Model gauge
bosons and their superpartners.

1.3.4 Particle phenomenology of the MSSM

The field content of the MSSM was introduced at the very beginning of Section[I-3]
together with some information on which (s)particles the different fields form.
Here, some more details on the physical sparticles will be given. Due to
electroweak symmetry breaking, the sparticle mass eigenstates are in general
mixtures of the gauge eigenstates. An overview of the gauge and mass eigenstates
of the MSSM sparticles are listed in Table

As described in Section [[.2.2} two superpartner scalar particles are introduced
with each Standard Model fermion. For instance, the scalar superpartners of the
up-quark u are labeled @p and @y. Note that scalars do not have any notion of
handedness, and that the indices R and L are just part of the conventional name.
For the sfermions, the amount of mixing is usually assumed to be proportional
to the masses of the corresponding Standard Model fermionslﬂ The mixing is
thus negligible for the two first generations of squarks and sleptons. All mixed
mass eigenstates are numbered according to increasing mass. For instance, #; is
the lighter of the two stops.

The mixing of the MSSM Higgs fields was already briefly discussed when
introducing them. In conclusion, there are five Higgs bosons in the MSSM after
the Higgs mechanism. The h° and H® are neutral scalars, where the former is
the lighter of the two and said to be “Standard Model-like”. The H* are charged
scalars, while the A is a so-called pseudo-scalar, meaning that it changes sign
under a parity inversion (which true scalars do not).

Of the gauginos, the fermionic superpartners of the Standard Model gauge
bosons, only the gluino § has identical gauge and mass eigenstates. As the gluino
is a color-octet Majorana fermion, it has nothing to mix with in the MSSM.
The bino B® and winos W and W+ mix with the higgsinos H;, H?, ffg and
H ; and form the so-called neutralinos and charginos. The neutralinos are four
neutral Majorana fermions, labeled ¥V, i = 1,2,3,4. The charginos are two
charged fermion—antifermion pairs, labeled )2?[, i = 1,2. The neutralinos and
charginos are collectively referred to as electroweakinos. The lightest neutralino
%} is often assumed to be the lightest supersymmetric particle, and is considered

190r more precisely the Yukawa coupling strengths of the fermions to the Higgs boson.
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Table 1.1: The particle spectrum of the MSSM. The Standard Model fermions
and gauge bosons are not included.

Name Spin  Pr  Gauge eigenstates Mass eigenstates
Higgs bosons 0  +1  H) Hy H} H; RO HO A® H*

’l]L ’l]R JL JR (same)
squarks 0 -1 SL SR CL CR (same)

frtr by br fy T3 by by
€L €R Ve (same)
sleptons 0 -1 AL AR Uy (same)
TL TR Ur T To Uy

neutralinos 1/2 -1 BO WO 0 3 % % )Zg e
charginos 1/2 -1 Wt HF O X Xa
gluino 172 -1 g (same)

to be a viable dark-matter candidate. As the search for charginos and neutralinos
is the topic of this thesis, we will review these particles in a bit more detail in
the following.

Neutralinos and charginos

In the gauge eigenstate basis
(0T = (B, W, 9, 7Y, (1.20)
the neutralinos can be expressed as
XY = NuB® + NppW° + NisH) + NiyH,) (1.21)

where the coefficients N;; indicate the size of the component of each field in the
basis. Further, in this basis, the neutralino mass term can be written as

Ly = —%(éo)TMxozZJO +c.c., (1.22)
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where the mass matrix is found from the Lagrangian to be

M1 0 —CBSey Mz SBSew Mz
Moo = 0 Mg CpChy, Mz —SpCoy Mz (1.23)
—CBSHy, Mz CpCoy, Mz 0 -l
5880y Mz  —S83CH, Mz — 0
Here, ¢, = cosz and s, = sinz, my is the Z-boson mass, Oy is the so-

called weak mizing angle (also called the Weinberg angle), and 3 was defined in
Equation . Further, we recognize the bino soft-mass parameter M, the
wino soft-mass parameter Mo, as well as the supersymmetric mass parameter p
giving mass to the higgsinos. The neutralino masses can be found by diagonalizing
this matrix.

Similarly, in the gauge eigenstate basis

W5 = (W Hf W, Hy), (1.24)

the chargino mass matrix can be written as

0 0 M, V2esmw
0 0 \/§Sf5mw 7
M.+ = 1.2
Xi Mg \@ngw 0 0 ’ ( 5)
V2esmy 7 0 0

where myy is the W-boson mass. As for the neutralinos, the chargino masses
can be found by diagonalizing this matrix.

1.4 Theoretically motivated models

As explained in Section [1.3.3] explicit symmetry breaking introduces more than
100 new parameters in the MSSM. To improve predictability, it is common to
work with realizations of the MSSM involving a smaller number of parameters.
Two such theoretically motivated realizations are introduced below.

1.4.1 The constrained MSSM

In the constrained MSSM (CMSSM), also known as minimal supergravity
(mSUGRA) [51153], so-called Planck-scale Mediated Supersymmetry Breaking
(PMSB) is assumed. A common assumption is that the supersymmetry breaking
takes place in a hidden sectorEl at some inaccessible, high energy scale, and that
the effects of the breaking in this hidden sector are mediated down to the visible
sector through some interaction that is common to both sectors. In PMSB, some
gravity mechanism at the Planck scale (O(10*° GeV)) is assumed to mediate the
supersymmetry breaking from the hidden to the visible sector.

20Consisting of superfields that do not couple directly to the superfields containing the
Standard Model particles.
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1. Supersymmetry

Further, motivated by the wish for gauge unification, a minimal form for the
parameters at the GUT scale is assumed, resulting in a highly predictive theory
parameterized by only four free parameters and a sign:

myj9, mo, Ao, tanfB and sign(u). (1.26)

Here, my is the common (GUT scale) scalar mass, m; /2 is the common gaugino
soft-mass, while Ag is the common coupling for trilinear soft-breaking terms.
Further, tan 5 was introduced in Equation , while sign(u) is the sign of the
by now well-known higgsino mass parameter. By choosing these input parameters
at the GUT scale and then evolving the mass parameters mg and m;/, down to
a lower scale, mass splittings between the individual sparticles appear. Because
of this running, the model predicts M; < M5 and typically has, with some
exceptions, My, My < |u|. Then {Y is mostly bino, {9 is mostly wino, and x3
and XY are mostly higgsino. Further, Xli is mostly wino, )@t is mostly higgsino,
and MgQ =~ My

1.4.2 Natural supersymmetry

Theories that require fine-tuned cancellations of parameters in order to explain
results are often considered to be theoretically unsatisfactory, or rather unnatural.
This has led to the concept of naturalness, which can be interpreted as the
heuristic rule that parameters in a fundamental physical theory should not
be too fine-tuned. Note that this is an aesthetic criterion, not a physical one.
However, it has shown to be a powerful guiding principle in physics.

Instead of evaluating the naturalness score of already existing supersymmetry
models, so-called natural supersymmetry models are based on the criterion
that the amount of fine-tuning should be kept as low as possible. In such models,
|| is typically near the weak scale, predicting light higgsinos. Unless also M;
and M, are relatively small, ¥}, X9 and Xi are all mostly higgsino and have

similar masses: mgo ~ myo =~ Mgt ~ | ]

1.5 Summary

This chapter gave a general introduction to supersymmetry. We began by giving
a short review of the Standard Model of particle physics and its shortcomings,
before introducing the concept of supersymmetry and its origin. After explaining
how supersymmetry can solve many of the Standard Model problems, we
moved to introducing the Minimal Supersymmetric Standard Model, which
is the supersymmetric model with the smallest field content consistent with
the Standard Model. Here, the charginos and neutralinos were introduced as
the fermionic superpartners of the Standard Model gauge bosons. Finally, two
theoretically motivated realizations of the MSSM relevant to this thesis were
introduced, namely the CMSSM and natural supersymmetry.

In the next chapter, the experimental setup used to collect the dataset used
in this thesis will be introduced, namely the Large Hadron Collider and the
ATLAS experiment.
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Chapter 2

The Large Hadron Collider and the
ATLAS experiment

To search for supersymmetry, an experimental setup is needed. The experimental
data used in this thesis was collected with the ATLAS experiment, one of the
four big experiments located along the Large Hadron Collider ring at CERN. In
this chapter, CERN, the Large Hadron Collider and the ATLAS experiment will
be introduced in Section 2.1} Section 2:2] and Section B3] respectively.

2.1 CERN

The European Organization for Nuclear Research, known as CERN (from
French: Conseil Européen pour la Recherche Nucléaire), is a European research
organization that operates the largest particle physics laboratory in the world.
The organization, located on the Swiss-Franco border outside Geneva, was
established in 1954 by 12 founding states, including NorwayEl There are currently
23 member states — the latest addition was Serbia in 20198 In addition to
contributing to the capital and operating costs of CERN’s programs, the member
states are represented in the Council, where all important decisions about the
organization and its activities are being made. Further, so-called observer
status is given to states that have made significant contributions to the CERN
infrastructure, and to international organizations that are linked to CERN,
such as the European Union (EU) and UNESCO. These observers do not have
any voting rights in the Council. CERN also has cooperation agreements and
scientific contracts with even more countries. In 2021, more than 11,000 users of
115 different nationalities from institutes in 77 countries contributed to CERN’s
scientific mission [56]. Figure shows a map of the world showing the CERN
membership status of countries as of 2018 in shades of blue, where the darkest
blue represent member states.

IThe others were Belgium, Denmark, France, the Federal Republic of Germany, Greece,
Ttaly, the Netherlands, Sweden, Switzerland, the United Kingdom and Yugoslavia.

2After its establishment, CERN was subsequently joined by Austria, Spain, Portugal,
Finland, Poland, Czechoslovak Republic, Hungary, Bulgaria, Israel, Romania and Serbia. After
their mutual independence in 1993, the Czech Republic and the Slovak Republic rejoined
CERN. Yugoslavia, one of the founding states, left CERN in 1961.
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MEMBER STATES
ASSOCIATE MEMBER STATES
SSOC MEMBERS IN

Figure 2.1: Map of the world showing the CERN membership status of countries
in shades of blue, where the darkest blue represent member states . Note
that this overview shows the status in 2018, i.e. before Serbia became a full
member in 2019.

2.2 The Large Hadron Collider

The Large Hadron Collider (LHC) 59, located at CERN, is the world’s
largest and most powerful particle accelerator to dateEl Located in a tunnel
underground, the LHC consists of a 27-kilometer double ring of superconducting
magnets with a number of accelerating structures to boost the particles along
the way. The mean depth of the tunnel is 100 m, with a maximum depth of
175 m under the Jura mountains, and a minimum depth of 50 m towards Lake
Geneva. Beams of proton bunches, traveling close to the speed of light, circulate
in opposite directions inside the two ringsEl The two beams are made to collide
at four different locations along the double ring, around which big experiments
have been built: ATLAS and CMS are multi-purpose experiments, while ALICE
and LHCb are more specialized.

The LHC was first turned on in 2008. The dataset used in this thesis was
collected with the ATLAS experiment between 2015 and 2018, referred to as
“Run 27 of the LHCEl During this run, the proton bunches containing of order

3Hadrons are composite particles consisting of two or more quarks held together by the
strong interaction.

4The LHC can also accelerate and collide heavy ions, but as only proton-proton collisions
are relevant for this thesis, the LHC will be referred to as a proton—proton collider.

5Run 1 was between 2009 and 2013, followed by a two-year long shutdown referred to as
“Long Shutdown 1” (LS1) for maintenance and upgrades before the start of Run 2 in 2015.
After Run 2 came the second long shutdown (LS2), lasting from 2018 to 2022. Run 3 is
currently ongoing, and will last until the end of 2025. The full LHC schedule will be discussed

in Section @
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10! protons each had a bunch-spacing of 25 ns, corresponding to 7 m. Further,
each beam was accelerated up to 6.5 TeV, giving a center-of-mass collision energy

(V/s) of 13 TeV[]

2.2.1 The LHC accelerator complex

The LHC is actually the last step in a long and complex chain of accelerators, as
illustrated in Figure 22} During Run 2, the source of the proton beams for the
CERN accelerator complex was Linac2 (Linear accelerator 2), later replaced by
Linac4 in 2020. From a bottle of hydrogen gas, hydrogen was passed through an
electric field to strip off the electrons, leaving only protons to enter the accelerator.
In linear accelerators, cylindrical conductors are charged using radiofrequency
cavities. The conductors are alternately positively and negatively charged, such
that charged particles passing through are pushed by the conductor behind them
and pulled by the conductor ahead of them, causing the particles to accelerate.
Further, small quadrupole magnets are used to focus the beam, i.e. making sure
the particles remain in a tight beam. At the end of Linac2, the protons had
reached an energy of 50 MeV and gained 5% in mass.

The next accelerator in the chain is the Proton Synchrotron Booster (PSB),
which consists of four superimposed synchrotron rings. A synchrotron is a
cyclical accelerator, in which charged particles are accelerated while moving in
a fixed, circular path. As the particles gain energy, the magnetic field which
ensures the particles’ circular motion is increased to maintain the fixed path.
During Run 2, the 50 MeV protons from Linac2 were accelerated up to 1.4 GeV
in the PSB, before entering the Proton Synchrotron (PS). The PS was CERN’s
first synchrotron, and with its circumference of 627 m, it was CERN’s flagship
accelerator when built in the 1950s. In the PS, the protons are accelerated up
to 25 GeV. Further, in the last step before the LHC, the protons are accelerated
up to 450 GeV in the Super Proton Synchrotron (SPS), which measures nearly
7 km in circumference. The Standard Model W and Z bosons were discovered
using the SPS in 1983.

Finally, the proton beams are injected into the LHC, which is also a
synchrotron. Here, acceleration is ensured via 16 radiofrequency cavities. Inside
each of these cavities, an oscillating electromagnetic field results in standing
waves, creating an electric field along the beams’ directions. By careful timing of
their arrival, each proton bunch experiences an accelerating field when passing
through a cavity. On average, the protons gain 485 keV of energy with each lap
around the LHC ring. The beams are guided around the accelerator ring by a

6The center-of-mass energy /s is given by the square root of the Lorentz invariant quantity
s formed from the total energy F and momentum p of the two initial-state particles, which in
natural units with ¢ =1 is

)

The center-of-mass energy is typically given in units of electron volts, eV.
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strong magnetic field maintained by thousands of superconducting electromagnets
of different types and sizes. These include 1,232 15 m long dipole magnets which
bend the beams, and 392 5-7 m long quadrupole magnets which focus the beams.

The CERN accelerator complex
Complexe des accélérateurs du CERN

2010 (27 km)

T142

SPS

o AWAKE

HiRadMat

N

AD ELENA
ISOLDE
19‘]2

o /7 s m REX/HIE
o ‘ C 7
2001 PS
\/5—\
LINAC 4

LEIR

LINAC 3

ons
) H™ (hydrogen anions) ) ions D RIBs (Radioactive lon Beams) ) n (neutrons) ) P (antiprotons) ) e (electrons)

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator / CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnlLine // REX/HIE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator // n_TOF - Neutrons Time Of Flight //
HiRadMat - High-Radiation to Materials

Figure 2.2: An overview of the CERN accelerator complex . The LHC is
the last ring (dark blue line) in a chain of particle accelerators. The smaller
machines are used to boost the particles to their final energies and provide beams
to a whole set of smaller experiments, which also aim to uncover the mysteries
of the universe. The ATLAS, CMS, ALICE and LHCb detectors are shown as
yellow dots along the LHC ring.

2.2.2 Luminosity

When the two beams of proton bunches are steered towards each other, only a
few protons from each bunch end up interacting with protons coming in from the
opposite direction. The instantaneous luminosity L is a measure of the expected
number of interactions per time per area. In the case of the LHC, assuming
that the beams have a Gaussian profile and collide head-on, the instantaneous
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luminosity iS gi\/eIl by
nin9g
[ = f L

drogoy,’ (2:2)
where n; and ng are the number of protons in the colliding bunches, f is the
frequency at which the bunches collide, and o, and o, are the root-mean-square
(rms) horizontal and vertical beam sizes. The nominal LHC beam parameters
relevant for the peak instantaneous luminosity are listed in Table

Further, the integrated luminosity L is a measure of the total number of
interactions over a period of time:

L= /Edt. (2.3)

The integrated luminosity has unit inverse area, often given in inverse barn (b),
where 1b = 1072% m?2.

2.2.3 Cross-sections

In short, the cross-section is a measure of the probability that a given process will
occur in a particle collision. In the early days of particle physics, particles were
thought to be tiny, indestructible balls. In that case, the probability for such
balls to collide would be proportional to their size (unless they were precisely
aimed). We have later learned that this is the wrong mental image. Instead,
elementary particles behave as tiny waves of probability, which can also interact
at a distance. However, the term “cross-section” stuck. The cross-section is
defined as having unit area, usually given in barns as introduced above.

Figure [2:3] shows a summary of production cross-sections for a few selected
Standard Model processes as measured with the ATLAS experiment (to be
introduced in Section , as a function of center-of-mass energy /s. The
cross-section values span several orders of magnitude, from order 1 pb (picobarn)
for diboson production to order 10° pb for production of single bosons. In

Table 2.1: Nominal LHC beam parameters relevant for the peak instantaneous

luminosity .

Parameter Value Description
N 2,808 Number of bunches
1.15 x 10! Number of protons per bunch
40 MHz Bunch-crossing frequency
o 16.7 pm Transverse beam size (o, = o)
Loecak 1.0 x 103 cm=2s~!  Peak instantaneous luminosity
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Figure 2.3: Summary of production cross-sections for a few selected Standard
Model processes as a function of center-of-mass energy /s, measured with
the ATLAS experiment . The measurements have been performed at LHC
collision energies of 2.76 TeV, 5 TeV, 7 TeV, 8 TeV and 13 TeV, shown as
colored markers. The gray lines show theoretical predictions, where the gray
text indicates the precision level of the prediction.

comparison, the inclusive (total) cross-section for proton—proton collisions at the
LHC is of order 10" pb.

Further, Figure[2-4]shows predicted cross-sections for sparticle pair production
in proton—proton collisions at /s = 13 TeV, as a function of sparticle mass.
The cross-sections fall exponentially with increasing sparticle mass. Moreover,
they are larger for colored sparticles (squarks and gluinos) than for non-colored
sparticles (sleptons and electroweakinos) for similar masses.

Expected number of events
Knowing the cross-section ox for a given process X, we can calculate the event

rate Rx (the expected number of events per second) as

and the total number of expected events Nx during a given data-taking period

as
NX - LO’X, (25)
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Figure 2.4: Predicted cross-sections for sparticle pair production in proton—
proton collision at /s = 13 TeV as a function of sparticle mass |64]. The
production cross-sections are larger for colored sparticles (squarks and gluinos —
blue, orange, green and red lines) than for non-colored sparticles (sleptons and
electroweakinos — purple, brown, pink and gray lines) for similar masses.

where £ and L are instantaneous and integrated luminosity, respectively.
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2.3 The ATLAS experiment

The ATLAS (short for “A Toroidal LHC ApparatuS”) experiment is
one of the two multi-purpose detectors at the LHC. With its length of 46 m
and diameter of 25 m, ATLAS is the detector with the largest volume ever
constructed for a particle collider. Further, ATLAS weighs 7,000 tonnes, similar
to the weight of the Eiffel tower. The detector consists of different layers of
detecting subsystems, wrapped concentrically around the collision point to
record the trajectory, momentum and energy of particles. This way, the particles
traveling through the detector can be individually identified and measured.
Figure 2.5 shows a computer-generated image of the whole ATLAS detector,
also listing the different detector layers[]]

44m

Tile calorimeters
: LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

Figure 2.5: A computer-generated image of the whole ATLAS detector, indicating
the different detector layers [68].

2.3.1 Coordinate system

The collision point, or interaction point, around which the detector is built, is
the origin of the ATLAS coordinate system. In standard Cartesian coordinates
(x, y, z), the positive a-axis is defined as pointing towards the center of the LHC
ring, the positive y-axis is defined as pointing upwards, while the beam direction
defines the z-axis. Spherical coordinates (r, 6, ¢) are also used, where r is the
radial distance from the origin (r = y/22 + y?), the azimuthal angle ¢ lies in the

"Note that in this image produced in 2008, the length of ATLAS is listed as 44 m instead
of 46 m.
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xz-y plane, and the polar angle # lies in the y-z plane. In practice, it is common
to refer to the so-called pseudorapidity n instead of the polar angle, defined as

0
17 = —Intan 3 (2.6)

As the polar angle approaches zero, the pseudorapidity tends towards infinity.
Particles with high pseudorapidity values are generally lost, as they escape
the detector along the beamline. One reason for using pseudorapidity is that
for ultra-relativistic particles, differences in this variable (An = etas —n1) are
approximately invariant under Lorentz boosts along the beam direction. Another
commonly used parameter is the angular distance AR in the n-¢ plane, defined
as

AR = /(A% + (Ag)2. (2.7)

Importance of the transverse plane

In collider experiments, the so-called transverse plane is important. In ATLAS,
this is the z-y plane — any vector in this plane is perpendicular to the LHC
beamline. In proton—proton collisions, it is not the protons themselves that
collide, but rather the partons (quarks and gluons) that make up the protons.
As each parton carries an unknown fraction of the total proton momentum,
we do not know the momenta of the particles that actually collide. What we
do know, however, is that most of the momentum of the partons point in the
z-direction, such that the total incoming momentum in the transverse plane can
be approximated to be zero. Further, as the ATLAS detector is approximately
hermetic in the transverse plane, most of the outgoing momentum in this plane is
accounted for. This means that we can use conservation of energy and momentum
in this plane, which is why transverse energy ET and transverse momentum pr
have central roles at collider experiments.

In particular, the so-called missing transverse momentum plays an important
role in searches for new physics. “Invisible” particles, such as the neutrino and the
lightest supersymmetric particle (if it exists), escape the detector without leaving
a trace. However, their presence can be inferred from momentum conservation,
as will be explained in more detail in Section [2.3.4]

2.3.2 Detector layout

Figure 2.6 shows an illustration of a slice of the ATLAS detector, depicting the
detector layers. The different layers will be briefly introduced in the following.

Inner detector

The ATLAS inner detector has a length of 6.2 m and a diameter of 2.1 m.
Despite its relatively small size, it is highly sensitive. The main purpose of the
inner detector is to track the paths of electrically charged particles produced
in the proton—proton collisions. Further, based on these tracks, the vertices
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Figure 2.6: Hlustration of a slice of the ATLAS detector, showing the different
detector layers [69].

of a collision can be determined. The primary vertex is the actual collision
point, while secondary vertices arise from subsequent decays of the particles
produced in the collision. The inner detector itself consists of three layers: the
pixel detector, the semiconductor tracker (SCT) and the transition radiation
tracker (TRT). Figure shows a computer-generated image of the ATLAS
inner detector.

The innermost layer is the pixel detector, which is located just 3.3 cm from
the LHC beampipe. It consists of four layers of silicon pixels with over 92 million
pixels in total, each being smaller than a grain of sand. Silicon pixels give
excellent spatial resolution, but they are very costly, which is why they are only
used in the innermost part of ATLAS. As charged particles burst out from the
collision point, they leave behind small energy deposits, or hits, in the pixel
detector.

Surrounding the pixel detector is the semiconductor tracker. Like the pixel
detector, the SCT is a silicon-based semiconductor detector. But instead of
pixels, the SCT sensors are shaped like long, thin “micro-strips”. With over
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' End-cap semiconductor tracker

Figure 2.7: Computer-generated image of the ATLAS inner detector \\

4,000 modules with more than six million micro-strips in total, the SCT allows
for measuring particle tracks with a precision of up to 25 nm, which is less than
half the width of a human hair.

The third and final layer of the ATLAS inner detector is the transition
radiation tracker. The TRT is made up of 300,000 thin-walled drift tubes, or
“straws”, with a diameter of 4 mm. The straws are filled with a gas mixture,
which is ionized by charged particles passing through, resulting in detectable
electric signals. In addition to detecting particle tracks, the TRT provides
information on the particle type through transition radiation.

Magnet system

The purpose of the magnets in the ATLAS detector is to bend the trajectories
of charged particles, allowing for measurement of their momenta. Due to the
Lorentz force, the trajectory of a charged particle moving through a magnetic
field will be curvedEl Knowing the strength of the magnetic field, the momentum
of the particle can be inferred from the radius of its trajectory. ATLAS has
two different types of magnets: solenoidal and toroidal. The main sections are
the central solenoid magnet, the barrel toroid magnet and the end-cap toroid
magnets. In order to provide the necessary magnetic field strengths, the magnets
are superconducting, with an operating temperature of about 4.5 K.

8This is the principle behind circular accelerators like the LHC.
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The central solenoid magnet surrounds the inner detector. With a length of
5.6 m, a diameter of 2.56 m and a weight of more than 5 tonnes, this powerful
magnet consists of more than 9 km of superconducting wire, providing a 2 tesla
magnetic field in just 4.5 cm thickness. As seen in Figure 2:8] the field lines of
the solenoidal magnetic field are parallel to the beam axis.

Field lines of
the toroidal
magnetic field

Field lines of
the solenoidal
magnetic field

Figure 2.8: Hlustration of the ATLAS detector magnetic fields .

The toroidal magnets are located further out. Their specific purpose is to
bend muon trajectories. Each of them consists of a series of eight coils, providing
a magnetic field of up to 3.5 tesla. The configuration of the coils results in circular
magnetic field lines around the beam axis, as illustrated in Figure[2.8 The barrel
toroid magnet is the largest toroidal magnet ever constructed, with a length of
25.3 m and an outer diameter of 20.1 m. It is made with more than 56 km of
superconducting wire and weighs about 830 tonnes. The end-cap toroid magnets
extend the magnetic field so that the momenta of particles leaving the detector
close to the beampipe can also be measured. Each of these end-cap toroids is
made with around 13 km of superconducting wire, has an outer diameter of
10.7 m and weighs about 240 tonnes.

Calorimeters

Calorimeters are used to measure particle energies, by forcing them to deposit
all of their energy and stop within the detector. All known particles except
muons and neutrinos can be stopped in Calorimetersﬂ The ATLAS calorimeters
are sampling calorimeters, meaning that they consist of layers of an “absorbing”

9Muons are measured using muon spectrometers (to be introduced in the next subsection),
while neutrinos escape detection completely and appear as missing transverse momentum

(introduced in Section [2.3.1])).
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high-density material that stops the incoming particles, interleaved with layers
of an “active” medium that measures their energyﬂ More specifically, when
an incoming particle hits the absorbing layers, it is converted into a “shower’
of new, lower-energy particles whose energies are measured in the active layers.
The energy of the original particle hitting the detector can be determined by
combining the measured energies of all particles in the shower.

Calorimeters are often separated into two main classes: electromagnetic
calorimeters (ECALs) and hadronic calorimeters (HCALs). As the name implies,
electromagnetic calorimeters measure the energy of particles that lose most of
their energy through the electromagnetic interaction, i.e. mainly electrons and
photons. Due to different mechanisms for energy loss, hadronic showers usually
take longer to develop than electromagnetic showers. Hadronic calorimeters,
typically made of denser and thicker material than electromagnetic calorimeters,
are thus usually placed outside of electromagnetic calorimeters.

Figure 2.9] shows a computer-generated image of the ATLAS calorimetry
system, located just outside the inner detector and the central solenoid magnet.
The electromagnetic calorimeter has one barrel segment and two end-cap
segments. All three segments are made up of absorbing lead plates interleaved
with volumes of liquid argon (LAr) acting as the active medium. The shower
particles ionize the liquid argon and produce electric currents that are measured.

The hadronic calorimeter measures the energy of hadronic particles that
did not deposit all of their energy in the LAr electromagnetic calorimeter. In
the barrel and extended barrel regions, the hadronic calorimeter is made up of
layers of absorbing steel plates and plastic scintillating tiles. In the end-cap and
forward regions, liquid argon is used as the active medium also for the hadronic
calorimeter. The absorbing layers consists of copper in the end-cap regions, and
a combination of copper and tungsten in the forward regions.

)

Muon spectrometer

As muons are over 200 times heavier than electrons, they lose much less energy
from interactions with detector material, e.g. through bremsstrahlung. Muons
are thus not stopped by the ATLAS calorimeters. Instead, the outermost layer
of the ATLAS detector is the muon spectrometer, dedicated to identifying and
tracking muons and measuring their momenta. Figure 2:10] shows a computer-
generated image of the ATLAS muon spectrometer, which is made up of 4,000
individual muon chambers, using four different technologies. Thin-gap chambers
(TGCs) and resistive-plate chambers (RPCs) are used for triggering muon events
(see Section [2.3.3), while cathode strip chambers (CSCs) and monitored drift
tubes (MDTs) are used for precision position measurements and track curvature

10Homogeneous calorimeters, on the other hand, only consists of active materials. Such
calorimeters provide excellent energy resolution, but are not so easily segmented, making
position measurements and particle identification harder. Further, due to the detector thickness
required to measure hadron showers (with large interaction lengths), homogeneous calorimeters
are rarely used in accelerator experiments. More information on calorimetry for particle physics
can be found in Ref. .

35



2. The Large Hadron Collider and the ATLAS experiment

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr eleciromagnetic
barrel

LAr forward (FCal)

Figure 2.9: Computer-generated image of the ATLAS calorimetry system .

measurements, respectively. As seen in the image, the muon chambers are
embedded in the toroidal magnet system (yellow), with the specific purpose
to bend muon trajectories. In addition, two large muon-detector “wheels” are
located outside the end-caps.

2.3.3 Trigger and data acquisition

With a proton bunch-spacing of 25 ns, the LHC has a peak bunch-crossing
frequency of 40 MHz, as listed in Table The probability of two individual
particles colliding in a bunch-crossing is extremely low. However, as the number
of protons in each bunch is so large, each bunch-crossing typically sees a few tens
of hard collisions. For Run 2 of the LHC, the mean number of interactions per
crossing registered by ATLAS was 34. Having multiple concurrent interactions
per bunch-crossing is referred to as pile-up, denoted . With this pile-up, more
than one billion collisions took place in the ATLAS detector every second during
Run 2. It would be physically impossible to record and store the data from all
these collision events. In addition, only a few of the events actually contain
interesting characteristics hinting at new physics. This is where the ATLAS
trigger and data acquisition (TDAQ) system comes into play. This system
performs online (real-time) processing of detector measurements, identifying and
storing the most interesting events for offline analysis. Figure shows an
overview of the ATLAS TDAQ system in Run 2 of the LHC.

The ATLAS trigger system has two steps, or levels. The Level 1 (L1) trigger
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Figure 2.10: Computer-generated image of the ATLAS muon spectrometer

system [74].

is hardware-based, constructed with custom-made electronics located on the
detector. The L1 trigger uses information from the calorimeters (L1Calo) and
the muon spectrometer (L1Muon). The L1 trigger decision is made by the
Central Trigger Processor (CTP), which in addition to L1Calo and L1Muon
(through the L1Muon Central Trigger Processor Interface (MUCTPI)) takes
input from L1Topo, applying topological requirements to geometric or kinematic
combinations between trigger objects received from L1Calo and L1Muon. The
decision to keep or discard the data from an event is made in less than 2.5 ps
after the event occurs. During this time, the data is kept in storage buffers. The
maximum event rate from the L1 trigger is 100 kHz.

Events kept by the L1 trigger are passed to the high-level trigger (HLT). The
HLT is software-based, making use of so-called regions of interest (Rols) in n
and ¢ identified by the L1 trigger. The HLT conducts detailed analyses of each
collision event in just 200 ps, deciding if an event should be passed to the data
storage system for offline analysis. About 1,000 events are stored per second.

The ATLAS trigger system is restricted in both bandwidth and CPU cost,
and careful considerations must be made when deciding on which trigger chains
to include in the t¢rigger menu. Each chain defines specific selection criteria at
L1 and HLT. To accomodate the large variety of physics analyses, a typical
trigger menu contains several hundreds of chains. The ATLAS trigger menu
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Figure 2.11: The ATLAS TDAQ system in Run 2 of the LHC, showing the
components relevant for triggering as well as the detector read-out and data

flow .

is optimized such that a large part of the bandwidth and CPU cost budget is
allocated to primary object trigger chains relevant to most. The aim is to create
a menu where these primary triggers are unprescalecﬂ and mostly constant over
the data-taking period, and distributed fairly among the objects. This leads to
the concept of lowest unprescaled triggers for objects such as leptons, jets and
EXss - and some combinations of them (e.g. multi-lepton). In addition to the
primary trigger chains, some dedicated analysis trigger chains are included in
the trigger menu to target specific signatures, often using tighter thresholds.

2.3.4 Event reconstruction and particle identification

The different layers of the ATLAS detector were reviewed in Section 2:3.2]
Particles are not measured directly in the detector. Instead, specialized

MTf the threshold of a trigger (often pp-regulated) is set too low, such that it would fire too
often for the bandwidth capacity, a prescale factor must be applied. For instance, a trigger
with a prescale factor of 5 only accepts every fifth event that fires the trigger. If such a
prescale factor is applied, the resulting event rate must be multiplied with the factor in order
to obtain the actual number of events that fired the trigger. However, this comes with the cost
of increased statistical uncertainty, and such prescale factors are therefore usually avoided, if
possible.

38



The ATLAS experiment

reconstruction software links together the signals registered in the different
detector layers, and constructs objects such as vertices, tracks and energy clusters.
Further, based on these objects, the software constructs physical objects such as
particles and jets (to be introduced) which are usually the starting point when
analyzing collision data.

Figure 2:12] shows a visualization of how different particle types interact with
the different layers of the ATLAS detector, illustrating how they can be told apart.
Solid (dashed) lines indicate that the particle type does (does not) interact with
a given detector layer. Electrically charged particles such as electrons, muons
and protons leave hits in the inner detector, and their trajectories are bent due
to the magnetic fields provided by the magnet system. Their momentum can be
determined from the curvature of their reconstructed track, and the sign of their
electric charge can be determined from the direction of their deflection. Further,
most particles deposit energy in the calorimeters. Photons and electrons deposit
their energy in the electromagnetic calorimeter, while hadrons such as protons
and neutrons deposit their energy in the hadronic calorimeterH Muons interact
with all the detector layers, but they traverse the whole detector without being
stopped. Instead, they are identified and measured in the muon spectrometer, as
explained in Section Lastly (in this illustration), neutrinos are so weakly
interacting that they travel through the whole detector without leaving a trace,
but their presence can be inferred from missing transverse momentum, introduced
in Section 2:3:1} Note that the reconstruction procedure is not without flaws,
and that misidentification of objects does occur. This is often taken into account
when analyzing the data.

As will become clear in the next chapter, electrons, muons, jets and missing
transverse momentum are the most important objects in the work presented
in this thesis. The reconstruction and identification of these objects will thus
be briefly explained in the following. Note that also 7-leptons and photons are
typically reconstructed in ATLAS.

Electrons

The reconstruction and identification of electrons in ATLAS are explained in
detail in e.g. Ref. . Briefly summarized, electrons are reconstructed by
matching clusters of energy deposited in the electromagnetic calorimeter with
tracks in the inner detector. Further, they are identified using a likelihood-based
identification method, where a likelihood discriminator is formed for each electron
candidate. Four fixed values of this discriminant are used to define four working
points (WPs), referred to as “VeryLoose”, “Loose”, “Medium” and “Tight”, with
increasing discriminant thresholds. Looser working points accept more electron
candidates, but at the cost of higher probability for misidentifying other objects
as electrons. The efficiencies for identifying a prompt electrorﬂ with a transverse

12An exception is pions. They are very light hadrons that deposit their energy in the
electromagnetic calorimeter.

13A prompt lepton originates from the hard collision, i.e. it is not a later decay product or
a misidentified different object.
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Figure 2.12: Visualization of how different particle types interact with the
different layers of the ATLAS detector [76]. Solid (dashed) lines indicate that
the particle type does (does not) interact with a given detector layer.

energy of 40 GeV are 93%, 88% and 80% for the Loose, Medium and Tight
working points, respectively.

Muons

Thorough introductions to muon reconstruction and identification in ATLAS can
be found in e.g. Refs. [78] |79]. Although the muon spectrometer is specifically
designed to detect muons, muons interact with all the detector layers. For
the reconstruction of muons, four different muon types are defined, depending
on which subdetector(s) the information used stems from. Simply explained,
standalone muons are reconstructed using only information from the muon
spectrometer. Combined muons are reconstructed using information from both
the inner detector and the muon spectrometer. Segment-tagged muons are like
combined muons, but only requiring a “partial track” in the muon spectrometer.
Finally, calorimeter-tagged muons are reconstructed using information from the
inner detector and the calorimeters. A reconstructed muon belongs to exactly
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one of the four types.

After reconstruction, different quality requirements are applied to the muon
candidates. For muons, a given set of such requirements is referred to as an
identification working point. Five working points have been defined to suit the
needs of the wide variety of physics analyses involving muons. These five working
points are referred to as “Loose”, “Medium”, “Tight”, “Low-pt” and “High-
pr”. The efficiencies for identifying a prompt muon with transverse momentum
between 20 GeV and 100 GeV are 99%, 97%, 93%, 97% and 80% for the Loose,
Medium, Tight, Low-pr and High-pt working points, respectively.

Jets

Because of the nature of quantum chromodynamics, quarks are never observed
as free particles — they are always found confined within hadrons. Quarks
and gluons thus form showers of hadrons called jets, which is what we observe
in a detector. In ATLAS, the signature of a jet is a large energy deposit
in the calorimeters together with collimated charged-particle tracks in the
inner detector. For the work presented in this thesis, jet candidates are
reconstructed from topological energy clusters in the electromagnetic and
hadronic calorimeters , grouped using the anti-k; algorithm [81] implemented
in the FASTJET package E The radius parameter defining the size of the jet
cone is set to R = 0.4.

Missing transverse momentum

The concept of missing transverse momentum was introduced in Section [2:3:1]
A detailed introduction to the reconstruction of missing transverse momentum
in ATLAS can be found in e.g. Ref. . Based on momentum conservation, the
missing transverse momentum is reconstructed as the negative vector sum of the
transverse momenta of the visible particles and objects in a collision. This sum
has two types of contributions: hard terms and soft terms. The hard terms stem
from so-called hard objects, meaning fully reconstructed particles (electrons,
photons, 7-leptons and muons) and jets. The soft terms stem from so-called soft
signals, meaning reconstructed tracks and energy clusters associated with the
primary vertex but not with any of the hard objects.

From the components p,(, of the transverse momentum vectors pr of the
various contributions, the missing transverse momentum components E;‘Fys)s are
given as

= Y Pew) = ) Pa)- (2.8)

hard objects soft signals

141n the last years, particle-flow (PFlow) jets , exploiting also tracking information, have
been increasingly used.
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The set of observables constructed from E;n(lqj)s are then

E$iss _ (E;niss7 E;niss)’ (29)
Erlfliss _ |E$iss‘ _ \/(Egrcniss)Q + (Elr!niss)Q’ (210)
¢miss _ tanfl(E;/niSS/E;fliSS% (211)

i.e. the vector EX'** with magnitude E* and direction in the transverse plane
@™, Note that ET"% is often referred to as missing transverse energy. For
relativistic particles, energies and momenta are approximately equal.

2.4 Summary and outlook

This chapter gave an introduction to the experimental setup used to collect the
dataset used in this thesis. We began by briefly introducing CERN and the
Large Hadron Collider. We moved on to introducing the ATLAS experiment,
including a description of the different detector layers, before explaining how the
ATLAS trigger and data acquisition system works. Finally, we reviewed how the
different objects are reconstructed and identified in ATLAS.

Note that the perspective of this chapter was Run 2 of the LHC. Figure
shows the full LHC schedule, updated in February 2022. During the second
long shutdown (LS2) after Run 2, both the LHC and its experiments underwent
upgrades. In ATLAS, the muon system got some additions — for instance, the
New Small Wheel (NSW) system was installed. Further, the ATLAS TDAQ
system and the LAr calorimeter front-end electronics were upgraded. Run 3
started in 2022 and will last until the end of 2025. From 2026 to 2028, the
third long shutdown (LS3) is planned. During this shutdown, the LHC and its
experiments will be heavily upgraded to enter into the era of the High-Luminosity
LHC (HL-LHC) [85]. The objective of the HL-LHC is to increase the integrated
luminosity by a factor 10 compared to LHC’s design luminosity. During LS3,
ATLAS will get a new all-silicon Inner Tracker (ITk) system, aiming to reach
equal or even better performance than the current inner detector in the new
conditions. In addition, the LAr and tile calorimeters will be upgraded, and
both the muon and TDAQ systems will get further upgrades. The HL-LHC will
operate until around 2040.

The particle physics community is currently discussing post-LHC collider
projects. By the recommendation of the European Strategy for particle
physics , mandated by the CERN council, the Future Circular Collider
(FCC) feasibility study is underway. If built, the circumference of the FCC
would be between 80 and 100 km, with a collision energy of around 350 GeV for
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Figure 2.13: The Large Hadron Collider schedule, including the High-Luminosity
era, updated in February 2022 .

electron—positron collisions and around 100 TeV for proton—proton collisionlel
The FCC feasibility study investigates the technical and financial viability of
such a facility at CERN. If the FCC is finally approved, the first step will
probably be an electron—positron collider (FCC-ee) starting operation around
2045, before a proton—proton collider (FCC-hh) is built in the same tunnel,
operating from around 2070 to the end of the century. In addition to the FCC,
several other proposals for future colliders are discussed. In the category of
linear electron—positron colliders, which can achieve higher collision energies than
circular lepton colliders, the two most noteworthy proposals are probably the
Compact Linear Collider (CLIC) and the International Linear Collider (ILC).
In Part IT of this thesis, the topic shifts to analysis work, starting with
an introduction to the relevant signals and corresponding Standard Model
backgrounds of chargino—neutralino pair production in the next chapter.

15Hadrons can more easily be accelerated to very high energies than leptons, but the energy
is distributed among the constituent quarks and gluons of the hadron, making the initial state
of a hadron—hadron collision process ambiguous. Lepton colliders, on the other hand, offer a
well-defined initial state. The collision energy is then known and tuneable, allowing the choice
of the best suited center-of-mass energy, e.g. thresholds for particle pair production. Hadron
and lepton colliders are complementary to each other, where the former are often referred to
as discovery machines, and the latter are referred to as precision machines.
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Chapter 3
Signals and backgrounds

An introduction to supersymmetry was given in Chapter [} If supersymmetry
is realized in nature, it introduces multiple new supersymmetric particles, or
sparticles. The LHC collides protons — or rather partons, the quarks and
gluons inside the proton. Since the strong coupling is large, the production
cross-sections for colored sparticles (squarks and gluinos) are in general larger
than for non-colored sparticles (sleptons and electroweakinos) for similar masses,
as seen in Figure However, colored sparticles are expected to be heavier
than non-colored sparticles, and if they are too heavy to be produced with the
current LHC energy, the first signs of supersymmetry at the LHC could be
through direct production of sleptons and electroweakinos. And as explained in
the the anomalous magnetic moment of the muon might indicate
that new physics is indeed hiding in the electroweak sector.

The topic of this thesis is the search for chargino—neutralino pair production
with the ATLAS detector at the LHC. The main focus is Ref. , which
presents a search for said production in final states with three leptons and
missing transverse momentumEl This search will be discussed in the current
and the three following chapters. In this chapter, the signals and corresponding
backgrounds of chargino—neutralino pair production relevant to the search will
be introduced.

In Section some relevant jargon used in searches for new physics will be
introduced. Section will present the target signal model scenarios, before
the concept of simplified models is introduced in Section 33} including previous
results for the models in question. Finally, Section [3:4] will briefly summarize
the most important Standard Model backgrounds to the three-lepton final state.

3.1 Relevant jargon when searching for new physics

When searching for a new physics process with a particle collider experiment,
the first step is to identify the experimental signature of the process. Such exper-
imental signatures are often given as final states with given numbers/amounts of
different objects, such as leptons, jets and missing transverse momentum. Events
with the target final state are then selected for the search analysis. However,
when considering a single particle collision event on its own, one can never know
whether the observed particles stem from the proposed new physics process (the
signal), from a known Standard Model interaction, or simply from measurement
errors. Events that mimic the signal being searched for in an analysis are called
background events. Such events can be the result of Standard Model processes
giving rise to the same final state as the signal, or detector effects such as particle

1n the following, “leptons” will refer to electrons and muons only.
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misidentification. To increase the chance of discovering the potential signal,
events are selected such that the signal-to-background ratio of the analysis is
maximized. Backgrounds that can be removed or reduced by making clever cuts
and selections are called reducible backgrounds. Irreducible backgrounds, on the
other hand, are background processes that have the exact same experimental
signature as the signal and cannot be told apart from it. More information on
analysis methodology will be given in the next chapters.

3.2 Target signal-model scenarios

The Minimal Supersymmetric Standard Model (MSSM), the supersymmetric
model with the smallest field content consistent with the Standard Model, was
introduced in Section [[-3] In this model, the bino, the winos and the higgsinos
are the superpartners of the U(1)y gauge field, the SU(2);, gauge fields and
the Higgs fields, respectively. These superpartners mix and form chargino and
neutralino mass eigenstates, collectively referred to as electroweakinos. The
lightest neutralino XY is the lightest supersymmetric particle (LSP) in many of
the most popular realizations of the MSSM, and is considered to be a viable
dark-matter candidate.

The mass parameters for the bino, wino and higgsino states are M;, Ms
and pu, respectively. In Ref. , two different physics scenarios are considered:
the wino/bino scenario and the higgsino scenario. In the wino/bino scenario,
the hierarchy of the mass parameters is assumed to be |M;| < |Ms| < |pl, so
that the ¥ LSP is bino-dominated, and the )Zli and Y3 are wino-dominated.
Such a hierarchy is typically predicted in models motivated by gauge coupling
unification, such as the CMSSM introduced in Section [[.43] and also in a MSSM
parameter space where the discrepancy between the measured muon anomalous
magnetic moment and its Standard Model prediction can be explained [89H91].

The higgsino scenario, on the other hand, is motivated by naturalness
arguments (see Section on Natural SUSY), with |u| near the weak scale,
while M; and/or My can be larger. In this scenario, )Zi 1 and XY are all
higgsino-like and considered to be the lightest supersymmetric particles. The
magnitude of M; and My relative to |u| determines the mass splittings between
the higgsino states. In Ref. [22], the mass splitting between {3 and ¥ is
about 5-60 GeV, corresponding to moderately decoupled bino and wino states
(M17M2 > 0.5 TQV)

3.3 Simplified models and experimental signature

A model of new physics is defined by a TeV-scale effective Lagrangian describing
its particle content and interactions. There are many proposed extensions of the
Standard Model, and some of them have qualitatively similar phenomenology,
depending on a large number of free parameters. Even within the MSSM, the
experimental signatures that are commonly searched for can usually be produced
in multiple ways, and if a signal is seen, it is not necessarily immediately clear
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what particles are producing it. It can thus be useful to step back from detailed
predictions of any one model or region of parameter space, and rather focus
on a small set of unambiguous parameters based on typical supersymmetry
phenomenology by constructing simplified models [92-94].Despite their small
size, specifically designed to involve only a few particles and decay modes, such
simplified models can give useful coarse descriptions of SUSY-like physics, and
also allow for comparison to other models. Using simplified models, limits can be
set on production cross-sections and branching fractionsﬂ or directly on sparticle
masses.

Although using simplified models seems like a sensible approach when
searching for new physics of unknown origin, the interpretation can be challenging.
A point in a simplified model parameter space does not necessarily correspond
to a point in a physical model parameter space. However, simplified models are
used in numerous analyses, as it is considered a straightforward and minimal
approach to obtain first hints of physics beyond the Standard Model, in particular
supersymmetry.

The two physics scenarios considered in Ref. were presented in Section
For optimization of the selections and interpretation of the results, simplified
SUSY models are considered for both scenarios. For the wino/bino scenario,
the 9 is assumed to be purely bino, while the Y5 and X3 are assumed to
be purely wino and mass degenerate. Further, the product of the two signed
neutralino eigenmass parameters, Mmeig(¥3) X Meig(X)), can be either positive or
negativeEl The two cases are referred to as the wino/bino ‘(+)’ and wino/bino
‘(=) scenarios, respectively. For the higgsino scenario, )Zli, 1 and ¥Y are all
assumed to be purely higgsino, and the mass of )Zli is taken to be the mean
of the {9 and ¥{ masses. All other sparticles are assumed to be much heavier
in both the wino/bino and higgsino scenarios, so that they do not affect the
production and decay of the Xli and X3.

The search presented in Ref. targets direct pair production of the lightest
chargino and the next-to-lightest neutralino, X%)Zg, decaying into a pair of {!
LSPs via an intermediate state with a W boson and a Z boson (WZ-mediated)
or with a W boson and a Standard Model Higgs boson (Wh-mediated). In both
cases, the final state of interest contains three leptons ¢ (electrons or muons)
and missing transverse momentum EX*5. One lepton originates from a leptonic
decay of the W boson, while the other two come from a direct leptonic decay of
the Z boson or an indirect decay of the Higgs boson. The missing transverse
momentum originates from the LSPs, and might be enhanced if hadronic initial-
state radiation (ISR) is present, due to recoil between the )Zf X9 system and the
jets.

2A given particle has more than one decay mode in general. The percentage chance that it
decays via a given decay mode is referred to as the branching fraction, or branching ratio, for
that decay.

3As explained in the footnote on page 3 of Ref. : “The mixing matrix used to diagonalise
the neutral electroweakino states can be complex, even in the absence of CP violation, but
can be made real at the cost of introducing negative mass eigenstates. The sign will affect the
couplings and thus the distributions in the decay under consideration.”
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Three simplified-model scenarios of ;z;—“;zg pair production are considered
with dedicated selections:

* On-shell WZ: 5 — Zx) with 100% branching ratio, where
Am(¥3,XY) 2 mgz, for the wino/bino (+)
scenario.

e Off-shell WZ: 5 — ZM) %) with 100% branching ratio, where
Am(x9, X)) < mz, for the wino/bino (+), the
wino/bino (—), and the higgsino scenarios.

e Wh: %5 — hx? with 100% branching ratio, where
Am(x9,%9) > my, for the wino/bino (+)
scenario.

The terms on-shell and off-shell refer to the fact that virtual, intermediate-
state particles can have any mass — they do not to have lie on their “mass
shell”. An asterisk (*) is used to denote off-shell particles. In this case, where
a x9 decays into a Y) and a Z boson, and the Z boson subsequently decays
into two leptons, the Z boson is virtual. The mass difference between the
13 and the Y then determines whether the Z boson is on-shell or not. The
energy (momentum) available for the final-state leptons decreases with decreasing
Am(%9, x7). Leptons with low pr are often referred to as soft leptons, and are
typically harder to reconstruct than high-p leptons.

A 100% branching ratio is assumed for Y — W) x? for all models. Further,
the Higgs boson in the Wh-mediated model has Standard Model properties
and branching ratios, such that three-lepton final states are expected when
the Higgs boson decays into WW, ZZ or 77, and each W boson, Z boson or
7-lepton decays leptonically. Figure [3.1] shows Feynman diagrams of the targeted
simplified models.

The three simplified-model scenarios introduced above are analyzed separately,
in the following referred to as the (three-lepton) on-shell WZ analysis, the (three-
lepton) off-shell WZ analysis and the (three-lepton) Wh analysis individually,
and simply the three-lepton analysis collectively. I was part of the analysis team
for the off-shell WZ analysis, which will be the main focus of the coming chapters.
Further, the results of the Wh analysis are used in a statistical combination of
search results that will be presented in Chapter [7}

3.3.1 Previous results

Previous searches for chargino—neutralino pair production have not found
evidence for the existence of any supersymmetric particles. Instead, lower
limits on the sparticle masses have been set, summarized below. An explanation
on how such limits are set will be given in Section 5.5}

For the wino/bino (4) scenario, limits for ﬁ;zg pair production with decays
via WZ to three-lepton final states have been set by the CMS Collaboration for
X /X9 masses up to 500 GeV for massless X, up to 200 GeV for Am(x9, X9) ~
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Figure 3.1: Feynman diagrams of the targeted simplified models: )Zliig pair
production with subsequent decays into two ¥} and two Standard Model bosons.
The left diagram (a) shows intermediate WZ (WW*Z*) bosons, where both bosons
decay leptonically. The right diagram (b) shows intermediate Wh bosons, with
W decaying leptonically and the Higgs boson decaying indirectly into leptons+X
(where X denotes additional decay products) via WW, ZZ, or 7. In both
cases, the resulting final state contains three leptons ¢ and missing transverse
momentum s,

my, and up to 240 GeV for Am between 50 GeV and my El For Am
below 50 GeV, limits have been set in two-lepton final states by the ATLAS
Collaboration for YT /x9 masses up to 250 GeV . For decays via Wh to
three-lepton final states (including hadronically decaying 7-leptons), limits have
been set by the ATLAS Collaboration for )Zli /X9 masses up to 150 GeV for
massless ¥}, and up to 145 GeV for a Y mass of 20 GeV .

For the higgsino scenario, the most stringent limits for Am between 5 GeV
and 55 GeV have been set in two-lepton final states by the ATLAS Collaboration,
excluding Y9 masses up to 130-190 GeV, depending on Am [96]. For mass
splittings greater than 55 GeV, )Zf masses up to 103.5 GeV were excluded by

LEP [08/{107).

3.4 Backgrounds to the three-lepton final state

As became clear in the previous section, the final state of interest for the search
presented in Ref. contains three leptons and missing transverse momentum.
As explained in Section background events are events that mimic the signal
being searched for in an analysis, either as a result of Standard Model processes
with the same final state as the signal, or due to detector effects such as particle
misidentification. In this section, the most important backgrounds to the three-
lepton final state will be introduced briefly.

The dominant background is not surprisingly from Standard Model WZ
events with only leptonic decays. This process leads to three real and prompt

4Unless stated otherwise, Am will refer to Am(ig, )2(1)) in the following.
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leptons, where the latter means that they originate from the prompt decay of
heavy particles produced in the main collision of the event. Further, missing
transverse momentum arise from the neutrino of the W boson decay.

Another important background is t£. The only known decay of the top quark
is through the weak interaction, producing a W boson and a bottom quark.
Subsequent leptonic decays of both W bosons result in two leptons, and an
additional non-prompt lepton can originate from the decay of a b- or c-hadron.
Electrons from photon conversion, semileptonic decays of heavy-flavored hadrons,
and hadrons and jets wrongly identified as leptons are collectively referred to as
fake or non-prompt (FNP) leptons.

Further, the set of (Z/~v* — €¢) + (jets/~) processes, collectively referred
to as “Z+4jets”, is also a substantial background, due to their relatively large
cross-sections at the LHC. They result in two prompt leptons, and an additional
FNP lepton can arise from jets or photons. There are no invisible particles in
these processes at tree-level (i.e. not including quantum corrections). However,
missing transverse momentum can arise from mismeasured leptons and/or jets,
or due to the EX soft term.

There are many other processes in addition to the ones mentioned above that
can result in final states with three leptons. For some processes that in theory
should lead to fewer final-state leptons, FNP leptons can add to the count, as
seen above. For other processes that should lead to more final-state leptons,
not all of them are always reconstructed. In order to get the total background
estimate right, all relevant processes should be taken into account, albeit some
are more negligible than others. More information on the backgrounds considered
in the search presented in Ref. , including technical details, will be given in
the following chapters.

3.5 Summary

In this chapter, it became clear the main focus of this thesis is Ref. , which
presents a search for chargino—neutralino pair production in final states with three
leptons and missing transverse momentum. This chapter gave an introduction to
the relevant signals and most important backgrounds for the search. We began by
reviewing some relevant jargon when searching for new physics, before introducing
the target signal-model scenarios, referred to as higgsino, wino/bino (+) and
wino/bino (—). We moved on to introducing the concept of simplified models,
and discussed three relevant simplified-model scenarios of )Zli X3 pair production,
all resulting in final states with three leptons and missing transverse momentum.
These three scenarios are analyzed separately — in the following referred to as
the (three-lepton) on-shell WZ analysis, the (three-lepton) off-shell WZ analysis
and the (three-lepton) Wh analysis individually, and simply the three-lepton
analysis collectively. I was part of the analysis team for the off-shell WZ analysis,
which will be the focus in the coming chapters. Finally, the most important
backgrounds to the three-lepton final state were discussed, namely WZ, tt and
Z+jets.
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Summary

In the next chapter, we will review some of the methodology used to analyze
the data collected with the ATLAS detector in the search for chargino—neutralino
pair production in three-lepton final states, before moving to summarizing the
off-shell WZ analysis in the subsequent chapter.
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Chapter 4
Analysis methodology

The theory behind what we are searching for — supersymmetry, charginos and
neutralinos in particular — and the experimental setup used to search for it —
the Large Hadron Collider and the ATLAS detector — were described in the
previous chapters. This chapter will introduce some of the methodology used
to analyze the vast amount of data collected with the ATLAS detector in the
search for chargino—neutralino pair production in three-lepton final states.

In Section [IJ] the concept of simulated events will be introduced, followed
by information on the simulated event samples used in the three-lepton analysis
introduced in the previous chapter. In Section [£:2] some details on the dataset
used in the analysis will be given. Finally, Section [.3] covers event reconstruction
and preselection used in the analysis.

4.1 Simulated events

In order to be able to discover potential new physics in actual data, we need
to know what to expect if new physics is not present. Thus, the Standard
Model background must be modeled as accurately as possible. For this, we use
simulated data, which is an intergral part of any ATLAS analysis. We also need
simulated data for the beyond Standard Model (BSM) physics process(es) we
are searching for, in order to tell if potential deviations from the Standard Model
actually stem from this process — or something else.

4.1.1 Producing simulated events

This section will briefly describe the different steps of producing simulated
particle collision eventsEl The first step is to generate such events using Monte
Carlo event generators.

Event generation

A stochastic process is a process determined by the laws of probability. Particle
scattering processes like the ones at the LHC are inherently stochastic: it is not
possible to exactly calculate properties of final-state particles of single particle
interactions, such as scattering angles and momenta. Instead, we have to work
with probability distributions for such properties. Thus, in order to simulate
particle collision events, so-called Monte Carlo (MC) algorithms must be used. A
MC algorithm is per definition any mathematical method that relies on random
number sampling to solve a problem. Using MC event generators, large sets of

1For a more thorough introduction, the reader is referred to e.g. Refs. \ 111).
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simulated particle collision events can be produced — referred to as MC samples.
The input to such generators is the differential cross-section of the process in
question to some order of perturbation theory, usually leading order (LO) or
next-to-leading order (NLO).

Figure [I.]] shows a sketch of a hadron-hadron collision as simulated by a
MC event generator. In a real hadron—hadron collision, there is a lot going
on in addition to the hard scattering process, i.e. the one we are interested in.
There are many scattering and rescattering effects, which must be taken into
account by MC generators in order to reflect the full complexity of the event
structure. First, the colored partons from the hard interaction radiate gluons as
they separate, commonly referred to as parton showering. This effect is merely a
product of quantum chromodynamics, and is thus model independent. Often
specialized event-generator software is used to model the parton showering. Then
follows hadronization, in which the parton-shower constituents hadronize to form
colorless hadrons, and ultimately particles that can be detected. In addition,
there is an underlying event, meaning the interactions of the remaining partons
of the original interacting protons.

Figure 4.1: Sketch of a hadron-hadron collision as simulated by a Monte Carlo
event generator . The red blob in the middle represents the hard collision,
surrounded by parton showers. The hadronization is represented by light green
blobs, while dark green blobs indicate hadron decays. The purple blob indicates
the underlying event. The yellow lines signal soft photon radiation.

All stages described above need to be implemented in order to simulate a
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complete collision event. There are several different MC generators available, with
different strengths and weaknesses. General-purpose generators like PYTHIA ,
HErRWIG and SHERPA can be used to simulate any or all of the
stages. Other generators are dedicated to specific stages, like MADGRAPH
for hard scattering and EVTGEN for decays of heavy-flavor particles. It is
common to interface dedicated generators with a general-purpose one in order
to get a full event simulation. Details on which generators are used to produce
the MC samples used in the three-lepton analysis will be given in Section

As described above, the goal of this exercise is to compare sets of simulated
events with real data, to see if the data contains an excess compared to the
Standard Model expectation. However, as real data has been measured in a
detector, the MC-generated events must go through detector simulation before
comparison with data, modeling how the generated particles interact with the
detector material.

Detector simulation

A complete computer-simulated model of the ATLAS detector has been
constructed using the GEANT4 simulation software toolkit [119H121]. This
model includes misalignments and dead material (e.g. cables and supporting
pillars), and is kept up to date by adding information on e.g. dead modules. It
describes how particles interact with matter and how they propagate through
the detector. Each particle created by a MC generator is propagated through
this detector model, which then models desired particle-detector interactions
such as calorimeter showers and hits in the semiconductor detector material,
but also undesired effects and inefficiencies such as particles being deflected or
absorbed by passive detector material.

A full GEANT4 detector simulation is complex, and requires a lot of time
and computing resources. Modeling calorimeter response is particularly time
consuming — about 80% of the simulation time is spent on simulating particle
showers in the calorimeters, in particular the electromagnetic calorimeter. This
might limit the number of events that can be produced to model a background
process, increasing the statistical fluctuations of background samples. Different
methods and software packages have been created to bypass this limitation.
One of them is ATLFAST-II [111], which models tracking in the inner detector
and muon spectrometer using GEANT4, while using a parametric description
of calorimeter responses (FASTCALOSIM [122]). Using this method cuts the
simulation time with more than 90%. The accuracy of ATLFAST-II is slightly
worse than for full simulation, but has been deemed good enough in many cases.

After detector simulation, the simulated events go through digitization and
reconstruction in order to end up in the same format as real data, to enable
direct comparison.
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Digitization and reconstruction

In the digitization step, the energy deposits from the GEANT4 simulation are
converted into detector response information, in the same form as the raw data
from the real detector. After this, the process of reconstruction is the same for
both simulated and real events. In the reconstruction step, the identity and
kinematics of physical objects such as leptons and jets are inferred from the
detector response information, as explained in Section 2:3.4] Some information
on the event reconstruction used in the three-lepton analysis will be given in
Section

Data formats

Figure shows the ATLAS data-processing chain, also indicating the
corresponding data format for each step. The right-hand side shows the different
steps for MC-simulated data as described in this section, while the left-hand
side shows the steps for real data. We see that the steps and formats are the
same for real and simulated data from the reconstruction step onwards.

Not mentioned above is the step of derivation. The AOD files produced in
the reconstruction step are generally very large, as they contain “everything”.
However, the majority of the content is usually not relevant for a particular
analysis. Derived AODs (DAODs) are therefore prepared, containing only
a subset of the events (“skimmed”), only a subset of the analysis objects
(“thinned”), or only a subset of the information about particular analysis objects
(“slimmed”). DAODs with different subsets of the data are produced “centrally”
in the ATLAS Collaboration, where each type is often used by multiple, similar
analyses. The different analysis teams in turn use these DAODs as input when
they produce so-called ntuples, which is an even more specialized data format
used for “offline” analysis.

4.1.2 Relevant Monte Carlo samples

The signals and backgrounds of chargino—neutralino pair production relevant
for the three-lepton analysis were reviewed in Chapter 3} In this section, some
information on the production of MC samples for these processes will be given.
As producing simulated events is a complicated task, ATLAS has formed the
ATLAS MC Production Group to take care of this. In addition to MC samples
for common processes relevant to many searches, this group produces samples on
request by different analysis teams. The information below briefly summarizes
which software and settings have been used to produce the MC samples used in
the three-lepton analysis. Further details can be found in Section 4 of Ref. .

Some details are common for all samples. First, the detector simulation was
done as described in the previous section, either using a full GEANT4 simulation
of the ATLAS detector, or using ATLFAST-II for a faster simulation. Further,
EVTGEN 1.6.0 and 1.2.0 were used for the modeling of b- and c-hadrons, except
those generated using SHERPA. Finally, pile-up was simulated using PYTHIA
8.2. All MC-predicted event yields are used directly in the SM background
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Event generator
output (EVNT)

Simulated interaction
with detector (HITS)

e
e

Raw data (RAW) Simulated detector

output (RDO)
Analysis object data Analysis object data
(AOD) (AOD)
Derived AOD (DAOD) Derived AOD (DAOD)

Figure 4.2: The ATLAS data processing chain, also indicating the corresponding
data format for each step . The right- and left-hand sides show the steps for
MC-simulated and real data, respectively. From the reconstruction step onwards,
the steps are the same for both types of data. The background colors of the
different steps indicate “where” the steps are executed: “online” (real-time) in the
ATLAS detector (pink), at the CERN data centre (orange), on the Worldwide
LHC Computing Grid (green) [125], or locally on the analyzer’s computer
(blue).

estimation, except for the most important backgrounds (details will be given in

Section [5.3)).

Signal samples

The )Zli S — WZ/Wh — 30 signal samples were generated from leading-order
matrix elements with up to two additional partons using MADGRAPH 2.6 and
PyTHIA 8.2, for both the wino/bino and the higgsino scenarios. Off-shell WZ
decays were modeled using MADSPIN . Samples were generated for )Zf /X9
masses between 100 GeV and 850 GeV, and mass splittings Am between 5 GeV
and 850 GeV. The only decays considered for )Zli /X9 were via bosons, with
subsequent leptonic decays according to Standard Model branching fractions.
Only Higgs-boson decays via WW, ZZ and 77 were generated for the Wh
samples. For the on-shell WZ samples, the generated signal events were required
to have at least two leptonsEl For the off-shell WZ and the Wh samples, they
were required to have at least three leptons.

All signal samples with decays via WZ were generated for the wino/bino (+)
scenario. To simulate the wino/bino (—) scenario relevant for the off-shell WZ

2The concept of MC event generator filters will be explained in Sectionm
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analysis, a reweighting in m ., was addedEl as the only difference between the
two scenarios is the mass lineshape of the Z boson from the Y9 decay.
Inclusive production cross-sections were computed at next-to-leading order
(NLO) plus next-to-leading-log (NLL) precision [128H133]. For wino production,
the computation was performed in the limit of mass-degenerate )Zf and X3, with
light ¥{. For higgsino production, a partially degenerate case was considered,
with the )Zli mass equal to the mean of the Yy and Y9 masses. For both
productions, all other supersymmetric particles were assumed to be heavy and
decoupled. For production at a center-of-mass energy of /s = 13 TeV, the wino
)2?)23 cross-section ranges between 22.67 + 0.97 pb and 3.42 4 0.41 fb for {9
masses between 100 GeV and 850 GeV. For higgsino ;zf;zg, the cross-section
depends on Am, and ranges between 12.22 + 0.26 pb (Am = 80 GeV) and
87.2+3.2 fb (Am = 20 GeV) for Y3 masses between 100 GeV and 350 GeV.

Background samples

As stated in Section [34] there are many Standard Model processes that can
result in final states with three leptons. All processes considered in the three-
lepton analysis are listed in Table LI} together with information on which MC
generators have been used to simulate them.

3Based on an analytic function presented in Ref. \ .
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4.2 13 TeV proton—proton collision data

The three-lepton analysis uses the full Run 2 dataset of /s = 13 TeV proton—
proton collisions recorded by the ATLAS detector between 2015 and 2018. During
this run, the LHC collided bunches of protons with bunch-crossing intervals
of 25 ns, with an average number of interactions per crossing (1) = 34, see
Figure [f3] The total integrated luminosity delivered by the LHC during the
run was 156 fb~!. However, only 147 fb~! was recorded by the ATLAS detector,
and after applying quality requirements for the beams, all detector systems and
the data itself, the dataset certified for physics-analysis usage corresponds to a
total integrated luminosity of 139.0 + 2.4 fb~!, see Figure Table |4.2] shows
a breakdown of the total integrated luminosity per year.

— BOOF T
L - ATLAS (s=13TeV, 147"
oy C E
2 S00¢ 2015: <u>=13.4
> N BB 2016:<u> =251
8 400F B 2017:<u>=378 ]
£ r BB 2018 <u> =361
E r BB Total <u> =337 7
3 300F E
e} - i
e - ]
m - .
2 C .
IS N .

100F- =

10 20 30 40 50 60 70 80
Mean Number of Interactions per Crossing

Figure 4.3: Luminosity-weighted distributions of the mean number of interactions
per bunch crossing p for the full Run 2 proton—proton collision dataset at
Vs = 13 TeV [143]. Also shown is the integrated luminosity and the mean

u-value per year.

4ATLAS luminosity measurements are obtained using the ATLAS luminosity monitor,

LUCID-2 .
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Figure 4.4: Cumulative integrated luminosity delivered to (green) and recorded
by (yellow) the ATLAS detector between 2015 and 2018 during stable-beam
proton—proton collision data-taking at /s = 13 TeV . Also shown is the
cumulative integrated luminosity certified for physics-analysis usage (blue).

Table 4.2: Summary of the integrated luminosities recorded by ATLAS (after
applying quality requirements) during Run 2, per year and combined [144].

Year Int. lumi. [fb=!] Tot. unc. [fb=!] Rel. unc. [%]
2015 + 2016 36.2 0.8 2.1
2017 44.3 1.0 2.4
2018 58.5 1.2 2.0
Combined 139.0 2.4 1.7

4.3 Event reconstruction and preselection

The concept of event reconstruction was discussed in Sections 2:3.4 and LTI} As
explained in the latter, the reconstruction process is the same for both simulated
data (after digitization) and real data (after triggering). In this section, a brief
summary of the event reconstruction and common preselection used in the
three-lepton analysis will be given, including information on the triggers used
for the real data. Further details can be found in Section 5 of Ref. .

For the Wh and on-shell WZ analyses, events are chosen using dilepton
triggers . For the off-shell WZ analysis, events are selected using
single-lepton, dilepton and trilepton triggers. Further, the off-shell WZ selection
is complemented at high EX with events with softer leptons using Emiss
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triggers . The pr thresholds used for the lepton triggers depend on the
lepton type, their quality and multiplicity. In order to ensure that the trigger
efficiencies are well understood in the analysis phase space, tighter requirements
on quality and pr are applied to fully reconstructed signal leptons (to be
introduced in the following). For the same reason, an offline requirement of
ERiss > 200 GeV is imposed on events selected by a EX trigger.

In order to be considered, reconstructed objects must satisfy a set of loose,
baseline criteria. To be selected for the analysis, they also have to pass a second,
tigther set of signal criteria. The most important objects in the three-lepton
analysis are electrons, muons and jets. The baseline and signal selection criteria
used for leptons and jets are shown in Tables[L.3]and [I.4] respectively, and briefly
discussed below.

Baseline electrons (muons) must satisfy pr > 4.5 (3) GeV and |n| < 2.47
(2.5). The different identification working points (ID WPs) for electrons and
muons were introduced in 2:3:4] Baseline muons must satisfy the “Medium’
ID WP. In addition to satisfying the “Loose” ID WP, baseline electrons must
produce a “hit” in the innermost pixel-detector layer (referred to as the B-
layer) . Signal muons must also satisfy the “Medium” ID WPEl Further, in
order to suppress pile-up, all baseline leptons are required to have a trajectory
consistent with the primary vertex of the collision by setting an upper limit on
the longitudinal impact parameter zy, |zosinf| < 0.5 mmﬂ For signal leptons,
an additional requirement on the significance of the transverse impact parameter
do, |do/o(dp)l, is imposed, where o(dp) is the resolution of dy. Signal electrons
and muons must satisfy |dy/o(dp)| < 5 and < 3, respectively. Finally, in order to
reduce contributions from fake or non-prompt (FNP) leptons, the signal leptons
are required to be sufficiently isolated from other objects. Simply put, this is
achieved by setting an upper limit on the amount of activity near the lepton
candidate. The isolation working points (ISO WPs) used in this analysis are
described in Refs. [148] and for electrons and muons, respectively. In the
off-shell WZ analysis, signal electrons must satisfy the “Gradient” ISO WP, while
muons must satisfy the “Loose” ISO WPE] Further, as the lepton with the lowest
pr of the three (¢3) is commonly the most FNP-like, a dedicated multivariate
discriminant “non-prompt lepton BDT” is used to tighten the requirements
on this lepton. The “PLVTight” working point for this discriminator is used.

Baseline jets must satisfy pr > 20 GeV and fall within the full calorimeter
acceptance, i.e. |n| < 4.5. Signal jets must satisfy |n| < 2.8, and satisfy the
“Loose” quality requirement described in Ref. . Further, in order to suppress
jets originating from pile-up, signal jet candidates with pr > 120 GeV and

)

5Although some of the electron and muon identification working points are called the same,
they have different definitions.

6The distance of closest approach in the transverse plane between a track and the beamline
is referred to as the transverse impact parameter do. The longitudinal impact parameter zg
corresponds to the z-coordinate distance between the primary vertex and the point along the
track defining the impact parameter.

"Note that the on-shell WZ and Wh analyses use the “Tight” ISO WP for all signal
leptons. The different WP choices reflect the different levels of contribution from the FNP
lepton background in the analyses.
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Table 4.3: Summary of the lepton selection criteria used in the three-lepton
analysis. The signal requirements are applied on top of the baseline requirements.

Baseline electron  Baseline muon

pr [GeV] > 4.5 >3
Inl [-] <247 <25
ID WP Loose and B-layer Medium
|20 sin 6| [mm)] < 0.5
Signal electron Signal muon

ID WP Medium -
|do/o(do)] [-] <5 <3

Gradient Loose
ISO WP

+ PLVTight for /5

In|] < 2.5 (i.e. falling within the inner-detector acceptance) must satisfy the
“Medium” working point of the track-based jet vertex tagger (JVT) .
Additionally, for signal jets with |n] < 2.5, the MV2¢10 b-tagging algorithm [154]
is used to identify if they contain b-hadrons. The working point of this algorithm
is chosen such that b-jets from simulated t¢ events are identified with 85%
efficiency.

Not mentioned above is overlap removal. In order to prevent that single
tracks and calorimeter deposits are identified as or assigned to multiple objects,
an overlap-removal procedure is applied to baseline leptons and jets. First, all
electrons sharing an inner-detector track with a muon are discarded. Second,
all jets separated from remaining electrons by less than AR = 0.2 are removed.
Third, all jets associated with fewer than three tracks with pr > 500 MeV and
within AR = 0.4 of a muon are removed. Finally, electrons or muons separated
from surviving jets by less than AR = 0.4 are discarded.

In order to account for small differences in efficiency between simulated and
real data, the simulated events are corrected with scale factors often referred
to as “weights”. Some examples include weights for efficiencies for trigger and
flavor-tagging.

A common preselection of exactly three signal leptons is applied for all three
simplified-model scenarios. In addition, events are required to have exactly
three baseline leptons to ensure orthogonality with other ATLAS supersymmetry
searches, to allow for statistical combination of analysis results. Two such
statistical combinations will be presented in Chapter []] More detailed search
regions for the off-shell WZ analysis will be defined in the next chapter.
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Table 4.4: Summary of the jet selection criteria used in the three-lepton analysis.
The signal requirements are applied on top of the baseline requirements.

Baseline jet

pr [GeV] > 20
nl -] <45
Signal jet
Inl -] <28
JVT WP Medium (if pr < 120 GeV and || < 2.5)

Signal b-jet

Inl [-] <25
b-tagging algorithm MV2c10
Efficiency WP 85%

4.4 Summary and outlook

This chapter gave an introduction to some of the methodology used to analyze
the data collected with the ATLAS detector in the search for chargino—neutralino
pair production in three-lepton final states. We started by arguing the need for
simulated data when searching for new physics processes, before explaining how
simulated events are generated using Monte Carlo event generators, as well as
how such simulated events must go through detector simulation and digitization
in order to end up in the same format as the real data collected with the ATLAS
detector. We then moved on to giving some information on the Monte Carlo
samples used in the three-lepton analysis, before describing the Run 2 dataset of
/s =13 TeV proton-proton collisions recorded by ATLAS. Finally, we reviewed
the event reconstruction and preselection used in the analysis.

Note that all software and data formats mentioned in this chapter were
described in the context of Run 2 of the LHC. These are constantly being
improved. For instance, the ATLFAST-II package, using a parametric description
of calorimeter responses to speed up ATLAS detector simulation for simulated
events, has been replaced by the ATLFAST3 package for Run 3, which has
better accuracy in reproducing GEANT4. Further, in Section [6.2} we will learn
that a new analysis model has been deployed for Run 3, where as many analyses
as possible will use the same DAOD format.

In the next chapter, the three-lepton off-shell WZ analysis will be summarized.
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Chapter 5

A three-lepton off-shell WZ
analysis

The three simplified-model scenarios of chargino—neutralino pair production
considered in the three-lepton analysis were presented in Chapter [3} on-shell
WZ, off-shell WZ and Wh. I worked on the off-shell WZ analysis, which will be
summarized in this chapter. My contributions were aiding in the optimization
of the high- EX signal regions and preparing input to enable reinterpretation
of the analysis. For completeness, the final results for the on-shell WZ and
Wh analyses will also be presented, as the on-shell WZ results are statistically
combined with the off-shell WZ results, while the Wh results will be used in a
statistical combination to be presented in Chapter [7]

An overview of the variables used in the off-shell WZ analysis will be given
in Section 5.1} In Section [5.2] the analysis search regions will be presented,
including an explanation on how these are optimized, before the estimation of
the most important backgrounds will be explained in Section Section [5.4]
will give a summary of the systematic uncertainties considered in the analysis.
Further, Section [5.5] will introduce the statistical procedures for discovery and
exclusion, before the results will be presented in Section[5.6] Finally, Section [5.7]
will summarize my contribution to preparing input to enable reinterpretation of
the analysis.

5.1 Overview of variables

In this section, an overview of the variables used in the off-shell W2 analysis will
be given. Note that these variables are considered/constructed after applying
the preselection of exactly three baseline and signal leptons as explained in
Section

n39%Y  The number of jets with pr > 30 GeV.

jets

Tb-jets 1he number of b-jets with pp > 20 GeV.

nsros The number of same-flavor opposite-sign (SFOS) lepton pairs. A SFOS
lepton pair is expected from the leptonic decay of the Z boson.

myge The invariant mass of the SFOS lepton pair. From the enegy—momentum
relation m? = E? — |p|?[[] where m is mass, E is energy, and p is momentum,

"When using natural units where the speed of light ¢ = 1.
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5. A three-lepton off-shell WZ analysis

the invariant mass of a two-particle decay is defined as

mg = (E1 + E2)? — |p1 + p2/*
=mi +mj +2(E1 B — p1 - p2), (5.1)

where myg is the rest mass of the mother particle, and the subscripts 1 and 2
refer to the two daughter particles.
If there are more than one SFOS pair, there are multiple ways to assign
leptons to the Z boson:
1. myy: assign the SFOS lepton pair with invariant mass closest to the Z-boson
mass to the Z boson (traditional assignment),
2. my™: assign the SFOS lepton pair with the smallest invariant mass to the
Z boson,
3. my;™*: assign the SFOS lepton pair with the largest invariant mass to the
Z boson.
In all three cases, the remaining lepton is assigned to the W boson and is
referred to as the W lepton, denoted fyy. For the off-shell WZ analysis, the

my" assignment is used.

mge The invariant mass of the three-lepton system.

mr The transverse mass of the W boson. For a two-particle decay into one
visible and one invisible particle, the equivalent of the invariant mass defined in
Equation is the transverse mass, denoted mp. For events with at least one
SFOS lepton pair, the transverse mass is constructed using the W lepton and
the BRI ag

mr = \/2peWEmISS — cos(A6)), (5.2)

where Af is the separation between the lepton and EXS in the transverse plane.
This exploits the difference between Standard Model WZ, which has a Jacobian
peak with a sharp cut-off at mt ~ myy, and the targeted signals, which have
relatively flat mr distributions.

Two different versions of this variable are used in the off-shell WZ analysis. In
the following, mt denotes the scenario where the W lepton is assigned according
to myy, while ml}lnmi“ denotes the scenario where the W lepton is assigned

min

according to my;™", as described above.

mr2 The stransverse mass mra is an extension of the transverse
mass. It was introduced to measure the masses of pair-produced particles at
hadron colliders, where both decay into one visible and one invisible particle.
This is the case for our supersymmetric signal, as illustrated in Figure 31} For
such cases, two transverse masses can be defined, one for each branch. However,
only the total transverse momentum of all invisible particles in the event is
measured, and so the fraction belonging to each branch is unknown. Instead,
the mrs variable gives a lower bound on the maximum of the transverse mass.
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For the off-shell WZ analysis, the two visible particles are considered to be
the Z system (comprised of both Z leptons, ¢1/2, assigned according to mp™),
and the W lepton (¢3). The invisible particles making up the total missing
transverse momentum Ef'® are the two LSPs and the W neutrino. This gives

mis (P, Pl BE™) =

ngin (max {mT (pfflzzunvmx) ,mr (pl’%‘}’E$iSS - qT7mx>]) ) (53)
T

where the transverse mass mT in this mrs formula is defined as
¢ _
mr (pT7 qr, mx) =

\/m§ +m2 +2 (\/(pff)2 +m?\/q%+m>2( - p5 -qT). (5.4)

Note that a hypothesized mass m, is assigned to each invisible particle leg,
corresponding to the LSP ¥ mass. However, studies have shown that the
dependency on this choice is generally small, except when assuming m,, ~ 0 GeV
for signals with finite ¥J mass. Thus, a sufficiently high m, mass of 100 GeV is

chosen, and the correponding variable is labeled m%%o.

min AR3, The minimum angular distance between all lepton pairs:
min ARs, = min[AR(¢;,(;); for all lepton pairs (¢;,¢;)].

min ARgros The minimum angular distance between all SFOS lepton pairs:
min ARgros = min[AR(¢;, £;); for all SFOS lepton pairs (¢;,¢;)].

Eiss significance In an ideal detector, a non-zero ER* value indicates the
presence of non-interacting particles. However, experimental effects such as the
energy resolution of the reconstructed objects the EX* calculation is based
on, and instrumental effects such as e.g. broken cells, can lead to artificial or
fake EX55. The so-called EXS significance is introduced to discriminate events
where the ERsS actually arises from undetected particles in the final state from
events where the EIS* arises from poorly measured particles and jets.
An “object-based EX'** significance” is defined as

‘ E$iss | 2

0= )’ o

BT significance =

where the quantity or, denotes the pr resolution of the system, and ppr is a
correlation factor between the resolutions of the pr components parallel (L) and
perpendicular (T) to ER*. A high ERsS_significance value indicates that the
observed ERs is more likely to be the result of undetected particles rather than
experimental effects.

69



5. A three-lepton off-shell WZ analysis

|p}1?p| /Ess  The ratio of the magnitude of a vectorial pp sum of the three

leptons, |p1§p|, to EMiss. This ratio represents the extent to which the transverse
momentum of the ;zf;zg system, recoiling against initial state radiation (ISR)
jets, is converted into leptons as opposed to E%‘iss. As the massive Y contributes
to the B signals tend to populate lower parts of the [pie?|/Emiss distribution
than Standard Model backgrounds.

5.2 Search regions

To search for a possible signal, selection criteria are defined to enhance the
expected signal yield relative to the background. Signal regions (SRs) are designed
using the MC simulation of SUSY signal and corresponding SM background
processes, by setting upper and/or lower limits (cuts) on discriminant variables for
which signal and background distributions look different. This design procedure
will be explained in the following section, while the off-shell WZ signal regions
will be presented in Section [5.2.2

5.2.1 Signal region optimization

When designing signal regions, the figure of merit that we want to optimize is
the expected signal sensitivity, or the expected significance of measuring a signal-
induced excess of events on top of the background. Given expected numbers of
background events b and signal events s, the significance Z is a measure of how
(in)consistent a measurement of s + b is with the background-only expectation.
The significance is expressed in units of sigma (o), i.e. the number of standard
deviations of the unit Gaussian.

In this signal-region design process, we want to find the set of cuts that
maximizes the expected significance. The final statistical procedure will be
explained in Section [5.5] However, it can be overly time-consuming and
computationally expensive to rerun the full statistical calculation for different
cut alternatives when searching for the optimal one. Instead, it is often
found satisfactory to estimate the approximate significance in the optimization
processEl In the ATLAS Collaboration, this is usually done using the function

2For some analyses a reoptimization using the full statistical analysis is performed at a
later stage. However, one should be cautious to reoptimize too much, as we do not want to
base our choices too much on specific signal hypotheses. In addition, at least some background
should be kept in order for the statistical analysis to be meaningful.
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BINOMIALEXPZ [159) implemented in the RooStaTs package [161] FJf] This

function takes three input arguments: the expected number of signal events
(8), the expected number of background events (b) and the relative background
uncertainty (Ab/b) in the signal region. A Gaussian (normal) background
uncertainty distribution is assumed, and the resulting significance is thus often
referred to as Zy. As a rough, conservative estimate, we use a flat (constant)
30% systematic uncertainty, i.e. Ab/b = 0.30. Note that using this simpler Zy
calculation typically gives slightly stronger results (higher Z-values) compared
to doing a full statistical analysis.

In practice, cuts are chosen by looking by eye at so-called N-1 distributions
like the one in Figure 5] In such plots, all already defined cuts for the
selection/region have been applied, but no cut value has yet been applied for
the variable the distribution is plotted for (so all N cuts applied minus one,
hence N-1). The lower panel shows the expected significance Zy for a relevant
selection of signal hypotheses (signal mass points (m(x3), m(x})) with different
Am), as a function of lower-cut value. Namely, each bin in the lower panel shows
the expected significance for when all events to the left of the bin in the upper
panel are rejected, and all events to the right (including the bin in question) are
used as input to the Zy calculation. The significance distributions in the lower
panel can thus guide our choice on where to place a potential lower cut. In this
particular example, a lower cut of 25 GeV is chosen for the leading lepton pr, as
indicated by the orange arrow in the upper panel. We see that this choice is a
nice compromise for the four signal hypotheses with positive Z N

Note that the choice of benchmark signal hypotheses to consider in the
optimization process described above is important, as the expected significance
can peak for different cut values for different hypotheses. We must therefore
check a selection of hypotheses, to see how they behave under different cuts.
In the final analysis, however, there are many more signal hypotheses that will
be evaluated using the resulting signal region. Hence, we must make sure to
find a compromise between maximizing the expected significance for a specific
signal hypothesis and having good coverage for an assortment of hypotheses.
Also note that for the example in Figure [f.1] the Zy distributions in the lower
panel should only be used to decide on a potential lower cut. Corresponding
distributions can be made for the upper-cut case.

3This function calculates the significance Z from a likelihood L describing a main
measurement x distributed as a Poisson around s+b and an auxiliary measurement y distributed
as a Poisson around 7b:

L(z,y|s,b,7) = P(z|s + b) x P(y|Tb), (5.6)

where P denotes a Poisson distribution, and the expected background in the auxiliary
measurement is a factor 7 larger than in the main measurement. More details on the relation
between likelihoods and significances will be given in Section

4In 2020, the ATLAS Collaboration published a public note, Ref. , comparing several
methods for estimating the significance of an observation of a number of events given a
predicted rate with some uncertainty. The resulting recommended method is based on the
same likelihood as the BINOMIALEXPZ function, as can be seen in Section 4.4 of the note.

5Negative expected significance is an artefact of the BINOMIALEXPZ function, occuring in
cases with very few signal events in combination with a large relative background uncertainty.
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Figure 5.1: Example distribution used to explain the signal-region design process.
In this so-called N-1 distribution, all already defined cuts for the selection/region
have been applied, and the goal is to find the optimal cut for the variable shown
in the distribution. The lower panel shows the expected significance Zy for a
relevant selection of signal hypotheses as a function of lower-cut value. In this
particular example, a lower cut of 25 GeV is chosen for the leading lepton pr, as
indicated by the orange arrow in the upper panel.

I contributed to the optimization of the high- Bl signal regions of the
off-shell WZ analysis, which will be summarized in the next section (together
with the low-EXS ones, division to be explained). Due to the large number of
relevant N-1 distributions (more than 160 altogether), for which each cut choice
was made manually, and the fact that several people were involved in this work,
I will not attempt to provide a full justification for each cut value. Only a few
example distributions for some of the more high-level variables will be shown.
Note that all signal regions in the three-lepton analysis are optimized to the
wino/bino (+) interpretation.

5.2.2 Signal region definitions

In addition to the common preselection of exactly three baseline and exactly
three signal leptons mentioned in Section [I-3] further preselection requirements
for the off-shell WZ selection are given in the upper part of Table [5.1] First, at
least one same-flavor opposite-sign (SFOS) lepton pair is required, assigned to
the Z boson. The remaining lepton is assigned to the W boson. If more than
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one SFOS lepton pair is present in the event, the pair with the smallest invariant
mass is assigned to the Z boson, as explained in Section A requirement
my® < 75 GeV is introduced to select off-shell Z events. Also requiring my™* <
75 GeV reduces on-shell Z contamination from Standard Model WZ background.
The lower bound on m}™ of 1 GeV is set to remove events with collimated
leptons, for which estimating FNP lepton background is challenging. Further,
events with b-jets are vetoed to reduce contamination from t¢, and the three
leptons are required to be well separated by setting min ARs, > 0.4. Finally,
mi" mass ranges of [3,3.2] and [9,12] GeV are vetoed to avoid contributions
from the low-mass J/v and T resonances, except in the phase space with high
EXss and at least one jet, where this contribution is negligible.

These preselected events are then further divided into four categories based
on EXs and the multiplicity of jets with pr > 30 GeV. An overview of these

categories, or inclusive regions, referred to as SRO™™*-gj, SROT™Z_nj, SRT™Z _gj and
) ) TowE, TowE, ? highg,

SREIS‘SET‘”L are shown in Figure Due to the recoil between the ﬁxg system
and the jet(s) in the jet-inclusive regions, the boundary between low and high
Emiss s set higher in these regions than in the jet-veto regions (200 GeV vs.
50 GeV). Regions SRY{7-05, SR -nj and SRYTE -ej primarily target signals
with moderate mass splitting, Am(%9, ¥9) ~ [40,90] GeV, and mostly rely on
moderate kinematics and lepton triggers. The SR‘;I;‘;\“ET -nj region also target signals
with highly compressed mass spectra, Am < 40 GeV, resulting in events with
very soft leptons. These events are selected using ERsS triggers, by exploiting
the high ES recoiling against the hadronic activity. The initial lepton pr

requirements are kept as low as possible: pr > 10 GeV for SR ™?.gj, SROT™Z

Towg, Towg, nj

Table 5.1: Summary of the preselection requirements applied in the inclusive
signal regions of the off-shell WZ selection . In rows where only one value is
given it applies to all regions. “-” indicates no requirement is applied for a given
variable/region.

Preselection requirements

. fEWZ - fEWZ . ffWz - fEWZ .
Variable SR;’OW& -0j SR?WE[ -nj SR}OﬂghE,_QJ SszghE[—nJ

n{::pse]ine’ lséf;nal =3

nsFos >1

M [GeV] <75

mi® [GeV] € [1,75]

nb»jels =0

min AR, > 0.4

Resonance veto m‘;'gi" [GeV] ¢[3,3.2],¢[9,12] -
Trigger (multi-)lepton ‘ ((multi-)lepton || EX™%)
el =0 >1 =0 >1
ET™ [GeV] <50 < 200 > 50 > 200
EP significance >1.5 >3.0 >3.0 >3.0
P, P, P [GeV] > 10 |>4.5(3.0) for e(p)
|myp — my| [GeV] > 20 (6w = e only) -

min ARgros [0.6,2.4] (6 = e only) -
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Figure 5.2: Overview of the four inclusive signal regions SR?Z;‘QTZ-@]', SRf:;‘gTZ-nj,

SRpimg, -0 and SRz:‘;’é -nj for the off-shell WZ analysis, in terms of X and the
number of jets with pp > 30. Each of these four regions are further divided into
bins in the primary discrimant variable for the off-shell WZ selection, namely

min

Mgy

and SRY(TE -0j, and pr > 4.5 (3.0) GeV for electrons (muons) in SRS -nj.
However, the selection is restricted by the trigger pt requirements, and some
further pr requirements are applied in the bin-by-bin SR optimization that will
be discussed in the following.

Further preselection requirements are added to suppress the Z+jets
background. A lower bound on the ERsS significance is set: 1.5 for SR?Zi‘é’f-ej,
and 3.0 for the three other regions. To suppress fake electrons due to photon-
conversion, some additional requirements are applied for SR‘{(‘;;‘(’_ZTZif the W lepton
— in this case selected using the traditional my, lepton assignment defined in
Section [5.1] to best capture the SM background topology for rejection — is
an electron: then the three-lepton invariant mass mgy is required to be off the
Z-boson peak (|msp — mz| > 20 GeV), and the minimum angular distance
between all SFOS lepton pairs must be within min ARgros € [0.6, 2.4].

The primary discriminant variable for the off-shell WZ selection is m". As
the electroweakino signal decays via off-shell W and Z bosons, the invariant

mass of the SFOS lepton pair is kinematically bound by the signal mass splitting
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Am(%9,%}). This can be seen in the left plot of Figure where the signals
demonstrate a cut-off in mzr’%i“ matching the mass splitting, while backgrounds
do not. To take advantage of this signal feature, the signal region phase space is
further divided into mJ}™ bins targeting signals with different mass splittings.
Seven mJ3™ bins, labeled “a” to “g”, are defined with boundaries at 1, 12, 15, 20,
30, 40, 60 and 75 GeV. The “a” bin is only considered for SR‘;ISL”.Z-nL to avoid
low-mass resonance backgrounds, as discussed above.

Also the stransverse mass mi% shows a kinematic edge for the signal, see
right plot of Figure 5.3} This cut-off reflects the kinematic constraint originating
from the Y — W*x{ decay chain. The kinematic edge appears at miy =
Am(%9, %) + 100 GeV. To take advantage of this feature, a sliding cut is applied
per mﬂin bin, requiring mi% to be smaller than the upper edge of the m" bin
+ 100 GeV. This cut is particularly effective in the lowest m}?“ bins, targeting
the smallest mass splittings. Figure a) shows the N-1 distribution for mi%

for region SREI;‘;‘E -njd, for which an upper cut value of 130 GeV is applied.

« e R A a— » e S A A
£ 0.4 I € r b
o r ATLAS —— Backgrounds [ 0.4 [ ATLAS —— Backgrounds B
[ K Signal Am=20GeV ] [} L Signal Am=20GeV |
k] [ Vs=13 Tev Signal AM=40GeV - kS r s=13 TeV Signal Am=40GeV |
s 03 . Signal AM=60GeV ]| S - Signal Am=60GeV |
'§ L - - Signal AM=80GeV | ':;; 0.3~ - - - - Signal Am=80GeV ]
iy L ] i L

0.2 - L ]
3 E 0.2~ b
A 0. l} a

00 50 100 900 150 200
minin [GeV] m [GeV]

(a) (b)

Figure 5.3: Distributions of (a) mJ™ and (b) m1% showing the expected Standard

Model background as well as signals with various mass splittings Am(x9, X3), for
a selection of exactly three baseline and signal leptons . The distributions are
normalized to unity. Signals demonstrate a cut-off in both variables matching
the mass splitting, while backgrounds do not. The dominant background in this
selection is WZ, with the Z-boson mass peak visible in both distributions.

Additional cuts on discriminating variables are applied per m}}™ bin, to
further suppress the SM backgrounds. Different background processes are
dominant for the different inclusive regions, as indicated in Figure (.2} All cuts
are summarized in Table In SRf;;‘é’f-ej, SRfZ;‘é’f-nj and SREIQ\’ET-OL the lepton
pr thresholds are raised fo reduce the FNP lepton background contributions
from Z-+jets and tt. Further, to suppress contributions from the SM WZ
background, the signal regions target phase space either below or above the
Standard Model W boson Jacobian peak present at mP!™in ~ myy as described
in Section For the low mJ™™ bins, an upper bound miplmin < 50 — 70 GeV

is applied, while the “f” and “g” bins are split into two parts — below (“f1”,

75



5. A three-lepton off-shell WZ analysis

Table 5.2: Summary of the selection requirements applied in the signal regions
of the off-shell WZ selection [22]. These requirements are applied on top of the
preselection requirements summarized in Table[5.1] “-” indicates no requirement
is applied for a given variable/region, while x is marked for regions that are not
considered.

Selection requirements
Variable a b [¢ d e f1 f2 gl g2
myy" [GeV] [1,12]  [12,15] [15,20] [20,30] [30,40] [40, 60] [60, 75]

£6WZ
SRTQWE common
:

my™ [GeV] X < 60 <60 < 60 < 60 - - - -

e (e x <50 <50 <50 <60 <60 > 90 <60 > 90

miY [GeV] x <115 <120 <130 - - - - -

min ARgrog X <16 <1.6 <1.6 - - - - -

PLpRpi GV x >10 >10  >10  >10  >15  >15  >15  >15
NS

|p}1?"\/E{‘-“SS X <1.1 <1.1 <1.1 <13 <14 <14 <14 <14

my [GeV] X - - - - >100  >100 >100 > 100
SRYee -nj

|p]Tep\/E¥‘i“ X <1.0 <1.0 <1.0 <1.0 <12 <12 <12 <12

SRﬁifgfwhi common

miY [GeV] <112 <115 <120 <130 <140 <160 <160 <175 <175
SRYf e -0

P P2 PR 1G] X >25,> 15,> 10

miImin [Gev] x <50 <50 < 60 <60 <170 >90 <170 > 90
SR:ifgfwhi—nj

f g
o066
piopriopy [GeV] >4.5(3.0) for e (u)
|p]T5p\/E¥"Ss <0.2 <0.2 <0.3 <03 <03 <1.0 <1.0

“gl”, mimlimin < 60/70 GeV) and above (“f27, “g2”, mPImin > 90 GeV) the SM
peak. Figure (b) shows the N-1 distribution for m&2™in for region SR -ejc,

highf,
f;;‘gf-ej, a lower bound
on mg, is applied for the high mJ}™ bins to reject the background of Standard
Model Z decaying into four leptons, which peaks at ms; ~ mz. Figure [5.4|c)
shows the N-1 distribution for mg, for region SR;’;‘:‘{E“TZ—Ojfl, for which a lower cut

value of 100 GeV is applied. Also, the min A Rgpog requirement is tightened in

the low m}™ bins of SR}su to exploit the topology with a relatively boosted Z*

for which an upper cut value of 50 GeV is applied. In SR

in the target signatures. Lastly, upper bounds are set on |p1{3p| JEmISS | as signals
tend to populate lower parts of the spectrum for this variable than Standard
Model backgrounds. This effect is particularly prominent for compressed signals
in the high- EX regions, where the EX' is almost fully generated by the ISR

min

jet(s). Thus, even tighter upper bounds are set on this variable for the low m}}
bins of SR®'™2 _nj. Figure d) shows the N-1 distribution for [p'cP|/EMiss for

highf,

region SREE‘;’E -nje, for which an upper cut value of 0.3 is applied.
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Figure 5.4: N-1 distributions for (a) mi% in SRy ane, 1id; (D) miRtmin iy
T

SRYIE. ~0ic, (¢) mae in SRYZ-05f1 and (d) [pr”|/EF™ in SRYME -nje, indicating

the lower /upper cut values applied.

5.3 Background estimation

In Section [3:4] the most important backgrounds to the three-lepton final state
were introduced, namely Standard Model WZ, tt and Z-+jets. In this section,
brief explanations on how these backgrounds are estimated will be given. Further
details can be found in Sections 6.2 and 8.2 of Ref. . For all other backgrounds,
the MC-predicted yields are used directly.

In order to estimate the most important SM backgrounds in an accurate
and robust fashion, a partially data-driven method is often used, where the MC
predictions are normalized to data in dedicated control regions (CRs). Such
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5. A three-lepton off-shell WZ analysis

control regions should be both similar and orthogonal to the signal regions, and
have as little signal contamination as possible. This is usually achieved by taking
the signal region definitions and inverting some of the selection requirements. To
assess the quality of the resulting background estimation and its extrapolation to
the signal regions, dedicated validation regions (VRs) are used. Such validation
regions are designed to be kinematically in between the control and signal regions,
and should also have low expected signal contamination. For some backgrounds,
it is sufficient to check the background estimation using only validation regions.
The final estimation of the background yields and uncertainties is performed
with a simultaneous fit to the control and signal regions. The validation regions
are not used in this fit.

53.1 WZ

The dominant Standard Model WZ background, producing three real and prompt
leptons, is estimated using the partially data-driven method described above.
Two CRs are defined to retrieve separate normalization factors for WZ events
with and without hard ISR jets. The selection critera for these CRs, CRWzg ™
and CRWzy/™?, are given in the second and third columns of Table[5.3] From the
simultaneous fit to the CRs and SRs, the normalization factors are determined
to be 1.06 & 0.03 for CRWz!™ and 0.93 £ 0.03 for CRwWz)/™?.

Further, three separate VRs are defined to validate the SM WZ estimation —
VRWZ)!™ and VRWZZ ™ are designed to validate the estimation in the SR{™”phase

WET
space, while VRWZ)[IS,, is used to validate the estimation in the SRY{TE phase

Table 5.3: Summary of the selection criteria for the CRs and VRs for the WZ
and tt backgrounds . In rows where only one value is given it applies to all

regions. “-”

indicates no requirement is applied for a given variable/region.

Variable CRWZgT™  CRWZY)

offWZ

offWZ

VRIZ)! o££Z

VRWZOS VRWZ) %

‘nj-lowm,,

‘ VRt E0EVZ

baseline __signal
lep > Mep
sros
Trigger

min AR,

n

Np_jets =0
mg, [GeV] € [81,101]
30 GeV -0 > 1

ets

ET™ [GeV] <50 <50
E significance

my [GeV]

mit [GeV]

Resonance veto mpp" [GeV]
pi',p?, p? [GeV]

min AR

Ims; — my| [GeV]

miyro WV [Gev]

AR(Cy, ET™)

"1/ B

> 50 > 50

> 10

=3
>1
((multi-)lepton || M)
> 04
=0
<175
=0 >1 >1
<50 < 80 > 80
> 1.5 > 1.5 > 1.5
€ [60,90] > 30
€ [12,75] e€[1,12]

- ¢(3,3.2],¢ [9,12]
> 10 > 10 -
[0.6,2.4] ({4 = e only) -

> 20 (y = e only) -

> 75 - -

>2.6 - -

> 50

€[1,75]
¢13,3.2).¢19.12]
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space. The selection criteria for these three VRs are given in the middle columns
of Table (.3}

5.3.2 tt

For the ¢t background, dominated by decays with a dileptonic final state and an
additional non-prompt lepton from a b- or c-hadron decay, the MC-predicted
yield is only validated in a dedicated VR. The selection criteria for this VR,
called VRtt°"™  are given in the right-most column of Table As the MC
modeling is found to be satisfactory, no additional corrections are applied to the
tt MC events.

5.3.3 Z+jets

The Z+jets processes result in two prompt leptons and one FNP lepton from
jets or photons. As can be seen in Figure[5.2} this is the dominant background in
the inclusive SR‘I’;‘;YLZ-ej region, and it must thus be estimated carefully. However,
as FNP leptons are hard to model with MC simulation, a fully data-driven
method referred to as the “fake-factor method” is used to estimate this

background. A brief explanation of this method will be given in the following.

The fake-factor method uses two sets of lepton identification criteria. The
first set is the same criteria used to identify signal leptons in the analysis, referred
to as “ID” lepton criteria. In the second set, referred to as “anti-ID”, one or
more of the lepton identification criteria are relaxed or inverted to enrich in fake
leptons. The fake factor F' is defined as the ratio of the probability for a given
lepton candidate to pass the ID lepton criteria to the probability for it to pass the
anti-ID criteria. This ratio is measured using data in a control region designed
to target Z+jets events with FNP leptons whose sources are representative of
those expected in the signal regions. In the three-lepton analysis, exactly three
baseline leptons are required in the fake-factor control region, including at least
one SFOS lepton pair assigned to the Z boson. If more than one, the SFOS
pair with invariant mass closest to the Z-boson mass is assigned to the Z boson.
The remaining lepton is the FNP lepton candidate. The Z4jets prediction in
a given region is then obtained by applying the fake factors to events in its
corresponding “anti-ID region”, defined by the same selection criteria as the
nominal region with three signal leptons, except that at least one of the leptons
is anti-ID instead of ID. Each event in the anti-ID region is scaled by a weight
based on the fake factor assigned to each anti-ID lepton in the region. In the
off-shell WZ analysis, fake factors are derived separately per lepton flavor, and
parameterized as a function of lepton pr and EX* in the event. In both the
fake-factor measurement and application procedure, contributions from processes
other than Z+jets are subtracted using MC-simulated samples.

The selection criteria used for the fake-factor control region CRFF°T™ is
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5. A three-lepton off-shell WZ analysis

summarized in the second column of Table The yields predicted by the fake-
factor method are cross-checked in three dedicated valdation regions enriched in
FNP leptons. The selection criteria for these VRs are listed in the three right-
most columns of Table [5.4] where VRFF/™? and VRFF)/™ are designed to validate
the yields in SRY{7*-0] and SR respectlvely7 and VRFFOe s designed to

specifically cross- check the modehng of FNP leptons with pp < 10 GeV.

5.3.4 Summary

Figure p.5| shows example kinematic distributions in the CRs and VRs after
the background—only fit, demonstrating good agreement. Further, Figure [5.0]
summarizes the expected and observed yields for all CRs and VRs used in the
off-shell WZ analysis. Note that the hatched bands in these figures indicate
the combined theoretical, experimental and MC-statistical uncertainties. The
distinction between these uncertainty categories will be explained in the next
section.

SNote that in the subtraction of non-Z+jets processes, a small normalization factor is
applied to the ¢t events in the anti-ID region to account for different anti-ID lepton efficiencies
in data and MC simulation, derived using the CRtt2f™2 region defined in the third column of

anti-.
Table

Table 5.4: Summary of the selection criteria for the CRs and VRs for the
Z+jets background . The corresponding anti-ID regions used for the Z+jets
prediction follow the same selection criteria, except that at least one of the
leptons is anti-ID instead of signal. “-” indicates no requirement is applied for a
given variable/region.

Variable

CRFFoffWZ

offWz
CRttanll 1D

VRFFoffWZ

VRFFoffWZ

VRFFoffWZ

nj-lowp,

baseline __signal -3

lep > Vlep
min AR, > 0.4
Trigger dilepton ((multi-)lepton || EF™%)
ST 21 =0 21
Ny jets =0 =0or>1 =0
myy [GeV] € lmy — 15,m, + 15] <75

0.5V < Lif p™ > 30 Gev - =0 >1 >1

= 0 otherwise

E»‘Fiss [GeV] <40 > 50 <50 <200 € [50,200]
E%“SS significance - - €[0.5,1.5] €1[0.5,3.0] €1[0.5,3.0]
Py P Py [Gev) - > 10 > 10 > 10 <10
m" [GeV] - - c[12,75]  €[12,75] €[1,75]
my [GeV] <30 - < 50
min AR - - [0.6,2.4] ({y = e only)
ms, [GeV] > 105 - [81.2,101.2] (£ = e only)
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Figure 5.5: Example kinematic distributions after the background-only fit,
showing the data and the post-fit expected background, in regions of the off-shell
WZ selection . The figure shows (a) the mj}™ distribution in CRWzg™?, (b)

the |piP|/ B distribution in VRWZSIM2, | (c) the Eis* distribution in VRt
and (d) the mJ;™ distribution in VRFF™?. The last bin includes overflow. The
“Others” category contains backgrounds from single-top, WW | triboson, Higgs
and rare top processes. The bottom panel shows the ratio of the observed data
to the predicted yields. The hatched bands indicate the combined theoretical,
experimental, and MC-statistical uncertainties. The slope change in the ERiss
distribution in (c) illustrates the selection extension with ERsS-triggered events,

which start contributing at EsS > 200 GeV.
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Figure 5.6: Comparison of the observed data and expected SM background yields
in the CRs and VRs of the off-shell WZ selection . The SM prediction is taken
from the background-only fit. The “Others” category contains backgrounds from
single-top, WW | triboson, Higgs and rare top processes. The hatched bands
indicate the combined theoretical, experimental, and MC-statistical uncertainties.
The bottom panel shows the significance of the difference between the observed
and expected yields, calculated with the profile-likelihood method from Ref. ,
adding a minus sign if the yield is below the prediction.
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5.4 Systematic uncertainties

Two different types of uncertainties are considered in particle physics analyses.
Statistical (random) uncertainties are uncertainties that can be reliably estimated
by repeating measurements. They follow a known distribution, such as the
Gaussian or Poisson distributions, or are determined empirically from the
distribution of an unbiased, sufficiently large sample. The relative statistical
uncertainty reduces as 1/ V/N, where N is the sample size.

Systematic uncertainties, on the other hand, are uncertainties that cannot
be calculated solely from sampling fluctuations. Even with infinite statistics,
a systematic uncertainty will never become zero. Systematic uncertainties are
generally divided into three categories: (i) instrumental uncertainties from
experimental conditions and reconstructed objects, (ii) theoretical uncertainties
on parameters that enter the Monte Carlo simulations, and (iii) uncertainties on
data-driven background estimates. Systematic uncertainties also often become
smaller with larger sample sizes, but not as 1/ V/N in most cases. Finding
and estimating systematic uncertainties are complicated, and often ends up
being a large fraction of the work in an analysis. In most cases, one finds
independent sources of systematic uncertainties, meaning that they can be added
in quadrature. A few sources often dominate the total systematic uncertainty,
meaning that not too much effort should be put into correctly estimating the
smaller ones.

Both statistical and systematic uncertainties are assigned to the predicted
event yields of signal and background processes in each region. Information on
how the uncertainties are statistically implemented will be given in Section [5.5)
First, the remainder of this section will give a brief summary of the systematic
uncertainties considered in the off-shell WZ analysis. Further details can be
found in Sections 6.3 and 8.2 of Ref. [22].

5.4.1 Instrumental uncertainties

Instrumental uncertainties can arise from a number of sources. For instance,
both the ATLAS luminosity and pile-up measurements have corresponding
systematic uncertainties. Other examples include resolution effects in the various
sub-detector systems, reconstruction of the momenta of particle tracks from
hits in multiple detector layers, and the assignment of energy deposits in the
calorimeters to different reconstructed objects. Instrumental uncertainties affect
all MC samples used to model the background and signal processes (except
data-driven samples, like the Z+jets sample for the off-shell WZ analysis).

In the off-shell WZ analysis, the dominant instrumental uncertainties are
the so-called jet-energy scale (JES) and resolution (JER). Also significant is
the uncertainty in the modeling of E¥'s5. Other instrumental uncertainties
concerning the efficiency of the trigger selection, flavor-tagging and the jet vertex
tagger (JVT), as well as reconstruction, identification, impact-parameter selection
and isolation for leptons, are found to have minor impact. Each instrumental
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5. A three-lepton off-shell WZ analysis

uncertainty is treated as fully correlated across the analysis regions and physics
processes considered.

5.4.2 Theoretical uncertainties

For the processes estimated using MC simulation, the predicted yield is also
affected by different sources of theoretical modeling uncertainties. Several choices
must be made when simulating events using event generators, such as which
generator and parton distribution function (PDF) set to use, and to which
accuracy the matrix element of the process is calculated. All such choices have
corresponding uncertainties that need to be taken into account in the statistical
analysis.

In the off-shell WZ analysis, a theoretical uncertainty accounting for the
uncertainty in the cross-section of the process is considered for each background.
Further, for the important WZ, ZZ and tt backgrounds, also other sources of
theoretical uncertainties on the modeling are considered, which will be listed in
the following. For the diboson backgrounds, the leading modeling uncertainties
arise from variations in the QCD renormalization and factorization scales. Also
considered is the impact of the choice of parton distribution function set and the
value of the strong coupling constant «, scales for resummation and merging
between matrix element and parton-showering calculations, and the parton-
showering recoil scheme. For WZ, which is normalized to data in control regions,
the uncertainties are implemented as transfer-factor uncertainties that reflect
differences in the SR-to-CR and VR-to-CR ratio of yields, and therefore provide
an uncertainty in the assumed shape of MC distributions across analysis regions.
For the ¢t background, several sources of theoretical uncertainties are considered:
choice of matrix element generator, choice of parton distribution function set and
the value of ag, parton-shower scales for initial-state and final-state radiation,
and choice of generator for parton-showering and hadronization.

Theoretical uncertainties in the expected yields for the SUSY signals are
also estimated. Considered sources are scales for QCD renormalization and
factorization as well as jet-parton matching, and settings used for the parton
showering with PYTHIA.

5.4.3 Uncertainties on data-driven Z+jets background estimate

The data-driven Z+jets estimation, carried out with the fake factor method as
described in Section [5.3-3] is subject to a number of systematic uncertainties.
The uncertainties are evaluated by considering the variation in the fake factor
F, and propagating the effects to the estimated yields.

First, the limited number of ID and anti-ID events in the control region leads
to a statistical uncertainty on the measurement of the fake factor F, which is
accounted for with a systematic uncertainty. Further, the fake factor F' depends
on the composition of fake lepton sources (light-flavor jets, heavy-flavor jets and
photon-conversion), and thus the composition in the control region should be
as close to the composition in the signal region as possible. This composition
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is expected to vary with pr, ER and 7. As stated in Section m the fake
factors are parameterized as a function of lepton pr and ER®S in the off-shell WZ
analysis, but an alternative parameterization could also include lepton 7. This
ambiguity is translated into a systematic uncertainty. Also the choice of binning
for the EM parameterization leads to a systematic uncertainty. In addition,
the cross-section uncertainty on the dominant WZ background, substracted in
the determination of F', is also translated into a systematic uncertainty. Finally,
to increase the number of FNP lepton candidates at high pt, muons overlapping
with jets are kept in the control region (as opposed to what is done in the actual
analysis). However, this leads to some discrepancies with the results for the
other regions, and is thus treated as a systematic uncertainty.

5.4.4 Summary

Figure [5.7] shows a breakdown of the total uncertainties in the background
prediction for the signal regions of the off-shell WZ analysis. In this plot,
the uncertainties related to experimental (instrumental) effects are grouped
and shown as “Experimental” uncertainty. Theoretical uncertainties, including
the WZ transfer-factor uncertainties, are grouped and shown as “Modeling”
uncertainty. Further, the uncertainties related to the data-driven Z-jets
background estimation are represented by the “FNP” uncertainty, while statistical
uncertainties of the simulated event samples are shown as “MC Stats”. Finally,
the uncertainties related to the normalization factors derived from the CRs are
described by the “Normalization” uncertainty.

We see that the total uncertainty vary considerably from signal region to
signal region. As the expected yields themselves vary a lot, both the statistical
and experimental uncertainties are also expected to fluctuate from region to
region, and these uncertainties are often dominant in regions with limited MC
statistics in the phase space of the region selection. Further, the FNP lepton
uncertainty is naturally more important in regions with larger FNP lepton
background contributions. Also, the modeling uncertainty is larger for regions
with one or more ISR jets, and high EXss,
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Figure 5.7: Breakdown of the total uncertainties in the background prediction
for the SRs of the off-shell WZ selection [22].

5.5 Statistical procedure

Since 2012, the HISTFITTER framework has been the primary tool for
statistical analysis in ATLAS supersymmetry searches. This framework is built
on top of the HISTFACTORY and ROOFIT packages for parametric
model construction, and ROOSTATS for statistical tests of the data. One of
the main developments of HISTFITTER compared to ROOFIT/ROOSTATS alone
is that the concepts of control, validation and signal regions are incorporated
into the design of the framework. Together with all analysis ntuples (data and
MC), the input to HISTFITTER is a single configuration file containing the region
definitions, information on the systematic uncertainties to be considered, and
one or more fit configuration objects describing the fit(s) to be performed.

Roughly speaking, the steps of the HISTFITTER processing sequence are as
follows. Based on the input ntuples and configurations, HISTFITTER produces
ROOT histograms for each of the regions. According to each specified
fit configuration, HISTFACTORY then constructs a corresponding probability
density function (PDF) by combining the relevant histograms. These combined
PDFs are stored in a so-called ROOWORKSPACE, together with the dataset and
the model configuration. These PDFs and workspaces are subsequently used
to perform fits of the data with ROOFIT, statistical tests with ROOSTATS, and
producing plots and tables with HISTFITTER itself. The processing chain is
illustrated in Figure [5.§ All these steps require a substantial bookkeeping and
configuration machinery, which is provided by HISTFITTER.
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Figure 5.8: Overview of the HISTFITTER processing sequence . In the first
step (left), HISTFITTER creates histograms for all control, validation and signal
regions. In the second step (middle), HISTFACTORY constructs a probability
density function (PDF) for each of the fit configurations. In the third step (right),
these PDFs are used to perform fits of the data with ROOF1T, perform statistical
tests with ROOSTATS and producing plots and tables with HISTFITTER itself.

5.5.1 The likelihood function

To summarize, HISTFITTER uses the HISTFACTORY package to construct a
parametric model describing the data, based on provided input histograms.
After looking at the data, the actual number of events in each region is known.
The so-called likelihood function L then gives a measure of the probability for
the observed data as a function of the model parameters. Although constructed
from PDF(s), the likelihood function is not a PDF itself.

In HiSTFITTER, the general likelihood is the product of Poisson distributions
of event counts in the SR(s) and/or CR(S)EI and of additional distributions
that implement constraints on the systematic uncertainties (parameterized by
nuisance parameters):

L(n‘,usae) = PSR X PCR X Osyst
= [I P(nilNi(us, 0)) x [ P(niIN; (s, 0)) x Coyet(0),  (5.7)

i€SR JECR

where P denotes a Poisson distribution; the vector n holds the observed number
of events in each CR and SR — n; for region i; N;(us, 0) is the expected number

"In a counting experiment like this (either we keep an event or we discard it), where
the total number of events is very large, the probability of keeping an event is low, and the
expected number of kept events is constant, the actual number of kept events is said to follow
a Poisson distribution.
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of events for region ¢; and Cgys(6) incorporates the distributions constraining
the systematic uncertainties 8. The expected number of events for region ¢ is
given as

Ni(usv 9) = /’6551'(0) + bl(0)7 (58)

where s; is the number of signal events, b; is the total number of background
events, and p is the so-called signal strength. For pus = 0, the signal component
is turned off, and for us = 1, the signal expectation equals the nominal value of
the model under consideration. Further, the nuisance parameters 6 are typically
considered to be Gaussian distributed around their expectation values. In the
case where all nuisance parameters are taken to be independent, Ciys(0) is
simply the product of Gaussian distributions for each systematic uncertainty.

The maximum likelihood estimates (MLEs) of the parameters (us, @) are the
values for which the likelihood function L(us, @) has its global maximum. These
can be found by performing a mazimum likelihood fit. In practice, however, it
is often more convenient to work with the logarithm of the likelihood function,
called the log-likelihood, and rather search for the minimum of the negative
log-likelihood function, — In L(us, 0).

5.5.2 Hypothesis testing

As mentioned above, HISTFITTER makes use of ROOSTATS to perform statistical
tests. An example is hypothesis testing. In LHC searches for supersymmetry, the
first step is to check the compatibility of the data with the so-called background-
only (b-only) hypothesis, to see if there is any excess. If so, the size of the excess
determines if it can be classified as evidence for the supersymmetry signal, or
even a disovery. If no significant excess is observed, the next step is to set limits
on the signal model in question by considering the signal+background (s+b)
hypothesis.

Test statistic and p-value

To determine the level of agreement between a hypothesis and an observation, it
is common to use a test statistic. A test statistic is a function of the data that
characterizes the full dataset in a single number. For searches, the test statistic
should be constructed such that its distributions for the background-only and
signal+background hypotheses are maximally separated.

The standard test statistic used by the LHC collaborations is the profile
likelihood ratio gy, defined as

4o = —2ln<222:é;>, (5.9)

D»

where a single hat corresponds to the values that maximize the likelihood overall,
and a double hat corresponds to values that maximize the likelihood for a
fixed ps. So in order to calculate the value of this test statistic, two separate
maximum likelihood fits must be performed. To obtain the denominator, L(/is, é),
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all model parameters are allowed to float in order to obtain the maximum

likelihood estimates [is and é, given the data. For the numerator, L(us,é),
the signal strength u is fixed at a value depending on the type of fit while
the remaining parameters are allowed to float, in order to obtain the profiled

maximum likelihood estimates @ for the nuisance parameters, given the data
and the specific s value. The test statistic in Equation has the advantage
that its true distribution can be approximated — in the asymptotic limit, it
will follow a x? distribution . Another option is to use toy experiments to
obtain the test-statistic distribution.

The figure of merit to decide if a hypothesis can be rejected is the p-value.
The p-value is the probability of obtaining results at least as extreme as the
observed results of a statistical hypothesis test, assuming that the so-called null
hypothesis is correct. The lower the p-value, the stronger the evidence that you
should reject the null hypothesis. Before doing the test, you need to decide on
which confidence level (CL) you want to use for rejection, i.e. how willing you
are to potentially be wrong.

In terms of the test statistic in Equation , the p-value is formulated

mathematically as
oo

Pu, = f(QMs
ke

tts) dqp. (5.10)

obs

where f(g,,|us) is the test-statistic distribution, and ¢ is the observed test-
statistic value. This expression then quantifies the probability of obtaining a
test-statistic value at least as far away from the expectation value as what is
observed, given the null hypothesis.

It is common to convert the p-value into an observed significance Z,
corresponding to a unit Gaussian:

S
——e 2V dt = p. 5.11
/Z . » (5.11)

The observed significance gives how far away from the expected value a
measurement is, expressed in units of sigma (o), i.e. the number of standard
deviations of the unit Gaussian.

Test for discovery

When testing for discovery, we check if the background-only hypothesis can be
rejected. The background-only hypothesis is then the null hypothesis.
In this case, the test statistic defined in Equation (5.9)) takes the form

(10,0
q = —21 (L(,&S,é)) (5.12)

where the signal-strength parameter in the numerator is fixed at zero, such
that the signal component in the likelihood is turned off and only background
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contributions are included. The corresponding p-value is

(oo}

Do = f(qo0|0) dqgo, (5.13)
ngs

where f(qo|0) is the test-statistic distribution for the background-only hypothesis.

In high energy physics, the convention is to reject the background-only
hypothesis and claim discovery for a new-physics signal if pg < 2.87 x 1077,
which corresponds to an at least 5o one-sided Gaussian devation from the
expectation of the background-only hypothesis (Z > 50). A looser requirement
of pg < 0.013, or Z > 30, is used to claim evidence for the signal.

Test for exclusion

If discovery of a new signal cannot be claimed (the background-only hypothesis
cannot be rejected), the next step is to set limits on the signal model in question.
Such limits are often displayed as mass plots with contours indicating which
parts of the model’s parameter space are excluded. To obtain such contours, we
check if the signal+background hypothesis can be rejected for different points in
the parameter space of the signal model. For each signal point, the test statistic

then takes the form R
(1,8
q1:—QM(€72), (5.14)
L(H’S7 6)
where the signal-strength parameter in the numerator is fixed at 1, such that

the signal expectation equals the nominal value for the given point. The

corresponding p-value is
(oo}

p1= flaa]1) daa, (5.15)
qus
where f(q1|1) is the test-statistic distribution for the signal+background
hypothesis.

The standard in high energy physics is to set exclusion limits at 95% confidence
level (CL), which means that signal points with p; < 0.05, or equivalently,
a deviation from the expectation of the signal+background hypothesis of at
least 1.640, are excluded. However, there are some undesirable consequences
associated with this choice. Near the sensitivity limit, where the test-statistic
distributions for the background-only and signal+background hypotheses are not
well separated (either because the signal is small or the analysis is not powerful
enough to separate signal and background), a downward fluctuation in the data
with respect to the background-only expectation will result in the exclusion of a
signal while the analysis has no real sensitivity. One of the common solutions
experiments invoke to address this issue is to correct for a downward fluctuation
by using the so-called CLy method [172], where a signal point is excluded at
95% CL if CLg < 0.05, where

b1
CLy= ——. 5.16
— (5.16)
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It is also common to scan a range of signal-strength values ps in order to
find the specific value that gives CLg = 0.05. This is then the upper limit on
the signal strength. All larger signal-strength values, for which CLg < 0.05, are
excluded. Further, this upper limit on the signal strength can be converted into
an upper limit on the production cross-section.

5.6 Results

After defining the signal regions (Section , validating the background
estimates (Section , making sure all uncertainties are taken into account
(Section7 and deciding on the statistical procedure (Section, it is time to
look at the data. This is done by unblinding the signal regions, and comparing
the observed data in the signal regions with the background-only expectation.

The results for the SR‘{Z;‘QTZand SREI;‘;’ETsignal regions are summarized in Tables
and respectively, and visualized in Figure [5.9] Representative signal
MC predictions are overlaid on the figure to illustrate the sensitivity to various
)Zli %9 signals throughout the regions. The sensitivity to signals with different
mass splittings Am(%3, ¥}) depends on the my™ range of the signal region bins,
where the bins with smaller and larger m‘é‘z,i“ values are sensitive to signals with
smaller and larger mass splittings, respectively. For signals with the lowest
mass splitting, only SRﬁI;‘;’éT-nja has sensitivity. As seen in the tables and figure,
no significant deviation from the SM background prediction is found in any of
the signal regions. The maximum deviation of the data from the background
expectation is in SRfZ;‘é’f—ejd with a 2.30 data excess, followed by a 2.1¢ deficit in
SRYigng, ~03 T2.

Since no significant excess above the SM prediction is observed, we move

on to setting limits. Model-independent and model-dependent limits will be
presented in Sections [5.6.1] and [5.6.2] respectively.

5.6.1 Model-independent limits

The nominal signal regions defined in Section [5.2.2] are model-dependent by
definition. When deriving model-independent limits, single-bin discovery regions
are used instead. These regions, constructed by combining nominal signal regions
in order to be sensitive to different m%™® shapes, and thus also referred to as
inclusive regions, are listed in Table As the me“}i“ shape of a signal should
not depend on the amount of initial-state radiation, the corresponding 0-jet and
n-jet regions have have been united. Further, the high- and low-ETs* regions
are kept separate for regions with mJ}" < 20 GeV, as the sensitivity for the
targeted simplified model decreases when joining them. The selection of the
original lovv—menéirl SREE‘;’ET—nj regions have the best sensitivity to models with
small mass-splittings, and so these regions are kept as is.

Model-independent 95% CL upper limits for a generic beyond Standard
Model (BSM) signal are calculated by performing a discovery fit for each target

signal region and all control regions. The results are reported in Table
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5. A three-lepton off-shell WZ analysis

Table 5.5: Observed and expected yields after the background-only fit in
SR?Z:‘I‘QTZ \| The normalization factors of the W27 sample are extracted separately
for 0j and nj, and are treated separately in the combined fit. The “Others”
category contains backgrounds from single-top, WW, triboson, Higgs and rare

top processes. Combined statistical and systematic uncertainties are presented.

offWZ offWz offWZ offWZ offWZ offWZ

Region SR -0jb  SRYS-0jc  SRYE -0jd  SRYep -0je  SReq -0ifl SR -0if2
Observed 25 4 77 101 33 7
Fitted SMevents 32+ 4 44+4 5444 916 32225 59+1.1
wz 7.6 £0.9 13.8+13  163+1.9 25.6+1.8 201£1.5 49+1.0
zz 55+13 T4+12 9.6+ 1.6 21.8+3.2 27+1.1 0.43+0.14
Z+jets 19.1+3.2 22.7+34  265+3.5 40+5 72+17 0.00 = -9
i 0.05 + 048 011017 038+0.22 1.1+04 0.78+0.29  0.08 + o8
1i+X 0.007 £ 0007 0.002 =500 0.009+ 000  0.019+ 0055 0.026£0.026 0.010 £ )13
Others 0.045£0.031  030+0.12  1.3%0.6 1.9+0.6 1.4 + 0.4 0.51+0.18
Region SRybE -0jg1  SRyr -0jg2  SRyp-mjb  SRyhg-mjc  SRyp-njd SRy -nje
Observed 34 9 6 13 17 14
Fitted SM events ~ 34.7 + 2.8 6.3+1.1 35406 8.0+1.2 13.5+1.5 18.2 + 3.4
wz 21421 52£1.0  1.62+0.30 32+06 6.0 0.8 8.6+ 1.3
7z 4.7+ 1.4 0.45+0.14 045+0.13  072+022  1.00+0.28 1.4+0.9
Z+jets 6.6+1.6  0.001+%)  12+05 3.7+09 45+12 33+ 1.3
i 0.8 +0.4 036021 0.15+0.13  0.28+0.14 1.5+ 0.4 33+09
1i+X 0.039 +0.025 0.003 +39%  0.030+0.013 0.052+0.019 024+0.06  0.33 = 0.07
Others 116 £0.27  0.27+0.09 0.006+0.004 0.14 + 75 0.21 + 0.06 1343
Region SRybp -nifl  SRyng -nif2  SRiey -njgl  SRiey -njg2

Observed 25 20 22 12

Fitted SM events ~ 23.4 +2.5 179+ 1.9 17.0 £3.5 124+£1.9

wz 1.1£1.2 94+1.1  100x12 73+13

z7 40+1.6 0.66+025  1.1+38 0.34 +0.11

Z+jets 22=+14 0.00 + 00 1.8+ 1.1 0.0 %58

i 4.6+ 1.1 57412 3.0+08 2.9+0.7

1f+X 0.44+0.09  072+0.11 036+0.08  0.44 +0.09

Others 1.0 0.4 1409 071021 1.4+0.6

The two first columns list the observed (Nops) and expected (Nexp) yields in
the inclusive discovery regions. The third column lists the upper limits on the
visible cross-section, reflecting the product of the production cross-section, the
acceptance and the selection efficiency for a BSM processﬂ The fourth and fifth
columns list the upper limits on the observed (S27,) and expected (S22,) number
of BSM events. The last two columns indicate the CLy, value, i.e. the confidence
level observed for the background-only hypothesis, and the discovery p-value
(p(s = 0)) and correponding significance (Z). The maximum significance Z is
1.290, meaning that the background-only hypothesis cannot be rejected for any
of the discovery regions.

8The concepts of acceptance and efficiency will be explained in Sectionm
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Table 5.6: Observed and expected yields after the background-only fit in
SRﬁI‘;‘ﬁET [22]. The normalization factors of the WZ sample are extracted separately
for 0j and nj, and are treated separately in the combined fit. The “Others”
category contains backgrounds from single-top, WW, triboson, Higgs and rare

top processes. Combined statistical and systematic uncertainties are presented.

of fWZ

offWZ

offWZ

offWzZ

offWZ

Region SRy for.-0ib  SRyim-0jc  SROigE -0jd  SRRIoE -0je  SROjos -0jfl
Observed 1 4 11 13 37
Fitted SMevents 1.5+ 0.7 43+0.8 14.0 £ 1.6 115+ 1.6 35.7+3.2
wz 0.20 + 037 15+£0.5 6.0+ 0.9 6.1+1.1 205 +2.1
77 0.5+0.5 0.31+0.12 1.8+08 0.89 + 0.24 3.1+1.0
Z+jets 0.81 +0.31 1.7+ 0.4 44+1.0 1.1+0.8 43+ 1.4
i 0.05+£0.05  045+0.17  0.64+0.28 1.8+ 0.6 44+1.0
H+X 0.003 £ 005 0.009+3%  0.029+0.015 0.08+0.04  0.11£0.05
Others 0.014 £ 3018 03 +0% 1.1£0.4 1.6+£0.4 33208
Region SRYime -0if2  SRUigy -0jg1  SROIG -0jg2  SR)fgn -nja  SRYig -njb
Observed 14 43 17 3 2
Fitted SMevents ~ 25.5 + 2.4 39.5+3.0 2147 6.0+ 1.6 1.4 +0.6
wz 16.0+2.3 264 +22 15+7 3.8+1.2 0.57 +0.18
7z 0.95 +0.35 3.0+09 0.58+0.17  0.044 +0.023  0.009 + 0.005
Z+jets 0.00 = -3 34+13 0.00 + -4 15+08 0.5+0.5
i 44+1.0 43+09 3.1+0.7 0.6+ 0.5 0.14 + 13
i+X 0.109+0.030 0.16+0.05  0.09+0.04  0.16+0.06 0.014 =553
Others 40+1.0 23+0.8 20405  0.038+0.030 0.22+0.22
Region SRpjene -mjc  SROIGE -njd  SRyjgp -nje  SROIGU -njf  SRYio -njg
Observed 2 2 2 11 4
Fitted SM events 2.1 % 0.8 54+1.4 3.0+ 1.1 9.9+25 6.8+1.8
wz 1.25 +0.25 2.5+0.4 1.31£0.25 45+0.7 37+06
7z 0.020 £0.011 0.014+0.013 0.029 +0.014 0.081 +0.033  0.050 = 0.020
Z+jets 0.04 = 028 0.7 98 0.0+ 54 0.6+ 00 0.00 = -0
i 0.6 0.5 1.3+0.8 1.2+ 1.0 3.4+20 25+16
X 0.027£0.023  0.08+0.08  0.09+0.04  031+0.08 021007
Others 0.14 £ 03¢ 0.8£0.6 0.33 +0.21 1.0£0.4 0304

5.6.2 Model-dependent limits

When deriving model-dependent limits, the nominal signal regions defined
in Section [5.2.2] are used. Model-dependent 95% CL exclusion limits are
obtained by performing an exclusion fit for all signal regions and control region
simultaneously for each signal point. The resulting exclusion contours for the off-
shell WZ analysis are shown for the wino/bino (+), wino/bino (—) and higgsino
interpretations in Figure Individual limits for the inclusive SR°T™2.gj,

Towf,
SRYut. ~NJ, SRYIE -05 and SRYTTE -nj regions are shown together with combined
T T T
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Figure 5.9: Comparison of the observed data and expected SM background
yields in the SRs of the off-shell WZ selection . The SM prediction is taken
from the background-only fit. The “Others” category contains backgrounds from
single-top, WW | triboson, Higgs and rare top processes. The hatched bands
indicate the combined theoretical, experimental, and MC-statistical uncertainties.
Distributions for wino/bino (+) YxJ — W*Z* signals are overlaid, with mass
values given as (m(%3y), m(x?Y)) GeV. The bottom panel shows the signifcance
of the difference between the observed and expected yields, calculated with the
profile-likelihood method from Ref. , adding a minus sign if the yield is
below the prediction.

limits. As expected, the SRY{7 -nj region is most sensitive at low Am.

In Ref. , statistical combinations of the results for the three-lepton off-shell
WZ analysis, the three-lepton on-shell WZ analysis (which also did not obtain
any significant deviation from the background expectation), and the compressed
two-lepton analysis presented in Ref. are performed. Such combinations
are performed to extend the results of each analysis alone. All regions of the
above-mentioned analyses were designed to be statistically independent, allowing
for combination. More information on statistical combinations and how they
are performed will be given in Section [7.1] Here, only the resulting exclusion
plots will be shown. For the wino/bino (+) interpretation, a combination of the
results for all three analyses is performed. For the wino/bino (—) and higgsino
interpretations, only the results for the three-lepton off-shell WZ and compressed
two-lepton analyses are combined. See Section 9.2 of Ref. for details on which
regions and signal points are considered for the different combinations. Details
on which regions and signal points are considered for the different combinations
can be found in Section 9.2 of Ref. . The 95% CL exclusion limits for all
three combinations are shown in Figure The combined results are shown
together with the individual contributions.
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Table 5.7: Summary of the selection criteria for the inclusive SRs in the off-shell
WZ selection [22].

incSRY g i

a b cl c2
mi" [GeV] [1,12] [12,15] [1,20] [15,20]
SRyfng, -nilal SRYffhg -1 [b] SRYffhg -njla-c] SRyfang, -miLc]
inc SR‘{;{?Z incSRﬁfgzi
b c b c
mi" [GeV] [12,15] [12,20] [12,15] [12,20]
SRiqug. ~03 (b1, SRS 03 [b-cl, SRY{ e -0 [b], SResTvE -0 [b-cl,
SRYG i -nj[b] SRYL ~nj[b-c] SRY{ e, ~ni [b] SRY{ s, -mj [b-c]
incSROF
d el e2 f1 f2
i [GeV] [12,30] [12,40] [20,40] [12,60] 130, 60]
SR{ers -03 [b-dl, SRYer -0j[b-el, SRYe -0j[c-el, SRy -85 [c-£21, SR{er -0j[e-£21,
SRY5eg”-nj [b-d], SRYET _nj [b-e], SR njfc-el, SR njfc-£21,  SROEV-njre-f21,
SRyigns, -3 [b-d1, SRYiog, ~0i[b-el, SRyive -0 [c-el, SRio: -0j[c-£21,  SREfg -6jle-£21,
SRY{ g, -j [b-d] SRy -nj[b-e] SRy -njLc-e] SRY{ g, -nj [c-£] SR; o, -nile-£]
incSROF
gl 92 93 g4
mi [GeV] [12,75] 130,751 [40,75] [60,75]
SRYs-03[b-g21, SRSEME gile-g2],  SRIEMZ-0j[f1-g2],  SRSEW-wjlgl-g21,
SR njMb-g2), SRS onjle-gz,  SROWmj[f1-g2),  SROEW-nj[gl-g2],
SROM 0jb-g2],  SROIN: -9jle-g2],  SRULW: -0j[fl-g2],  SRUI: -9j[gl-g2],
SRpfans, i [b-g] SRyf g, -ni[e-g] SRofeng, -1 [£1-g] SRpfans, -1 [9]

For the wino/bino (+) interpretation, shown in (a-b) of Figure [5.11]
observed (expected) lower limits for mass-degenerate i /X3 are set at 640
(660) GeV for massless Y7, and up to 300 (300) GeV for scenarios with mass
splittings close to the Z-boson mass, driven by the on-shell WZ selection. For
mass splittings below the Z-boson mass, the exclusion is driven by the off-shell
WZ selection, as expected. Here, observed and expected limits are set at values
up to 300 GeV for Am > 35 GeV, and up to 210-300 GeV for Am = 20-35 GeV.
For Am < 15 GeV, the compressed analysis comes into play, and observed and
expected limits are set at values up to 240 GeV for Am = 10 GeV. For a )Zf/f(g
mass of 100 GeV, limits are set down to as low as Am = 2 GeV. Compared to
the results of the corresponding Run 1 ATLAS search [97], shown as light gray in
the plots, the obtained exclusion limits are greatly improved. This is attributed
to a combination of increased production cross-section due to increased collision
energy, larger data sample, and improved analysis techniques.

For the wino/bino (—) interpretation, shown in (c) of Figure
observed (expected) lower limits for mass-degenerate )Zli /X9 are set at 310
(300) GeV for mass splittings Am around 80 GeV, and up to 250 (250) GeV
for Am around 40 GeV. The combination of the two analyses is most powerful
for Am = 10-20 GeV, where the expected limit is raised to 270 GeV, while the
observed limit is not as strong due to a deficit seen by the compressed analysis.
For a )Zli /X9 mass of 100 GeV, observed (expected) limits are set down to as low

as Am =1 (1.5) GeV.
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Table 5.8: Observed yields (Nops) after the discovery fit and expected yields
(Nexp) after the background-only fit, for the inclusive signal regions of the off-
shell WZ selection . The third and fourth columns list the 95% CL upper
limits on the visible cross-section (¢92) and on the number of signal events
(S%.). The fifth column shows the 95% CL upper limit on the number of signal
events, given the expected number of background events and +1o excursions of
the expectation (S22,). The last two columns indicate the CLy, value, i.e. the
confidence level observed for the background-only hypothesis, and the discovery
p-value (p(s = 0)). If the observed yield is below the expected yield, the p-value
is capped at 0.5.

SR Nope N &% [fb] §%5 %5

vis [

CL, ps=0)(2)

exp obs exp
incSRYEAZ _nja 3 6016 003 46 63733 016  0.50(0.00)
incSRY; g ~njb 2 1.4+0.6 003 48 4075 o071 0.30 (0.53)
incSR{g -njcl 7 95+22 005 7.0 84%35 028  0.50(0.00)
incSRY o ~njc2 2 21208 0.03 47 46°% 052 0.50(0.00)
incSRy b 31 36+4 0.09 12 15 0.25 0.50 (0.00)
incSRYIGE b 3 3.0+0.9 0.04 54 52729 053 0.50 (0.00)
incSRYG -c 86 88 +7 0.17 23 2479 0.44  0.50 (0.00)
incSRYGoE -c 9  93%15 006 77 775% 050 0.50(0.00)
incSROF_g 202 184+12 0.37 51 3770 0.84  0.16 (0.99)
incSROHZ_ey 332 308+17 049 68 49712 084  0.16 (1.00)
incSRY ey 298 269+15 0.50 69 46717 090  0.10(1.29)
incSROfZ_g 479 45722 0.56 78 6372 077 0.23(0.75)
incSROH g 277 272+13 0.33 46 42717 0.60  0.37(0.34)
incSRM_g1 620  593+28 0.69 9 7473 077 0.21(0.79)
incSROHZ_gp 418 408+20 0.46 64 5773 0.65 0.32 (0.47)
incSROH g3 288  285+16 0.35 48 47715 055 0.38(0.30)
incSR*_gq 141 13610 0.25 35 317 0.64  0.35(0.39)

For the higgsino interpretation, shown in (d) of Figure with the
Xli mass set to the mean of the Y3 and ¥} masses, observed (expected) limits
extend to around 150-210 (160-215) GeV for mass splittings Am between 30
and 60 GeV. The combination of the two analyses is most powerful for Am = 15—
30 GeV, improving on the limits for the individual analyses by up to 15 GeV. The
combined results are dominated by the compressed analysis below Am = 20 GeV,
where limits extend down to Am = 2 GeV.

The obtained results for the wino/bino (—) and higgsino interpretations
complement the results of the previous compressed results for two-lepton final
states as well. The new results make use of the larger data sample and target a
novel phase space in the intermediately compressed Am(¥3, ¥}) region, extending
the exclusion by up to 100 GeV in X3 mass.

For completeness, exclusion limits for the Wh analysis — which also did not
obtain any significant deviation from the background expectation — are also
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Figure 5.10: Exclusion limits obtained for the off-shell WZ analysis for (a) the
wino/bino (+) interpretation, (b) the wino/bino (—) interpretation, and (c) the
higgsino interpretation, projected onto the m(x3) vs. Am(%3, ¥9) plane [22]. The
expected 95% CL sensitivity (dashed black line) is shown with £1oe, (yellow
band) from experimental systematic uncertainties and statistical uncertainties
on the data yields. The observed limit (red solid line) is shown with +£10theory
(dotted red lines) from signal cross-section uncertainties. The main contours
show the expected and observed limits using the full off-shell WZ selection.
Individual results for the inclusive SRiZ;‘é’f—Oj, SROTMZ_nj, SROTMZ _gj and SROT™MZ _pj

Towf, highf, highf,
regions are overlaid in pink, purple, blue and green, respectively.

presented. These results will be used in a statistical combination to be presented
in Section Figure shows the 95% CL exclusion limits obtained for
this analysis, only considering the wino/bino (+) interpretation. For ¥} masses
below 20 GeV, observed and expected lower mass limits for )Zli /X9 are set at
values up to 190 GeV and 240 GeV, respectively. That the observed exclusion
is weaker than the expected exclusion is due to a mild excess found in one of
the signal regions. However, the limits are compatible within 20. Compared to
the 8 TeV Run 1 ATLAS search presented in Ref. [97], the observed (expected)
limits are improved by up to 40 (80) GeV.
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Figure 5.11: Exclusion limits obtained for the WZ-mediated models for (a-b)
the wino/bino (+) interpretation, (c¢) the wino/bino (—) interpretation, and
(d) the higgsino interpretation . The expected 95% CL sensitivity (dashed
black line) is shown with £10exp, from experimental systematic uncertainties and
statistical uncertainties in the data yields, and the observed limit (red solid line)
is shown with +10heory (red dotted lines) from signal cross-section uncertainties.
The statistical combination of the on-shell WZ, off-shell WZ, and compressed
two-lepton results is shown as the main contour, while the observed (expected)
limits for each individual selection are overlaid in green, blue and orange solid
(dashed) lines, respectively. The exclusion is shown projected onto the m(x /x9)
vs. m(x?) plane in (a), and onto the m(%9) vs. Am plane in (b-d). The light
gray area denotes (a-b) the constraints obtained by the previous equivalent
analysis in ATLAS using the 8 TeV 20.3 fb~! dataset [97], and (c) the LEP
lower Xli mass limit . The pale blue line in (b) represents the mass-splitting
range that yields a dark-matter relic density equal to the observed relic density,
Qh? = 0.1186 + 0.0020 7 when the mass parameters of all the decoupled
SUSY partners are set to 5 TeV and tan 3 is chosen such that the lightest Higgs
boson’s mass is consistent with the observed value of the SM Higgs . The
area above (below) the blue line represents a dark-matter relic density larger
(smaller) than the observed.
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Figure 5.12: Exclusion limits obtained for the Wh-mediated model for the
wino/bino (+) interpretation, calculated using the Wh SRs and projected onto
the m(xE,x9) vs. m(x}) plane. The expected 95% CL sensitivity (dashed
black line) is shown with +1o.y, (yellow band) from experimental systematic
uncertainties and statistical uncertainties in the data yields, and the observed
limit (red solid line) is shown with +10¢heory (dotted red lines) from signal cross-
section uncertainties. The light gray area denotes the constraints obtained by the
previous equivalent analysis in ATLAS using the 8 TeV 20.3 fb~! dataset .

99



5. A three-lepton off-shell WZ analysis

5.7 Preparing for reinterpretation

The Durham High-Energy Physics Database (HEPData) [23] is an open-access
repository for scattering data from experimental particle physics. It contains
data points from plots and tables related to several thousand publications,
including LHC ones. Public access to such data is important because it allows
for reinterpretation of the results by people not involved in the original analyses.

Reinterpretation should be enabled to maximize the scientific impact of
the data obtained and the analyses performed. Any supersymmetry analysis
can constrain a much wider range of theories than considered in the original,
published analysis. And as SUSY is much richer than the MSSM, there are many
theoretical ideas that cannot all be tested by the experimental collaboration
alone. Further, it can be favorable to go beyond an analysis-by-analysis approach
and rather take on a global view. We also need large-scale exploration of
the complementarities between LHC results and other experimental results.
Additionally, reinterpretation allows phenomenologists to give detailed feedback
on the original analyses and suggest promising new avenues.

Preparing input for HEPData is a mandatory step in the ATLAS collabora-
tion’s publication process. My main contribution to Ref. was preparing some
of the HEPData input for the off-shell WZ analysis, namely signal acceptance
and efficiency plots and cutflows for the signal regions. This work will be sum-
marized in this section, together with some examples on how this information is
used by different reinterpretation tools.

5.7.1 Acceptance and efficiency plots

The acceptance A is defined as the fraction of signal events passing the selection of
a given signal region at generator-level, and is thus often referred to as truth-level
acceptance. It is given by

A Naccept
= m, (517)
total
where nfeoene " is the number of generated events passing the selection, and
BONCIALOT ig the total number of generated events. The acceptance is highly

dependent on the final-state particles and kinematics of the signal model in
question. In ATLAS, the analysis framework SIMPLEANALYSIS is used
to calculate such truth-level acceptances. This framework is designed to run on
the output of event generators (generator-level information, or just truth), and
has been used in most ATLAS supersymmetry results since 2016ﬂ

As explained in Section [4.1.1] all simulated events must go through detector
simulation and reconstruction after generation. Not all signal events accepted at
generator-level will survive these subsequent steps. The ATLAS detector sensors
are not perfectly efficient, and also ATLAS’ systems for particle reconstruction

9Note that a more widely used toolkit with for the same purpose is RIVET (Robust
Independent Validation of Experiment and Theory) [178|. However, SIMPLEANALYSIS is the
preferred tool for ATLAS supersymmetry searches for historical reasons.
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and identificaton can be inefficient. These inefficiencies are encapsulated in
the reconstruction efficiency e, which is calculated from the “acceptance times
efficiency”, A® e, as

Nacce A®ce

_ pt _

ARe= reco e=— (5.18)
total

where nycc ¢ is the number of reconstructed events passing the selection, and

nieco) is the total number of reconstructed events. The acceptance times efficiency

is the full event selection efficiency at reconstruction level, and is calculated with
the actual analysis framework using fully reconstructed quantities. Armed with
background estimates per signal region, usually listed in the publication, theorists
can probe their favorite models by first validating their implementation of the
signal-region selections and detector simulation against the provided acceptance
and efficiency numbers, respectively.

Calculating the acceptance

For the off-shell WZ analysis, a total of 125 and 53 signal points (m(x3), m(x?))
are considered for the wino/bino and higgsino scenarios, respectively. After
implementing all regions of the off-shell WZ analysis at generator—levelEl
SIMPLEANALYSIS is run on so-called MC' truth samples for all signal points.
The output of SIMPLEANALYSIS is a text file with acceptances per region.
However, these “raw” SIMPLEANALYSIS acceptances must be multiplied with a
couple of factors in order to arrive at the relevant numbers: the generator filter
efficiency, and the branching ratio for WZ decaying into a three-lepton final
state.

In order to increase statistics in a particular region of phase space, it is
common to apply a filter during MC event generation, such that the generator
will only generate events that pass some selection. For the off-shell signal samples,
a filter requiring that all events contain at least three leptons with a transverse
momentum of 3 GeV or more was applied during generation. If this filter was
not applied, many of the generated events would not have been useful to the
off-shell WZ analysis, which would have been a waste of computing resources.
However, if such a filter is applied, it must be accounted for in the analysis by
multiplying with a single factor taking into account that you are not generating
the full cross-section of that process. For instance, a filter efficiency of 0.30
indicates that 30% of the total number of generated events passed the filter and
were actually stored in the sample. The filter efficiency is part of the output
from the event generator, and varies from signal sample to signal sample. It is
typically larger for samples for heavier sparticles, as their decay products are
more energetic and thus more easily pass a filter.

Further, the branching fraction (BF) has to be multiplied in to take
into account that we are only interested in leptonic decays of W and Z,
in order to end up with a three-lepton final state. For the two wino/bino

10T did not do this implementation myself, but contributed to the validation of it.
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5. A three-lepton off-shell WZ analysis

scenarios, the branching ratio is the same regardless of sparticle masses, namely
3xBF(W — lv) x 3 x BF(Z — ¢¢) = 0.032716. For the higgsino scenario — for
which the )Zli and Y9 are not mass-degenerate — the branching ratio depends
on Am(x9,xY), and is calculated using the SUSY-HIT package .

There is an extra level of complication for off-shell signal points compared to
on-shell ones. Due to technical problems with the matching between software
tools used for their production, MC samples are produced separately for chargino
decays via W+ and W~ for off-shell signal points. The acceptances for the two
different signs thus need to be combined to get the “total” acceptance for these
points.

Calculating the efficiency

In practice, the reconstruction efficiency for a given signal region as defined in

Equation (5.18) is calculated by
n/L
c="E
Ao
where n is the signal event yield given by the analysis, £ is the integrated
luminosity of the full Run 2 dataset (139 fb~!), A is the acceptance and o is
the production cross-section for the signal point. Rearranging this expression

gives n = Aeo L, which is the standard event-rate expression o £ multiplied with
a total “MC factor” Ae.

(5.19)

Resulting plots

As there are 31 signal regions in total for the off-shell WZ analysis, the results are
simplified by only quoting the numbers for the four inclusive regions SRfZ;‘,’Z"Z—Oj,

SR‘L"‘:‘I‘,’E"TZ-nj7 SREE‘;’ET-@j and SREI;L“ET-nj. Figures and show the truth-level
accceptances and reconstruction efficiencies, respectively, for these regions for
the wino/bino (+) scenario. Corresponding plots for the wino/bino (—) and

higgsino scenarios can be found in Appendix [A]

5.7.2 Cutflows

Also so-called cutflows are important tools for validating an analysis implemen-
tation for reinterpretation. As explained in Section [5.2.1] signal regions are
constructed by applying cuts on different discriminant variables. The cuts are
chosen so that as many signal events and as few background events as possible
pass the selection, to maximize the signal-to-background ratio. A cutflow is a
table showing how many of the events pass each cut, when applying the cuts
one by one. The last line in a cutflow then shows the final event yield of the
region, after all cuts have been applied.

Tables [5.9] [f-10] and [5.11] show cutflows for three representative signal points
— with different mass splittings, well inside and close to the exclusion contour in
Figure a) — for the wino/bino (+) scenario. Corresponding tables for the
wino/bino (—) and higgsino scenarios can be found in Appendix [A]
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Figure 5.14: Reconstruction efficiencies for the four inclusive off-shell WZ signal
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wino/bino (+) scenario.

104



Preparing for reinterpretation

0 vzl 650
0 €l 190
0 3 €10
0 3 €100
w 0 182 16
£0+095'1 8410 L 434
£046L1 8410 ovL 2
046LT £0+26LT
S66 0 0 98P
Lot 0 lo>1 0 loz>1 s
611 <09
€1 0
e
ors
001 0 0 0 Ues
il 0 1) 0 1> 0 1> 668
Tl 0 [06 <1 109 >1 0 [09 1 LS9
soc 0 901
e 0 ost
g 0 191
[ 0 0 0 oz
€0 0 0 ¥1>] 0 ¥1>] 8€1 er>] =]
L6T 0 0 109 >1 0 109 >] 881 109 >1 [os =]
6ve 9590 w1
ose 0 161 w1 1
ot 0 9T we
s 0 o=l 8TE lo=1 167
[ w6 wp s6e
0 ws 2 LE
0 (L 091 31 w's (l09°0v] 3] v llovogl 3 901
¢
w6
[ 0+
ot vt |l
046L1 £0+26LT ls>1
0181 RIS
£04955T 042557
€0+299T B
ax0XT
oxT
S0 oo
78 ydnoay) v @ 13 a u 2 P 2 q e

(+) ourgours X |

Wiz F X

‘uoryoares ared wojde] SOIS [BIIIUL O} ?EH UOI109G UT PaqLIdSap se uoryoafasard oY)
SOpN[OUI ,UOT}29[s uojdo] Paje[ost €, 9], "¥o0[q Yord JO pud o1} e UsdIS p[oq ul PAIYSIYSIY ST uoldal [euslis Yoes I0J SP[AIA [eul oY) pue
‘JureAS]al S JN[( PIjeyORI] Ul PajedIpul aIe ulq Iod S[IeIOP UOIJIL[EG "UWN[OD JSB[ 9} Ul USALS ST g8 YSNoIy) e suoidal Jo () dAISN[OUl YT,

“SUMIN{O9 Ul SP[OIA U0ISol [RUSIS [RNPIATPUT O} M ‘STOrSox [u- MPThye ¢rg BTy e ey 30l crg_ 30l o oaren[our o1[) 10] SYDO[Q MOI T

Zny 4o Zny 4o Zhs 40 My 40
11ds ST 9[qe) 91} ‘SUOIIID[AS [RIFIUI 9} 101y "UOISoI [eUSIS YDes Ul SPAIA [euy oy} 04 parjdde ore $309[qo $O1SAYd [eNPIAIPUI JO UOIIRIYIJUSPI

pUe TOIONIISUOIAT AT} WO PUe SULIDFFLIY WOy sHYSlom AOUsIde vIeP-03-DIN “;_dJ 6ET JO 7 A}souruumy e 0} PazI[eULIOU oIk SP[AIA YT,

"o1reusds (+) ourq /ourm oy 10§ jutod [eusSis Ao (68°¢z1) = ((FX)w ‘(3X)w) oyy 10§ UOTIOV[LS JUOAD 7 A [[OYS-PO oY) 10§ MOPIN)) :G°G O[qR],

105



5. A three-lepton off-shell WZ analysis

SN

159

L
svL
Los

ose
Tos
001

667

roL
o=l | oos

srr
9L
Ueo
999
sl
54
g
[

loz ]

ST
96t
818
816

s
Ly
0L

(33 688
8T w6
[ €01
8Ly
088
859

&1
i
s

T
66T
Pre

91 918 3
€91 918 (23

oLt o8 | wss  llovor] 31
ot op1

81 orl

ove 681 ls1 <

862 6cz  [lsLor] =]

lsL>1

oneg
odar pawiost ¢
Xdx 0x T
A 0XT
oxT

69801
Sin> uowwo))

78 ydnoay v @ 13 U 1 2 P > q
2D (01 °050)

(+) ourgrous (X (X7 XX

‘uoryoores ared uojds] §OAS [RTITUT O wqm_wm_ UOT)09G UT PACLIOSAP Sk UoI10a[esald oY) sopnyour
01709108 w03da] paje[ost ¢, 9], "YO0[q [Ord JO PUS 9} Je U138 P[oq Ul paUSIYSIY ST uoidal [eusis [oro I10J SP[AIA [RUY o1} PUR ‘JurAd[AI
SB ON[( POIONORIQ Ul PIJRIIPUI oI UI( Iod S[IRIOP UOIIDR[0G UWM[0D JSB[ O} Ul USAIS ST g3 SN0} ® SUOIFI JO () PAISN[OUI 9], ‘SUWN[0D
ur sppo1d uorser [euSIs renprarpur oy qim ‘suordor fu- AoTyg <[ oTyg (fu- Ilyg (g- g oarsnpour oy 10§ SO MO T s ST
9[qe) 9y} ‘SUOII[as [RIYIUL 8} I99Jy "UOISI [RUSIS Yoes Ul SP[alA [euy ayj) 01 parjdde are s305[qo so1sAyd [enprarpur jo uorjesyrjuapl pur
UOI}ONIISUOIDT O} WO pUe FULIOSFLI} WOIf SYYSIoM AU ©yep-03-)IN “;_dJ 6ET JO 7 A}Sourun| & 03 pozI[eULIOU dIe SP[OIA o], OLIeUsds
(+) ourq/oumm oyy 10§ Jutod [eusts Aon) (041°063) = ((FX)w(§X)w) oy 103 UOROL[Es JULAD 741 [[OYS-PO oY} 10§ MOPIN) (TG d[qR],

106



Preparing for reinterpretation

ED) 0 0 53 8¢
9 0 0 we s6¢
059 0 0 st 86¢
059 0 0 st 86¢

o1 0 0 v srL
rél 0 0 189 2]
€00 0 0 v ol
€07 €0
0 0 0 0
0 lo>1 0 loz>1 0 0
0 0
0 0
0 0 €850
0 0 ot
0 0 g
€0t

6620 0 0 0 0 0 0 6670

950 0 1) 0 1> 0 1> 0 0 01 >1 95£0

95€°0 0 [06 <1 109 >1 0 [09 1 0 0 95€°0

8690 0 0 0 8690

680 0 0 0 <680
<r 0 0 0 <rt

0 0 0 0 0 23]
0 0 [Cakal 0 ¥1>] 0 er>] 0 1Z€0 =]
0 0 109 >1 0 109 >] 0 109 >1 0 Yo [os =]
0 0 070
0 0 1 0 00
0 0 0 660
0 o=l 0 lo=1 0 0 6280
0T [ 0 0 0 861
007 0 0 0 0 861
90T 0 (L 091 31 0 (l09°0v] 3] 0 (o 01 31 0 0T
%0t 0
wt 0
@ 0
8TL [
€0 ls>1
o
g
oor
66
6sse A4XOXT
692501 oxT
S0 oo
78 ydnoay) v @ 13 a u 2 P 2 q e

() ouqomn ¥ zme 1Y

‘uorpoeres ared uwoydo] OIS [eIHIUL oY) @:w! UOI300G Ul POqLISOp sk uoljoafesoxd oYy sopnjour
, U01300[0s wo3do] Pojelost ¢, oY, OO[q [Oo®d JO PUS oY} € U918 P[oq Ul PayySIYSIY SI UOISoI [RUSIS (Do IO SP[OIA [eUY O} PU® ‘JUBAd[OI
S ON[q pejeyorIq Ul PoyedIpul o1k ulq 1od S[IRJOP UOIOS[OS UWIN[0D JSe oY) Ul USALS SI g8 YSNOIy} © SUOISOI JO () QAISI[OUL Y], "SUUIN[0D
ur spperd uordal [RUSIS [BNPIAIPUI 9U) [HIM ‘SUOLSox h:.kwnwuxm F_”e.w_,_\_,wumm N_E.Nkwh,w%n_m ,HQ-MWH,MMmm OAISTI[OUI oY} I0j SY00[q mo1 ur 1[ds st
9[q®} O} ‘SUOIPD[AS [BIPIUI B[} 10y "UOISaI [RuSIs [oee Ur Sp[AIA [eur oy} 03 pardde are s300[qo so1sAYd [eNPIAIPUT JO UOIIROYIIUSPI PUR
UOIJONLIJSUOIDI ) WOLJ PUR FULIOSSLI) WOLJ SHSIoM ADULIDIJO R)RP-01-D) N LA 6ETIOT A)ISOUTWIN] ® 0) POZI[RULIOU 91 SP[AIA O], "OLIRUSIS

(+) ourq/ouwm oyy 10§ jutod [euss AoD) (G£z°063) = ((FX)w‘(3X)w) oy 103 UOIOO[Es JULAD Z A1 [[OYS-PO oY) 10§ MOPIND) TG O[qR],

107



5. A three-lepton off-shell WZ analysis

5.7.3 Usage

In this section, some examples on how data uploaded to HEPData are used for
reinterpreting LHC results in terms of new theories will be given. Some tools
developed for such reinterpretations make use of simulated events, while others
do not, and the two categories of tools use different input from the original
analyses. To illustrate this, we will briefly describe one example from each
category below.

SModelS

The SModelS Collaboration has developed the SMODELS tool [180-182] for
interpreting simplified-model results from the LHC. This tool will be briefly
described in the following, as a specific example on how the signal acceptances
and efficiencies we provide are used by others.

The concept of simplified models was introduced in Section [3.3] Both the
ATLAS and CMS collaborations have adopted the approach of using simplified
models in supersymmetry searches, and results for a large variety of such
simplified models are available. However, how to make use of these results
to constrain more complicated BSM theories, both supersymmetric and non-
supersymmetric, is not straightforward. The SMODELS tool was developed to
tackle this challenge.

Figure shows a schematic view of the working principle of SMODELS.
In short, SMODELS uses a three-step procedure: First, for a given parameter
point in the full BSM theory, the complete set of predicted signal topologies is
computed, each with an associated o x BR value and the set of particle masses
involved. Next, this set of possible signals is matched to the set of simplified-
model signal topologies that have actually been constrained by different ATLAS
and CMS searches. The theory prediction for a given simplified model signal
can now be obtained by taking the o x BR for each contributing signal topology
and multiply with its corresponding Ae value, taken from the given mass point
in the Ae maps published by the experiments. Finally, this theory prediction
can then be directly compared to the cross-section upper limits published by the
experiments, to determine if the given parameter point in the full BSM theory
has been excluded.

Mapping a complete theory onto the space of simplified-model predictions
involves approximations, and the derived exclusions are typically conservative.
However, the SMODELS approach has the benefit of being computationally
cheap, since it does not rely on the explict event generation to compute signal
predictions from the BSM theory.

GAMBIT

The GAMBIT Collaboration has developed the GAMBIT software frame-
work for BSM global fits, i.e. large-scale BSM parameter-estimation studies
which simultaneously subject a given BSM theory to all available experimental
constraints. The approach taken in GAMBIT to reinterpret LHC searches is
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Figure 5.15: Schematic view of the working principle of SMODELS \|

based on direct MC simulations of signal events. At each tested parameter point
in a given BSM theory, a set of MC signal events is generated and passed through
the event selections of each ATLAS and CMS search that has been implemented
in GAMBIT. For each signal region, the fraction of surviving MC signal events
is scaled with the luminosity and the theory production cross-section to obtain
the predicted number of signal events. This signal prediction is then combined
with the background prediction taken from the ATLAS/CMS publication, to
compute a likelihood value to be used in the global fit.

Compared to the method used in SMODELS, the approach in GAMBIT
involves fewer approximations but comes with a much higher computational cost.
And since it is based on directly emulating the event selections of the ATLAS
and CMS searches, each search implementation in GAMBIT must be validated
by reproducing cutflows published by the experiment, using simulations of the
same signal model as studied by the experiment. Such cutflows, along with
the detailed description in the ATLAS/CMS publication of the event selection
procedure, are therefore the key inputs needed to enable the simulation-based
reinterpretation approach used in GAMBIT.

5.8 Summary and outlook

This chapter summarized the three-lepton off-shell WZ analysis. We began
by introducing the relevant variables used to define the analysis signal regions,
before explaining the signal-region design process and describing the final signal
regions. I contributed to the optimization of the high-EMs* signal regions.
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We moved on to briefly describing how the most important backgrounds to
the three-lepton final state were estimated, before introducing the concept of
systematic uncertainties and briefly discussing the uncertainties considered in
the analysis. We then explained the statistical procedure, before presenting the
results. Finally, my contribution to preparing input for HEPData to enable
reinterpretation of the analysis was summarized. I produced accceptance and
efficiency plots, as well as cutflows, for the signal regions.

Since no significant deviation from the Standard Model prediction was found
in any of the signal regions, we moved on to setting limits. Model-independent
95% CL upper limits for a generic BSM signal were calculated by testing for
discovery, using inclusive discovery regions. The maximum significance Z found
was 1.290, meaning that the background-only hypothesis could not be rejected
for any of the discovery regions. Further, model-dependent 95% CL upper
limits were calculated by testing for exclusion, using the nominal signal regions.
Resulting exclusion limits were shown for the wino/bino (+4), wino/bino (—) and
higgsino interpretations for the three-lepton off-shell WZ analysis alone, and
also for statistical combinations of the results for the three-lepton off-shell WZ,
the three-lepton on-shell WZ analysis, and the compressed two-lepton analysis
presented in Ref. . The obtained exclusion limits extended previous results
by a large margin. Figure shows summary exclusion plots prepared by the
ATLAS Collaboration for the wino/bino (+) interpretation, before and after the
addition of the three-lepton analysis.

Note that the results of the three-lepton analysis could further evolve for
different assumptions and/or analysis designs. For instance, the simplified-model
scenarios used in the analysis assume specific gaugino mixes and 100% branching
ratios. Using different assumptions would change the visible cross-sections for the
processes in question and consequently also the results. Further, the conventional
cut-and-count method is used in the three-lepton analysis. Instead using more
novel analysis techniques, such as machine learning, could affect the results. A
few more improvement examples specific to the off-shell WZ analysis will be
mentioned in the following. First, as described in the phase space of control
and validation regions should be close to the phase space of the signal regions, but
with as little signal contamination as possible. However, the control regions for
the dominant Standard Model WZ background selects on-shell W and Z bosons,
due to orthogonality restrictions and limited possibilities in terms of phase space.
Designing new, off-shell control regions would probably improve the estimates
for this background. Second, as described in Section 3] events are triggered
mostly using lepton triggers. However, to target signals with more compressed
mass spectra, the selection is complemented with events with softer leptons using
EXIss triggers in SRﬁzgﬁéT-nj. To increase the sensitivity for compressed signals
also in the other signal regions, a specialized trigger could be developed.

In the next chapter, two different studies based on the three-lepton off-shell
WZ analysis will be presented, conducted in preparation for future runs of the
Large Hadron Collider.
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Figure 5.16: Summary exclusion plots prepared by the ATLAS Collaboration for
the wino/bino (+) interpretation, (a) before and (b) after the addition of the
three-lepton analysis (shown as “ATLAS-CONF-2020-015" in the lower plot).
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Chapter 6
Preparing for future LHC runs

The three-lepton off-shell WZ analysis presented in the previous chapter also
forms the basis for a couple of studies I have conducted in preparation for future
runs of the Large Hadron Collider, which will be summarized in this chapter.
First, Sectionsummarizes a study of the impact of reducing the EX* trigger
threshold from 210 GeV to 160 GeV, considered for the High-Luminosity LHCEl
Second, Section [6.2] summarizes a simple validation study of the new DAOD
format prepared for Run 3 of the LHCEl Only the wino/bino (+) interpretation
is considered for these studies.

6.1 [Em's trigger threshold study for the HL-LHC

The LHC schedule was discussed in Section [2.4] During the third long shutdown,
from 2026 until 2028, the LHC and its experiments will be heavily upgraded to
enter into the era of the High-Luminosity LHC (HL-LHC). All aspects of this
massive upgrade must be planned well ahead. In 2020, the ATLAS Collaboration
set up a process to decide on the baseline configuration of the trigger architecture
during the HL-LHC operations in Run 4 and beyond. This section will present
a study concerning the decision on the final hardware architecture: either a
single-level trigger configuration (similar to the Run 2 configuration, referred to
as “L0-only”), or a two-level trigger configuration based on hardware tracking at
level 1 (referred to as “L0/L1”). The decision between the two options relied on
multiple factors: physics gain, technical feasibility and risk, human and financial
resources, and commitments of funding agencies. Thus, the combined effort to
reach a conclusion spanned across several ATLAS systems, upgrade projects
and activities. Focusing on the physics, the L0/L1 option would enhance the
acceptance of interesting physics signals. However, as this option would be more
complex and expensive, the physics gain for key physics signatures had to be
carefully scrutinized.

One of the advantages of choosing the L0/L1 option would be that the offline
EXIss trigger threshold could be lowered. Triggers have a turn-on curve before
they reach a plateau at which they are 100% efficient. To ensure full efficiency,
an offline trigger threshold (cut) is applied. For Run 2, the offline EXsS trigger
threshold was 200-210 GeV, depending on the period. For Run 4, the LO option
would give a similar threshold of 210 GeV. The L0/L1 option, on the other hand,
would allow for lowering the threshold to 160 GeV.

As described in Section the primary triggers used to select events for
the three-lepton off-shell WZ analysis are single-, di- and tri-lepton triggers.

IThis study was carried out together with Sara Alderweireldt.
2This study was carried out together with Eirik Gramstad.
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However, for the high- EX* signal regions, the selection is complemented with
events with softer leptons using BT triggers, see Table The EXSS trigger
threshold thus has an impact on the analysis results for these regions. In relation
to the decision process described above, the analysis team for the three-lepton
off-shell WZ analysis was contacted by the ATLAS SUSY upgrade contactEl and
TDAQ experts, who wanted to know if and how much the analysis would gain
from lowering the ERss trigger threshold to 160 GeV. They were particularly
interested in results for the compressed signal regions, where lepton triggers are
harder to make use of due to soft leptons.

6.1.1 Impact of lowering the E''*s trigger threshold for the
three-lepton off-shell WZ analysis

To investigate the impact of lowering the ERsS trigger threshold for the three-
lepton off-shell WZ analysis, we perform a simple study not taking into account
the extra luminosity of the HL-LHC. Ouly the inclusive SREE‘;\’ET -nj signal region
is considered, as this is the only region targeting both highly and moderately
compressed mass spectra (Am(¥3, ¥J) < 40 GeV). As seen in Table the
most compressed signal region, designed for signals with Am < 12 GeV, is only

ffWz
covered by SRy Long.

Five different variations of SREI;‘;’E -nj are compared, summarized in Table
T

Variation I is the original SRﬁzgﬁéT-nj selection, with an ERsS threshold of
200 GeVEl The only change for variation II is that the EXS threshold is
lowered to 160 GeV. Variation IV is the same as variation II, but with an
additional simple reoptimization of the |p11?p| JERss thresholds per my}™ bin.
As explained in Section upper bounds on the \plﬁp| /Emiss variable are
introduced as signals tend to populate lower parts of the spectrum for this
variable than Standard Model backgrounds, in particular compressed signals
in the high- EXs* regions. In variation IV, these upper bounds are tightened
for most mJ3™ bins of SREE‘;"ET-n j, to recover the signal-to-background ratio after

lowering the EX threshold (effectively increasing the total SM background

-nj.

yield). The reoptimized (original) upper bounds on |p1{3p|/E3}1iss are 0.1 (0.2),
0.15 (0.2), 0.2 (0.3), 0.3 (0.3), 0.3 (0.3), 0.6 (1.0) and 0.8 (1.0) for m" bins
a, b, ¢, d, e, f and g, respectively. Finally, variations III and V are the same
as variations II and IV, respectively, but also removing the overlap with the

lepton-triggered selection in the original SR?Z:‘&’Z-nj region, to assess the unique

acceptance gain from the lowered ES trigger thresholdEl

3This contact is appointed to aid and coordinate the prospects of supersymmetry searches
in future phases of LHC data-taking.

4At the time of the analysis, the recommended offline Eili‘iss trigger threshold was 210 GeV.
However, after evaluating the Elf‘iss trigger turn-on for a relevant selection, the efficiencies
were confirmed to reach the plateau for EXiss > 200 GeV, with excellent data/MC agreements.

5Note that the term “acceptance” here does not refer to the truth-level acceptance defined

in Eq. (5.17).
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ROffWZ
highg; )
in this simple study assessing the impact of lowering the F3">® trigger threshold

to 160 GeV. The original selection criteria are listed in Table 5.2}

Table 6.1: The five variations of the inclusive S -nj signal region compared

of fWz ; fotd .
SRhighzT -nj variations

I original selection, with B > 200 GeV
II I, but lowering to EisS > 160 GeV

ROffWZ ~

IIT 1T + removing overlap with original S tout, M
(lepton trigger & EMss € [160,200] GeV)

IV I + simple reoptimization of |pieP|/Emiss
thresholds per me‘?“ bin

V IV + removing overlap with original SR?Z;\E'M

Acceptance gain

Figure [6.1] shows the total background yield and the yield per background group
for all five variations of the SRﬂ;‘géT'“j region. The upper part of Table
lists the corresponding values including statistical uncertainties. We see tha

the acceptance gain from variation I to variation II is more than 90% for the
total background. After also removing the overlap with the lepton-triggered
selection in the original SR‘{Z;‘;TZ-nj region (variation IIT), there is still 50% unique
acceptance gain. Further, we see that the acceptance increase is similar for all
background groups. Note that we are using the MC-simulated Z+jets sample for
this study, rather than the data-driven estimate used in the published analysis,
overestimating this contribution. For single-top processes in the “Others” group,

the increase is slightly larger, but this is not major a background.

Figure [6.2] shows signal yields for all variations. The lower part of Table [6.2]
shows the corresponding values including statistical uncertainties for a selection
of signal points. The SREI;‘I'”“ET-nj region contributes most for smaller Am
(Am < 20 GeV). For larger Am (harder leptons), the acceptance gain overlaps

with lepton-triggered selection in the original SRfZ;‘é’Z—n j region (orange and purple

lines in Figure . For smaller Am, the acceptance gain is more unique (green
and pink lines i Figure . This gain would probably increase with a dedicated
reoptimization of the SR‘{E;‘QTZ—nj and SRZI;‘:E{M selection criteria, and the EXs
boundary between them.
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Table 6.2: Background and signal yields for all five variations of the inclusive
SRﬁI;‘;’éT-n j region defined in Table ﬂ The “Others” group contains the single-
top, WW, Higgs and rare top processes. The signal points in the lower part of
the table are on the form (m(%9), m(x?Y)) GeV. All uncertainties are statistical

only.

SROfYZ _nj variation

highk;
I II 111 % \%
Z+-jets 0.52 £ 0.21 1.17 £+ 0.36 0.99 £ 0.30 0.94 £ 0.33 0.84 £+ 0.28
Wz 18.75 £ 0.54 3391 £ 0.75 26.31 £0.66 24.12 £ 0.61  18.23 £ 0.52
zZ 0.24 £ 0.03 0.52 £ 0.05 0.39 £ 0.04 0.38 £ 0.04 0.28 £ 0.03
tt 11.74 £ 1.15  23.21 £1.57 18.16 £ 1.41 20.83 £ 1.49 16.53 £+ 1.36
tt+X 1.10 £ 0.09 2.28 £ 0.14 1.66 £ 0.11 1.77 £ 0.12 1.24 £ 0.10
triboson 0.78 £ 0.10 1.15 £ 0.13 0.84 £ 0.11 0.97 £ 0.11 0.73 £ 0.10
Others 2.24 +0.42 5.24 £ 0.78 4.06 £ 0.69 4.63 £ 0.75 3.70 £ 0.68

Total bkg  35.35 £ 1.36 67.57 £1.94 5239 £ 174 53.70 £1.82 41.54 £ 1.63

(150, 140)  10.07 £ 0.73 1591 £0.94 1574 £0.93 10.79 + 0.77 10.66 £ 0.76
(150, 120)  32.48 + 2.63  49.81 £+ 3.27 40.55 £ 2.94 42.21 4+ 3.02 34.47 £ 2.74
(150, 100)  24.76 + 2.22  43.45 £ 2.99 31.37 £ 2.53 38.58 + 2.81 28.11 £ 2.40
(150, 70) 27.34 £1.90 45.70 £2.49 31.79 £ 2.06 37.04 + 2.24  26.58 £ 1.90
(250, 240) 2.84 £ 0.24 3.93 £ 0.27 3.82 £ 0.27 3.32 £ 0.26 3.23 £ 0.25
(250, 220)  10.57 + 0.58 15.11 £ 0.71 13.46 + 0.67 12.78 +£ 0.65 11.34 £+ 0.62
(250, 200) 10.59 + 0.62 1591 £ 0.77 12.23 £ 0.65 15.01 +0.74 11.43 £ 0.64
(250, 170) 11.49 +0.70 17.40 £ 0.86 12.50 £ 0.73 15.85 + 0.84 11.71 £ 0.72
(100, 60) 42.89 £ 3.85 68.88 +4.84 54.04 +£4.29 60.16 £ 4.54 46.13 £ 3.99
(200, 160)  18.21 +0.91 27.51 £ 1.12 21.96 £ 0.99 25.73 + 1.09 20.44 £ 0.96
(300, 260) 6.39 £+ 0.37 9.36 + 0.46 7.73 £ 0.40 8.26 £ 0.42 6.90 £ 0.39
(400, 360) 2.44 £ 0.13 3.65 £ 0.17 3.04 £ 0.16 3.37 £ 0.17 2.73 £ 0.14
(100, 20) 37.36 £ 3.44 73.01 £4.69 46.03 £ 3.80 54.96 & 4.03 34.38 £ 3.21
(200, 120) 18.01 +1.02 28.90 £1.29 19.74 +£1.08 26.04 + 1.25 18.20 £ 1.05
(300, 220) 6.84 £ 0.44 10.58 + 0.56 7.39 + 0.46 9.75 £ 0.53 6.89 + 0.44
(400, 320) 2.65 + 0.16 3.99 £ 0.20 2.84 £ 0.16 3.71 £ 0.18 2.73 £ 0.14
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Figure 6.1: The (a) total background yields and (b) yields per background group
for all five variations of the SRY{TE -nj signal region listed in Table The lower
panel of (b) shows the yield ratio of variations II-V to the original selection with
an Ess threshold of 200 GeV, i.e. variation I. The “diboson3L” and “diboson4L”
entries correspond to WZ and ZZ, respectively, while the “other” group contains

the single-top, WW , Higgs and rare top processes.

Significance gain

For this study, the expected significance is estimated using the heuristic
BiNOMIALEXPZ function introduced in Section A flat (constant) 20%
systematic background uncertainty is applied, i.e. Ab/b = 0.20. Figure
shows a direct comparison of the 95% CL exclusion limits based on Zy for
all five variations of the SREI;‘;"ET -nj region@ Comparing the exclusion limits for
variations I (black line) and II (orange line), we see that there is no improvement
in significance. The increased acceptance we saw includes events overlapping
with the lepton-triggered SR'™?-nj selection. For variation IV (purple line),

TowE,
ROffWZ

still without overlap removal with the SRY[Z*-nj selection, but with a minimal

reoptimization of the \plTep| JEmiss thresholds, we see an improvement at higher

Am. However, this is a migration from SR‘{;;‘;_ZTZ-nj, and as stated above for the
acceptance gain, the combined selection would need to be reoptimized. For
variation IIT and V (green and pink lines), with overlap removal, we see an
improvement at low Am due to the new, unique events.

Further, Figure shows heatmaps of significance values together with the
exclusion limits for variations I, ITI and V. Comparing the plots for variations I
and III, we see that there is a significance gain at low m(x9), but that it quickly
drops with increasing m(¥9). Instead comparing the plots for variations I and V,
we see a small significance gain at lowest Am. This is a promising result, as the

6Using this simple Z calculation typically gives slightly stronger exclusion limits compared
to doing a full statistical analysis

"Where the significances obtained for each m?}i“ bin of SR::I;‘;]’E -nj have been added in
T

quadrature to obtain a total SR‘;I;‘;‘]'E -nj significance for each signal point.
T
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Figure 6.2: Yields per signal point (m(%3), m(x})) GeV for all five variations of
the SREI;‘;’E -nj signal region listed in Table The signal points are ordered by
m(x9) and Am. The lower panel shows the yield ratio of variations II-V to the

original selection with an EXs* threshold of 200 GeV, i.e. variation L.

Am = 5-15 GeV region is where we would need improvement to “close the gap”
between the three-lepton off-shell WZ analysis and the compressed two-lepton

analysis presented in Ref. [173], see Figure [5.11|(b).

Conclusion

We have studied the impact of lowering the ERsS threshold from 200 GeV to
160 GeV for the inclusive SR‘;I;“ET -nj signal region of the three-lepton off-shell WZ
analysis, without making any other major changes to the selection requirements.
In conclusion, lowering the threshold gives significant acceptance gains for signal
assuming Run 2 luminosity, but of course also increases the background. However,
without dedicated reoptimization to make optimal use of the low-ERisS events,
and after accounting for overlap with other signal regions, the significance in
the region with low Am is improved by up to 30%, as can be seen in Figure [6.5
This region is of particular interest, as a mass difference of O(10 GeV) gives
co-annihilation in the early universe and thus predicts the observed relic density
of dark matter, and has not yet been excluded. Further, covering this region also
allows closing the sensitivity gap in parameter space between the three-lepton
off-shell WZ analysis and the compressed two-lepton analysisEl

8The effect of lowering the Efr“iss trigger threshold has also been considered for the
compressed two-lepton analysis, for which the assessment was that this analysis would not
benefit from a lower E’%iss threshold out-of-the-box. Improving the combined exclusion contour
from the three-lepton off-shell WZ analysis side thus becomes even more important.
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Figure 6.3: Direct comparison of 95% CL exclusion limits for all five variations
of the SRﬁgn’éT—nj signal region listed ip Table “MET” in the legends refers
to missing transverse momentum E}'°.

6.1.2 Final decision on the ATLAS trigger architecture for HL-LHC

The simple study presented here shows that the three-lepton off-shell WZ analysis
would gain from lowering the Es* threshold to 160 GeV, which would be possible
if choosing the LO/L1 option for the ATLAS hardware trigger architecture from
Run 4 onwards. However, other studies of physics gains for this option did not
show as promising results. Taking into account multiple other considerations such
as cost and complexity, the final decision was to go for the L0-only option .
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Figure 6.4: Heatmaps of significance values together with 95% CL exclusion
limits for variations (a) I, (b) I1I, and (c) V of the SRY{I¢ -nj signal region listed in
Table The “MET” in the plot titles refers to missing transverse momentum
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Figure 6.5: Impact of reduced EX'* threshold on the significance for the inclusive
SRE’E"JET-nj region of the three-lepton off-shell WZ analysis. The colorbar shows
the relative impact on significance as function of Am(%9, ¥?) and m(x3). “MET”
refers to missing transverse momentum EX¥'55 while “N2” and “N1” correspond
to X9 and Y9, respectively. The solid black and dotted red contours indicate
the exclusion limits for the two EXSS thresholds (variations I and V), but the
analysis has not been reoptimized to make better use of the low- EX5 events.
The observed relic density of dark matter (hatched gray area) and the exclusion
limit for the compressed two-lepton analysis (dashed gray line) are also shown.
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6.2 Validation study of new Run 3 DAOD format

The concept of derived AODs, or DAODs, was introduced at the end of
Section where it was stated that DAOD formats with different subsets of
the data (simulated and real) are produced centrally in the ATLAS Collaboration,
and that each format is often used by multiple, similar analyses. This was the
case for Run 2 of the LHC. More specifically, around 100 different DAOD formats,
tailored to different analyses, were prepared in Run 2. Although this was a
successful analysis model from the perspective of most analysts, the Run 2 model
took up too much disk space. The total size of DAODs ended up being larger
than originally planned, and many of the formats had very similar content on
an event-by-event basis, as most analyses need the same subset of variables.

Thus, for Run 3, a new analysis model has been deployed. As many analyses
as possible will use the same DAOD format, containing the subset of variables
most analyses need. This baseline format has been named “DAOD_PHYS”,
and targets at least 80% of the analyses. It is unskimmed, meaning that no
events have been fully removed. Further, it contains the full set of high-level
objects and variables per event needed by all ATLAS analysis tools. Instead,
by removing many of the collections and objects not needed by most, such as
inner-detector tracks, trigger objects and (for MC) the full truth record, the
final format size ends up being within the acceptable level of 50 kB per eventﬂ
For the analysts, the “look and feel” of DAOD__PHYS is the same as the Run 2
DAOD formats.

However, before moving to this new format, it must be carefully validated.
In this section, a small validation study based on the three-lepton off-shell WZ
analysis will be presented.

6.2.1 DAOD_PHYS and DAOD_SUSY2 comparison

For the original three-lepton off-shell WZ analysis, ntuples were made from a
combination of the DAOD_SUSY?2 and DAOD SUSY16 formatsEl The SUSY2
format, used in multiple electroweak SUSY analyses, contains events with at
least two leptons with pp > 9 GeV, or at least one lepton with pp > 25 GeV
and at least one photon with pr > 40 GeV. The SUSY16 format was added
to also include softer leptons for the most compressed signal regions. This
format, prepared for the compressed two-lepton analysis presented in Ref. ,
contains events with at least two leptons with pr > 4 GeV (2.5 GeV) for electrons
(muons).

For the validation study presented here, we produced two sets of new ntuples
using the ntuple production framework set up for the three-lepton off-shell WZ
analysis. One set using the Run 2 SUSY?2 format as input, and one set using the

9Some Run 2 DAOD formats will have to be retained for special analyses, such as those
requiring additional tracking information (especially B-physics and long-lived particle searches),
and for so-called performance groups who require additional variables for deriving calibrations
and associated systematic uncertainties.

0For simplicity, the prefix “DAOD_ " for the formats will be omitted in the following.
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new PHYS format as input. For simplicity, we only produced ntuples for period
K of the 2018 dataE some selected supersymmetry signal samples and the
triboson Standard Model background sample. Since the SUSY2 format already
apply a tighter event and object selection than the unskimmed PHYS format,
the content of the ntuples cannot be compared directly. Instead, we compare
the ntuples after applying a selection of exactly three baseline and exactly three
signal leptons, using the lepton selection criteria listed in Table [£.3]

Figures and show distributions for variables pfrl, pﬁ? and Emiss,
respectively, for period K of the 2018 data. The plots show direct comparisons
of the distributions for the PHYS and SUSY2 ntuples, for electrons and muons
separately. As seen in all three figures, the distributions for the two formats agree
nicely for electrons. For muons, however, there is a discrepancylzl To investigate
this difference, we carefully studied the “extra” SUSY2 events compared to
PHYS, and realized that the discrepancy was due to a difference in the so-called
trigger-matching of low-pr muons for the two formats.

6.2.2 Trigger-matching in DAOD_PHYS

Trigger-matching means matching objects on trigger level, i.e. objects used by
the trigger software, to “offline”, reconstructed objects. In many cases, knowing
the trigger decision itself is sufficient, i.e. knowing which trigger triggered a

HEvents in a given data period share common data-taking conditions, like trigger menu,
LHC conditions, etc.

12The same is seen in corresponding comparison plots for the MC ntuples, but the discrepancy
is most prominent for data.
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Figure 6.6: Comparison of pf}l distributions for the PHYS and SUSY2 ntuples
for period K of the 2018 data, after selecting exactly three baseline and exactly
three signal leptons, for (a) electrons and (b) muons separately.
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Figure 6.7: Comparison of pfﬁ distributions for the PHYS and SUSY2 ntuples
for period K of the 2018 data, after selecting exactly three baseline and exactly
three signal leptons, for (a) electrons and (b) muons separately.
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Figure 6.8: Comparison of EF** distributions for the PHYS and SUSY2 ntuples
for period K of the 2018 data, after selecting exactly three baseline and exactly
three signal leptons, for (a) electrons and (b) muons separately.

particular event. For some purposes, however, it is necessary to know exactly
which of the reconstruced objects fired the trigger.

In the Run 2 DAOD formats, the trigger objects are included. This means
that the matching of trigger objects to the corresponding reconstructed objects
can be performed with dedicated software at DAOD level. For the new PHYS
format, the trigger objects are removed, reducing the file size by approximately
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50 kB per event. Instead, this information is replaced by simple decorations on
the reconstructed objects, indicating whether the object is matched to a given
trigger. However, this means that the trigger-matching must be performed at an
earlier stage, during DAOD production, introducing new software.

After bringing up our observations described in the previous section with
the trigger software experts, they identified an inconsistency between the two
trigger-matching procedures. In conclusion, they implemented changes to the
central software to harmonize the two procedures to give consistent results.

6.3 Summary and outlook

This chapter presented two different studies for future LHC runs based on the
three-lepton off-shell WZ analysis. The first study considered the choice between
the LO-only and LO/L1 options for the ATLAS hardware trigger architecture for
the High-Luminosity LHC. Although we found that the three-lepton off-shell WZ
analysis would gain from lowering the EX** trigger threshold to 160 GeV, which
would be possible with the L0O/L1 option, the ATLAS Collaboration ultimately
decided to go for the L0-only option.

The second study considered the new Run 3 DAOD format, DAOD_ PHYS.
By comparing distributions produced using this format to distributions produced
using the Run 2 DAOD__ SUSY?2 format, we identified an inconsistency in the
trigger-matching procedure between the old and the new derivation format,
affecting low-pt muons. This inconsistency was fixed for later releases of the
derivation software. Note that a format targeting further reduced event sizes, of
around 5 kB/event, is currently being prepared for Run 4. This format, named
DAOD_PHYSLITE, will have improved handling of systematic uncertainties
and facilitate columnar analysis.

Due to the delayed start of Run 3 by approximately one year, mainly due to
the COVID-19 pandemic, my focus shifted from awaiting new data to summing
up the status of supersymmetry searches after Run 2. My contributions to the
electroweak SUSY combinations effort will be presented in the next chapter.
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Chapter 7

Statistical combinations of Run 2
searches

At the end of Run 2, many separate electroweak SUSY analyses targeting
common simplified models have been completed, including the ones presented in
Ref. and summarized in this thesis. The ATLAS Collaboration currently has
a paper on statistical combinations of electroweak SUSY search results in the
pipeline. The aim of these combinations is to extend and deepen the sensitivity
offered by each analysis alone. This chapter summarizes my contribution to this
combination effort, which has been to investigate and perform combinations for
two different simplified models: higgsino Xf){g pair production decaying via W
and Z bosons, and wino Xlifcg pair production decaying via W and h bosons.
An introduction to statistical combinations will be given in Section [7-1] while
Sections and present the work and results for the higgsino )ZI—L Xy via WZ

and wino Xli X via Wh simplified models, respectively.

7.1 Statistical combinations 101

The ATLAS Collaboration’s rich program of Run 2 searches for electroweak SUSY
cover multiple production modes, intermediate decay modes and final states.
Some of the searches have unique sensitivity, while others have similar coverage.
By statistically combining search results, both the breadth and the depth of
ATLAS’ sensitivity to supersymmetry can be extended. In the combination
effort described in this chapter, results of searches targeting the same production
and intermediate decay modes (i.e. the same simplified model) but different
final states are combined. Only models conserving R-parity (introduced in
Section with promptly decaying supersymmetric particles (except the
LSP) are considered.

7.1.1 Statistical independence

When combining analysis results, the analyses should be statistically independent,
meaning that their event selections should not overlap, often referred to as the
analyses being orthogonal. As this combination effort has been planned for many
years, orthogonality has been built into the design of the different analyses as
much as possible. One of the most efficient steps in this process is to require
orthogonality in the lepton multiplicity of any analysis selection. That way,
analyses with 0, 1, 2, etc., leptons are already independent before applying more
complex selections. For this to work, all analyses must use the same baseline
lepton recommendations.
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Any remaining event-selection overlap must be carefully scrutinized. This
is done by running all analyses over the same samples, to identify which of
the analyses select the same events. To test the overlap across signal regions,
the analyses are run over a large “supersample” of simulated simplified-model
SUSY events. For the control regions, which are designed to have as little signal
contamination as possible, the overlap is better tested by running over the real
data sample. For analysis pairs showing an overlap and where a combination
is intended, a detailed study of the overlap is performed to decide if it can be
ignored (e.g. if there are only a few events overlapping between regions with
very high statistics), or if it means that the analyses cannot be combined. In
the latter case, the results for the analysis with the best, i.e. lowest, expected
CLg value of the pair is used for each signal point.

7.1.2 Signal grid harmonization

As indicated above, the combination of results for individual analyses is done
per signal point (m(x9), m(xY)). This means that we would need results for the
same signal points across analyses in order to perform a combination. However,
the analyses to be combined do not necessarily consider the same signal points
originally. Thus, some of the analyses are run over additional signal samples for
the purpose of this combination effort. Both to harmonize the signal grids of
the analyses to be combined, and to increase the density of points or extend
to higher masses where needed. For analyses where the original analysis team
has already moved on, results for additional signal points are obtained from the
implementation of the analysis in the RECAST framework. This process will
be explained in Section [7.3.3

7.1.3 Tool and workflow

The statistical tool used to perform the combinations is PYHF ,
which stands for “Python-based HistFactory”. As explained in Section [5.5]
HisTFACTORY is a tool for creating parametric models by building parameterized
probability density functions (PDFs). These PDFs are stored in so-called
workspaces, which then contains a complete description of the likelihood function
and model. With the model parameterized and stored like this, different
statistical tests can easily be performed on the model.

Until 2018, the only implementation of HISTFACTORY was based on
ROOT , a C++ library widely used in high energy physics. However,
the HIsSTFACTORY template is a pure mathematical representation, not limitied
to any particular software specification. With PYHF, a new implementation
of HISTFACTORY in pure PYTHON is introduced. By taking advantage of
tensor calculations, PYHF outperforms the traditional C++ implementation
of HISTFACTORY on data from real LHC analyses . In addition to the
default NUMPY backend, PYHF also supports TENSORFLOW ,
PyTorcH and JAX as alternative backend choices. By default,
the fit optimization is performed with SciPy , with IMINUIT as
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an alternativeEl Further, the declarative, plain-text JSON format is used
for describing the likelihoods in PYHF, contrary to the XML format used in
ROOT-based HISTFACTORY. The move to this declarative format simplifies
reinterpretation and long-term preservation in analysis data repositories such as
HEPData (introduced in Section[5.7). In addition, PYHF introduces a toolkit
that simplifies manipulating and interacting with the JSON workspaces, such
as combining them.

Because when doing a statistical combination with PYHF, what is combined
are workspaces, effectively combining the individual analysis likelihoods into a
combined likelihood. Fits and statistical tests can then be performed on the
combined workspace to get combined results. In the combination effort described
in this chapter, we test for exclusion as described in Section [5.5.2] by calculating
the combined CLg value using the PYHF function HYPOTEST. Combined 95%
CL exclusion limits can then be derived.

For the original signal grids, workspaces per signal point have been provided
by the individual analysis teams. As most original analysis results are obtained
using HISTFITTER, careful checks are made to validate PYHF results for the
individual analyses against the original results before combining. For additional
signal points, workspaces are produced using the RECAST framework as will
be described in Section [[.3.3}

Figure shows a schematic overview of the usual HISTFITTER workflow
(black) and the PYHF diversion (blue). Before combining workspaces for different
analyses, some harmonization might be necessary. For instance, the name
used for the signal sample across the analyses must be the same. Further, the
treatment of systematic uncertainties across the analyses must be determined.

HistFitter fit workspace fit lotting tools
workflow configuration creation P 9
pyhf conversion R fit
diversion to .json H

T
workspace | _ .\
harmonization

:

Figure 7.1: Schematic overview of the usual HISTFITTER workflow (black) and
the relation with PYHF for the combination (blue). Figure made by Carlo
Gottardo, member of the three-lepton analysis team.

1Unless stated otherwise, JAX+ScIPY is used in the following.
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Correlation of systematic uncertainties

When combining likelihoods from different analyses, parameters that cover the
same systematic uncertainties should be correlated, such that they are not
double-counted. In practice, this is achieved by naming them the same, as
PYHF then treats them as correlated. The initial plan was to prepare a common
naming scheme for systematic uncertainties, to be used by all Run 2 analyses
intended to be included in the combination effort. However, no such naming
scheme was ready in time. As a result, quite some effort has to go into figuring
out which parameters cover the same systematic uncertainties despite having
different names across the analyses. And vice versa, which parameters do not
cover the same uncertainties despite having the same name.

7.2 Higgsino x:x3 production decaying via WZ

In the higgsino )Zf Xy via WZ simplified model discussed in this section, the
)Zli, 19 and ¢{ are purely higgsino states, and the mass of the )Zli is assumed
to be exactly the mean of the {¥ and {9 masses. The )Zf and Y9 decay to YV
via Standard Model W and Z bosons, respectively, which in turn decay into
different final states.

As explained in Section[5.6.2] an initial combination of the results of the three-
lepton off-shell WZ analysis and the compressed two-lepton analysis presented in
Ref. has already been performed and published in Ref. [22]. Figure [5.11}d)
shows the resulting combined 95% CL exclusion limit for the higgsino scenario.
For the combination effort described in this chapter, the plan was to include a
third analysis, but as this analysis progressed, it became clear that no significant
improvement beyond the initial combination would be expected from it. The
higgsino )2%)28 via WZ simplified model is thus not included in the upcoming
combinations paper. Instead, in this section, the results of the initial combination
are reproduced to verify the setup, before moving to a novel combination for the
wino )Zf X9 via Wh simplified model in Section

The three-lepton off-shell WZ analysis was summarized in Chapter [5] The
compressed two-lepton analysis targets, as the name indicates, production of
supersymmetric particles in models with compressed mass spectra. The final
state of interest contains missing transverse momentum and two same-flavor,
oppositely charged leptons with low transverse momentum. The leptons originate
from leptonic decay of the Z boson, while the W boson decays hadronically.
Further, hadronic initial-state radiation is required to boost the system, to
enhance the sensitivity of the search. A representative Feynman diagram for the
targeted signal process is shown in Figure

Figure [7.3] shows all signal points considered by the two analyses.

7.2.1 Reproducing original analysis results

Before combining, it is important to make sure that the original analysis results,
provided by the respective analysis teams, can be reproduced. Figure [7-4] shows
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Figure 7.2: Feynman diagram representing the compressed two-lepton analy-

sis .
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Figure 7.3: Signal points considered by the three-lepton off-shell WZ analysis
(red crosses) and the compressed two-lepton analysis (black dots) for the higgsino
XEX9 via WZ simplified model.

for the two analyses the expected CLg values obtained using PYHF, together with
their difference from the original CLg values produced by the analysis teams. For
the compressed two-lepton analysis, for which the original results are obtained
using HISTFITTER, a difference of 0.01 is seen for a few signal points (b). For the
three-lepton off-shell WZ analysis, both the original and reproduced results are
obtained using PYHF (using the same backend and optimizer), and the agreement
is consequently excellent (d).

Further, Figure shows original and recreated 95% CL exclusion limits
for both analyses. Note that the original limits are produced from the inputted
original CLg values, i.e. they are not the official limits produced by the analysis
teams. The recreated and original limits agree nicely.
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Figure 7.4: Expected CLg values obtained using PYHF and their difference from
the original CLg values produced by the analysis teams, for (a-b) the compressed
two-lepton analysis and (c-d) the three-lepton off-shell WZ analysis.

7.2.2 Reproducing initial combination results

Figure[7.3|shows all signal points for which workspaces (likelihoods) are available
for the two analyses. Of the 59 and 53 signal points for the compressed two-
lepton and three-lepton off-shell WZ analyses, respectively, 40 are common to
both. Workspaces for the common points are combined using PYHF’s COMBINE
function. The combination is performed using the same correlation scheme for
systematic uncertainties as in the initial combination: common experimental
uncertainties are treated as correlated between regions and processes, theoretical
uncertainties of the background and signal are treated as correlated between
regions only, while statistical uncertainties are considered uncorrelated between
regions and processes.

Figure [7.6] shows the expected CLg values for the combination. The left plot
shows the reproduced values, while the right plot shows their difference from the
original values obtained in the initial combination published in Ref. [22]. Both
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Figure 7.5: Original and recreated 95% CL exclusion limits for the three-lepton
off-shell WZ (orange) and compressed two-lepton (purple) analyses, for the
higgsino )Zlif(g via WZ simplified model.

the reproduced and the original values are obtained with PYHF, using the same
backend and optimizer, and the agreement is excellent.
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Figure 7.6: Expected CLg values for the combination of the three-lepton off-shell
WZ and the compressed two-lepton analysis results: (a) reproduced values and
(b) their difference from the values obtained in the initial combination published

in Ref. .

Although there are relatively many common signal points between the

two analyses, they are quite centered in Am(x9, X}). There are no common
points below Am = 5 GeV, and only a few above Am = 40 GeV. In order
to obtain sensible 95% CL exclusion contours, combination results are used
for Am € [8,42] GeV, while compressed two-lepton and three-lepton off-shell
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WZ results are used below and above this interval, respectively. The resulting
exclusion limits are shown in Figure[7.7] The agreement with the official exclusion
limits in Figure d) is excellent.
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Figure 7.7: 95% CL exclusion limits for the combination of the three-lepton
off-shell WZ and compressed two-lepton analysis results: (a) together with the
exclusion limits for the individual analyses, (b) with the expected CLg values
for the combination overlaid, and (c¢) with the observed CLs values for the
combination overlaid. In all three plots, the combination limits are produced
using combination results for Am € [8,42] GeV and compressed two-lepton
(three-lepton off-shell WZ) results below (above) this interval.

7.2.3 Investigating 90% CL exclusion limits

As explained in Section [5.5.2] the standard in high energy physics is to set
exclusion limits at 95% confidence level (CL). However, using this confidence
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level is merely a choice and not a strict requirement. Some collaborations, e.g. the
IceCube Collaboration, often set exclusion limits at 90% CL. Figure [7.8] shows
the same exclusion limits as Figure but at 90% CL instead of 95% CL,
to illustrate how using a lower confidence level would exclude higher sparticle
masses.
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Figure 7.8: Same plots as in Figure but using a 90% confidence level for the
exclusion limits instead of the usual 95% confidence level, to illustrate how using
a lower confidence level would exclude higher sparticle masses.

7.3 Wino xix3 production decaying via Wh

In the wino ;zf;zg via Wh simplified model discussed in this section, the )Zli and
%3 are assumed to be purely wino and mass-degenerate states, while the Y! is
assumed to be purely bino. The )Zli and Y3 decay to ¥) via Standard Model W
and Higgs bosons, respectively, which in turn decay into different final states.
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For this model, results for five different analyses are considered for
combination: the all-hadronic analysis , the 3L analysis , the 1Lbb
analysis , the 2tau analysis and the SS/3L analysis . A short
description of each analysis is given below, and summarized in Table
Figure [7.9] shows representative Feynman diagrams for the different analyses.
Note that for simplicity, the analysis labels used in this section are the labels used
for different searches internally in the ATLAS SUSY working group. As some of
the searches cover multiple simplified models (as was the case for the three-lepton
search introduced in Chapter , the labels do not necessarily describe only the
final state relevant for the wino Yix3 via Wh simplified model.

3L As part of the search presented in Ref. , the three-lepton Wh analysis
was introduced in Section and the resulting 95% CL exclusion limits were
shown in Figure [5.12] In this analysis, both Standard Model bosons decay
leptonically. The W boson decays into a lepton—neutrino pair directly, while
the Higgs boson decays into two leptons+X (where X denotes additional decay
products) indirectly, via WW, ZZ or 77. The resulting final state contains three
light-flavored leptons. A representative Feynman diagram for the targeted signal
process is shown in Figure a).

All-hadronic In the all-hadronic analysis, only hadronic decay modes of
the Standard Model bosons are considered. More specifically, the W boson
decays into a pair of light quarks ¢, while the Higgs boson decays into a pair
of bottom quarks b, leading to a ggbb final state. To suppress Standard Model
backgrounds, the Standard Model bosons are “boosted” by only considering
mass-splittings Am(x3, X)) greater than 400 GeV. A representative Feynman
diagram for the targeted signal process is shown in Figure [T.9|b).

1Lbb In the 1Lbb analysis, the W boson decays leptonically, while the Higgs
boson decays into a pair of botton quarks. The resulting final state contains one
lepton and a bb pair. A representative Feynman diagram for the targeted signal
process is shown in Figure C).

2tau In the 2tau analysis, the W boson decays into a lepton—neutrino pair,
while the Higgs boson decays into a pair of tau leptons. The resulting final
state contains one light-flavored lepton and two tau leptons. A representative
Feynman diagram for the targeted signal process is shown in Figure d).

SS/3L The SS/3L analysis considers a final state containing two light-flavored
leptons with the same electric charge. The W boson decays into a lepton—neutrino
pair, while all possible decays of the Higgs boson which ultimately result in one
lepton and jets (mostly via intermediate states such as WW and 77) are taken
into account. A representative Feynman diagram for the targeted signal process
is shown in Figure[7.9e).

Note that in the upcoming combinations paper, an additional analysis is
considered for combination for the wino ¥ix3 via Wh simplified model. The 1L
analysis targets the same process as 1Lbb, but uses machine-learning techniques
to enhance sensitivity in the compressed region of the phase space, where signal
kinematics are very close to the kinematics of the dominant backgrounds. This
analysis was not completed when the work presented in this section was carried
out, and has not yet been published at the time of writing.
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Table 7.1: Analyses considered for combination for the wino )2%)28 via Wh
simplified model. In addition to the final-state descriptions below, all final
states contain missing transverse momentum from the two LSPs and potential
neutrinos.

Analysis label ~ Description Reference

3L W — lv, h — 20+ X via WW, ZZ or Tr. 122]
Final state with three light-flavored leptons.

all-hadronic 1V 4% h = . 195

Fully hadronic final state.

W — fv, h — bb.
1Lbb Final state with one light-flavored lepton and two 196
bottom quarks.

W — v, h — 7.
2tau Final state with one light-flavored lepton and two 197
tau leptons.

W — lv, h — {+jets via all possible decay modes.
SS/3L Final state with two same-sign light-flavored 198
leptons.

Figures and show the original 95% CL exclusion limits and signal
grids, respectively, for all analyses. In order to get a meaningful overlap of signal
points for the combination, additional points are considered for the 1Lbb, 3L and
all-hadronic analyses. As the analysis teams for these analyses have moved on,
workspaces for the additional signal points are produced using the RECAST
framework, see Section [7.3.3] For the later 2tau and SS/3L analyses, the original
signal grids are already relatively harmonized, and only the original signal points
are considered. For the 2tau analysis, the two signal regions are not orthogonal,
so the region with the lowest expected CLg value is used for each signal point.

7.3.1 Orthogonality of analyses

As explained in Section [T.1.1] analyses to be combined should be statistically
independent, meaning that they should not select the same events. The event-
selection overlap across signal regions is studied using a large “supersample”
of simulated SUSY events, while the overlap across control regions is studied
using data. Figure shows overviews of the overlap in events selected by
the different analyses for the signal supersample and full Run 2 dataset. Note
that all analyses considered in the overall combination effort are shown in these
overviews, not only the ones combined for the wino yﬁgg via Wh simplified
model. In conclusion, one pair of analyses cannot be combined, namely 3L
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Figure 7.9: Representative Feynman diagrams for the analyses considered for
combination for the wino YT xJ via Wh simplified model: (a) the 3L analysis,
(b) the all-hadronic analysis, (c) the 1Lbb analysis, (d) the 2tau analysis and
(e) the SS/3L analysis.

and SS/3LE| These analyses have 22 and 411 events in common for the signal
supersample and the Run 2 dataset, respectively. The analysis with the lowest
expected CLg value of the two is used for each signal point.

7.3.2 Reproducing original analysis results

Before combining, it is important to make sure that the original analysis
results, all obtained using HISTFITTER, can be reproduced with PYHF.
Figures and show for all analyses the expected CLg values obtained
using PYHF, together with their difference from the original CLg values produced

2The same will be true for the 1Lbb and 1L analyses, when the latter is completed.
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Figure 7.10: Original 95% CL exclusion limits for the analyses considered for
combination for the wino )fo(g via Wh simplified model: 3L (red), all-hadronic
(purple), 1Lbb (blue), 2tau (mauve taupe) and SS/3L (green).

by the different analysis teams. Note that there is no difference plot for the 1Lbb
analysis, as original CLg values were not provided for this analysis. Further, the
two occurences of “not a number” (nan) in the 3L difference plot (d) are due to
original CLg values not being available for these two signal points. As seen in
the difference plots, the agreement with the original values is very good for all
analyses.

Further, Figure shows original and recreated 95% CL exclusion limits
for all analyses. Note that the original limits are produced from the inputted
original CLg values, i.e. they are not the official limits produced by the analysis
teams, except for the 1Lbb analysis. The recreated and original limits mostly
agree nicely. For the SS/3L analysis (which is still blinded in this figure), the
discrepancy around m(¥3) = 400 GeV is due to the expected CLg value for signal
point (m(x3),m(x})) = (400, 50) GeV being 0.052 (not excluded) and 0.042
(excluded) for HISTFITTER and PYHF, respectively.

7.3.3 Producing workspaces for additional signal points

Although analyses like the one summarized in Chapter [f are designed to target a
specific beyond Standard Model (BSM) simplified-model scenario, they are often
also sensitive to alternative models in the same or a similar phase space. This
can be exploited by reinterpreting (or recasting) the analysis for such alternative
models. As only the signal model is changing, the background estimates and
observed data used in the original analysis can be reused. The only two necessary
steps for reinterpretation are thus 1) generating simulated events for the new
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Figure 7.11: Original signal grids for the analyses considered for combination
for the wino Xlif(g via Wh simplified model: all-hadronic (gray filled circle),
3L (red cross), 1Lbb (black triangle), 2tau (blue open circle) and SS/3L (green
small rectangle).

candidate signal model and 2) re-executing the analysis (including event selection
and statistical evaluation) for this new signal. In this particular case, however,
we are not interested in re-executing the analysis for a new signal model, but
rather for additional signal points for the same simplified-model scenario. The
procedure is the same regardless.

A framework and tool for preserving and reinterpreting analyses is
RECAST , which stands for “Request Efficiency Computation for
Alternative Signal Theories™. It consists of three key components:

e Analysis code preservation: First, the analysis code framework used
to perform the search for a particular physics model based on inputted
data and MC samples must be preserved. In ATLAS, this is done using
GITLAB.

o Environment preservation: The analysis code framework above relies
on having specific libraries, compilers and even operating systems in place,
often with strict requirements on the exact versions of the dependencies. So
the second part of analysis preservation is to capture the exact environment
in which the code was run by the original analysts. This is done using
DOCKER [201].

e Automated reinterpretation: The third and final part is to automate
the steps in the analysis chain, i.e. the steps an analyst would go through
from passing the new signal model to arriving at the new result. This is
done using YADACE [202].

Preparing a RECAST implementation of the analysis is an important step in
the ATLAS SUSY analysis-approval procedure.
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Figure 7.12: Overview of the overlap in events selected by the different analyses
for (a) the signal supersample and (b) the full Run 2 dataset.

Workspaces are produced for additional signal points for the all-hadronic,
3L and 1Lbb analyses using the RECAST implementations of them, as described
in the following.

Investigating workspace and MC sample availability

Figure shows all signal points (original signal grid plus extension) for all
three analyses, while Figure shows the points per analysis, also including
workspace and MC sample availability. The input to RECAST are signal MC
samples in DAOD formatEl first introduced in Sectionm

For the all-hadronic and 1Lbb analyses, not all original signal points have
available workspaces. As these points might have been dropped with good reason
in the original analysis, they might still be relevant to include in the combination.
Therefore, workspaces are produced for all points in Figure [T.17] for which a
workspace is not already available (indicated by a black dot). The only exceptions
are the 22 original 1Lbb points that in addition do not have available (D)AODs
(points with only purple open marker “Original” in Figure a)). In order to
avoid having to produce additional AODs (which is quite CPU-intensive), these
points are dropped as they are only considered by the 1Lbb analysis anyway. For
points with DAODs already available, all input to RECAST is ready. For points
with only AODs available, DAODs are produced before running RECAST.

30ne sample for each of the three “MC campaigns” corresponding to data samples for
years 2015+2016, 2017 and 2018.
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Running RECAST

Although the idea behind RECAST is clear, there is a lot of freedom in how to
design the RECAST implementation of an analysis. For instance, there are no
requirements on which steps the analysis chain should consist of (see “Automated
reinterpretation” above), or which parameters should be hard-coded/configurable.
This freedom is important as different analysis code frameworks can be set up
very differently. However, it can complicate the usage, and careful considerations
must be made to make sure that the treatment of relevant concepts such as
cross-sections and theory uncertainties for the new signals are well-understood.

Some relevant details on running RECAST for the 3L, all-hadronic and
1Lbb analyses will be given below. Note that these comments are only valid for
the time of running (fall of 2021), and that the RECAST implementations of
these analyses might have been updated since then.

3L For the 3L RECAST, signal cross-sections are not configurable, and
only cross-sections for the original signal grid are hard-coded. Cross-sections
for the extended signal grid thus have to be manually added to the preserved
analysis code framework. Further, a hard-coded 10% flat (constant) theoretical
uncertainty in the expected signal yield is used. Additionally, some changes are
needed to produce and output workspaces in the desired JSON format, and not
only fit-results directly.

all-hadronic A hard-coded 10% flat signal theory uncertainty is used also
in the all-hadronic RECAST. And as for the 3L RECAST, some changes
are needed to output workspaces and not only fit-results directly. For some of
the RECAST-produced all-hadronic workspaces close to the kinematic limit
(Am(x9,X7) = my), the subsequent CLg calculation with PYHF either returns an
expected CLg value of 1.0 or fails, due to zero signal events in the SR or in both
the SR and the CR, respectively. These 13 (expected CLg 1.0) plus 6 (failed)
signal points are not used in the combination.

1Lbb For the 1Lbb RECAST, signal theory uncertainties are configurable,
but only values for the original grid are available. As the signal points in the
extension are mostly in between original points, interpolated values are obtained
and used for these, for the three considered uncertainty sources separately.

Verifying the RECAST results

In order to verify the results, RECAST is also run for an original signal point for
each analysis, so that the resulting CLg values can be compared to the CLg values
provided by the original analysis team. In addition, the 95% CL exclusion limits
are remade based on all signal points (original grid plus extension), to check that
they do not change significantly. Figure shows for all three analyses the
exclusion limits based on the original grid only, together with the limits based
on the original grid plus the extension. No significant differences are seen. The
discrepancy for the all-hadronic limits (b) around m(x3) = 400-500 GeV is due
to many extension points in this area.
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7.3.4 Points to combine

Figure shows all workspaces available for combination. In order to avoid
higher CLg values for signal points considered by only one analysis in between
lower CLg values for points considered by multiple analyses, 9 1Lbb (black
triangle) and 19 2tau (blue open circle) points are excluded. In addition, as
discussed in Section for signal points considered by both the 3L (red cross)
and SS/3L (green small rectangle) analyses, only the results for the analysis with
the lowest expected CLg value of the two is included in the combination.

Initially, the combination is performed with all systematic uncertainties set
to be uncorrelated across the analyses. For this scenario, the expectation is that
the lowest expected CLg value for a given signal point is obtained by combining
the results for all available analyses. Figure [7.:20]shows the “combination scheme”
used for this uncorrelated scenario.

7.3.5 Correlation of systematic uncertainties

As discussed in Section [7.1.3] parameters that cover the same systematic
uncertainties should be correlated when combining likelihoods from different
analyses. However, this process is not necessarily straightforward in practice.

As the analyses to be combined (mostly) consider different Standard
Model backgrounds and/or group the background MC samples differently,
correlating the related theoretical (modeling) uncertainties and normalization-
factor uncertainties is not straightforward. All such uncertainties are therefore
kept uncorrelated, resulting in more conservative results. Further, statistical
uncertainties and (when relevant) uncertainties associated with shape fits are
linked to the design of the different analyses, and are also kept uncorrelated in
the combination. For experimental (instrumental) uncertainties, it is in principle
possible to correlate uncertainties across the different analyses provided that
they affect analogous objects. But if the analyses use different definitions for
the same objects (e.g. different choice of working points), the overall efficiency
for reconstructing and selecting the objects would differ between the analyses,
and potential correlation becomes non-trivial. In that case, the uncertainties are
kept uncorrelated.

Given these considerations, the analyses taking part in the combination
for the wino Yy xJ via Wh simplified model are scrutinized to assess which
correlations can be introduced. An overview of the object definitions employed in
each analysis is shown in Table[7:2] Note that in the all-hadronic analysis, light-
flavored leptons are used to veto, not select, events. Considering correlations for
uncertainties related to lepton objects is therefore not relevant for this analysis,
indicated by “N/A” (not applicable) in the table. Based on this information,
the correlation scheme reported in Table [7.3]is introduced. In the following, the
effect of using this correlation scheme in the combination will be assessed by
comparing the corresponding results to the results of the completely uncorrelated
scenario. But before discussing the combination results, we must first scrutinize
the nuisance-parameter behaviour in the combination fit.
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Table 7.2: Overview of the object definitions employed in each analysis

participating in the combination for the wino Xff(g via Wh simplified model.

SS3¢ 3(-onShell 2tau AllHadronic 1Lbb
Electrons D Medium Medium Tight N/A Tight
- 15O FCTight FCTight FCLoose+FCHighPtCaloOnly N/A FCLoose+FCHighPtCaloOnly
Muons 1D Medium Med_ium Medium N/A Medium
i 1SO FCTightTrackOnly FCTight FCLoose N/A FCLoose
Type AntiKt4EMPFlow AntiKt4EMTopo AntiKt4EMPFlow AntiKt4EMPFlow AntiKt4EMTopo
Jets Unec. scheme R CR_SJ SR_SJ GR_SJ CR_FJ
JVT WP tight medium tight tight medium
W-tagging N/A N/A N/A v N/A
it Tagger DL1r MV2c10 DL1r MV2c10 MV2c10
e Efficiency 0% 85% 7% 85% 1%
MET JET-term Tight Tight Tight Tight Tight
Trigger Dilep+MET Dilep Ditau+MET MET MET

Table 7.3: Correlation scheme for systematic uncertainties considered in
the combination for the wino ;zf;zg via Wh simplified model. For each
row (parameter), the checkmarks indicate which analyses the corresponding
systematic uncertainty is correlated across. For rows with both black and red
checkmarks, correlations are made for two different subsets of analyses.

‘ SS3¢4 ‘ 3¢-onShell ‘ 2tau ‘ AllHadronic ‘ 1Lbb

RECO v v v v
Electrons ID v v v v
ISO v v v v
RECO v v v v
Muons ID v v v v
ISO v v
JES v v
JER v v
Jots Other v v v v
JVT v v v
b-tagging v v
Jet/W-tagging
MET v v v v
Trigger v v
Pile-up v v v v v
Luminosity v v v v v
Theory
Statistics/Shape

7.3.6 Nuisance-parameter consistency

In statistical fits, a pull (60 — é)/AH quantifies the standardized discrepancy
between the observed value § and predicted value € for a nuisance parameter. A
large pull value indicates that the nuisance parameter is more influential in the
fit than first anticipated. Ideally, the pull values for the combination fit should
not differ (significantly) from the pull values for the individual analysis fits, as
we do not want the combination itself to introduce any constraints amongst the
nuisance parameters of each individual analysis. The combination-fit pulls for
two representative signal points are considered in the following. To properly
estimate the impact of each parameter in the fit, PYHF is run with the NUMPY
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backend and the IMINIUT optimizer.

Figureshows pull plots for signal point (m(%3), m(x})) = (400,100) GeV,
for which results for the 3L, all-hadronic, 1Lbb and 2tau analyses are combined.
Only parameters whose combination-fit pulls (red) differ with more than two
decimal points (2dp) from the pulls for the individual analysis fits (black) are
shown, where the first part of the parameter label indicates which uncertainty
it covers, and the second part indicates which analysis it stems from. The
upper plot (a) show combination-fit pulls for the uncorrelated scenario, while the
lower plot (b) show combination-fit pulls for the correlated scenario, applying
the correlation scheme reported in Table [7.3] To also consider a combination
including the SS/3L analysis, Figure shows corresponding pull plots for
signal point (m(%3),m(xY)) = (190,60) GeV, for which results for the 1Lbb,
2tau and SS/3L analyses are combined. No significant differences are seen when
comparing the combination-fit pulls to the pulls for the individual analysis fits.

To further test for unwanted constraints, we scrutinize the correlation matrices
for the leading correlated uncertainties. No new strong correlations between
nuisance parameters should be introduced when combining separate analyses.
Figure [7.23] shows correlation matrices for the leading correlated uncertainties
(only correlations larger than 4+0.15) for the two signal points discussed above.
All relatively large correlations outside the diagonal are present also in the
original analyses.

7.3.7 Improvement from the combination

Figure shows 95% CL exclusion limits for the initial combination with all
systematic uncertainties set to be uncorrelated across the analyses. Exclusion
limits for the combination together with the limits for the individual analyses
are shown in (a), while combination limits with the combined expected and
observed CLg values for each signal point overlaid are shown in (b) and (c),
respectively. For large Y9 masses, the all-hadronic analysis (orange) excludes
more than expected due to a deficit, while the 1Lbb analysis (purple) excludes
less than expected due to an excess. The combination (gray) smooths out these
effects, with the expected limit for the combination being stronger than the
all-hadronic one, and the observed limit being weaker.

Impact of correlating systematic uncertainties

Figure compares the 95% CL exclusion limits for the combination for the
uncorrelated and correlated scenarios, with corresponding observed CLg values
overlaid. Some minor differences in the observed CLg values are seen, but the
exclusion limits are effectively unaffected by applying the correlation scheme in
Table [7.3] compared to keeping all systematic uncertainties uncorrelated. As the
results are effectively the same, the simpler approach of keeping all systematic
uncertainties uncorrelated is used in the upcoming combinations paper.
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Upper limits on signal strength

The improvement in the level of exclusion that can be achieved by combining
analysis results does not only refer to excluding a wider area of the sparticle
mass plane, but also to the “depth” of the exclusion. The latter can be evaluated
by comparing the 95% CL upper limit on the signal strength (") from the
combination with the upper limit from the best performing single analysis for
each signal point. Figure shows the relative difference in pJ% for this
comparison, for the expected (a) and observed (b) limits. Due to the deficit seen
in the all-hadronic analysis, the observed upper limit worsens (increases) for
the combination compared to the best performing single analysis in most of the
mass plane. The best improvement, at the level of around 20-30%, is seen for
m()Zli /X9) < 600 GeV. For the expected upper limit, improvement is seen for
almost the entire mass plane.
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Figure 7.13: Expected CLg values obtained using PYHF (left column), and their
difference from the original CLg values produced by the different analysis teams
(right column), for all analyses considered for combination for the wino Yix3 via
Wh simplified model. The top row (a-b) shows the results for the all-hadronic
analysis, the middle row (c-d) shows the results for the 3L analysis, while the
bottom row (e) show the results for the 1Lbb analysis. Continues in Figure
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Figure 7.14: Continued from Figure The top row (f-g) shows the results
for the 2tau analysis, while the bottom row (h-i) shows the results for the SS/3L
analysis.
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and all-hadronic (red) analyses for the wino yﬁxg via Wh simplified model.
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Figure 7.18: 95% CL exclusion limits based on the original signal grid only
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3L analysis. To illustrate that the limits do not change significantly when also
considering the additional signal points.
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Figure 7.19: All workspaces available for combination for the wino )Zf X9 via
Wh simplified model, for the all-hadronic (gray filled circle), 3L (red cross),
1Lbb (black triangle), 2tau (blue open circle) and SS/3L (green small rectangle)
analyses.
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Figure 7.20: Combination scheme for the initial combination for the wino
)Zlif(g via Wh simplified model, where all systematic uncertainties are set to
be uncorrelated across the analyses. For each signal point, the analyses whose
markers are shown are combined: 3L (blue rhombus), all-hadronic (green
square), 1Lbb (red triangle), SS/3L (yellow circle) and 2tau (purple dot). Signal
points with a black circle are not used in the combination results. The dashed and
solid lines show the expected and observed 95% CL exclusion limits, respectively,
for the individual analyses.
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Combi 3L-onshell + allhad + 1Lbb + 2tau, black=ORIG, red=COMBI

(0-0)/20

Combi 3L-onshell + allhad + 1Lbb + 2tau, black=ORIG, red=COMBI

(0—0)/70

(b)

Figure 7.21: Pull plots for signal point (m(%3), m(x?)) = (400,100) GeV, for
which results for the 3L, all-hadronic, 1Lbb and 2tau analyses are combined.
Only parameters whose combination-fit pulls (red) differ with more than two
decimal points (2dp) from the pulls for the individual analysis fits (black) are
shown, where the first part of the parameter label indicates which uncertainty it
covers, and the second part indicates which analysis it stems from. The upper
plot (a) show combination-fit pulls for the uncorrelated scenario, while the lower
plots (b) show combination-fit pulls for the correlated scenario, applying the
correlation scheme reported in Table
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Figure 7.22: Pull plots for signal point (m(%3), m(%?)) = (190,60) GeV, for which
results for the 1Lbb, 2tau and SS/3L analyses are combined. Only parameters
whose combination-fit pulls (red) differ with more than two decimal points (2dp)
from the pulls for the individual analysis fits (black) are shown, where the
first part of the parameter label indicates which uncertainty it covers, and the
second part indicates which analysis it stems from. The upper plot (a) show
combination-fit pulls for the uncorrelated scenario, while the lower plots (b)
show combination-fit pulls for the correlated scenario, applying the correlation
scheme reported in Table
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Figure 7.23: Correlation matrices for the leading correlated uncertainties for (a)
the (m(x3), m(x})) = (400,100) GeV and (b) the (m(%3), m(x?)) = (190,60) GeV
signal points. Only nuisance parameters with at least one correlation larger than
£0.15 are shown. 155
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Figure 7.24: 95% CL exclusion limits for the initial combination with all
systematic uncertainties set to be uncorrelated across the analyses, (a) with
exclusion limits for the individual analyses overlaid, (b) with the combined
expected CLg value for each signal point overlaid, and (c¢) with the combined
observed CLg value for each signal point overlaid.
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Figure 7.25: 95% CL exclusion limits for the combination, with the combined
observed CLg value for each signal point overlaid, for (a) the uncorrelated scenario
and (b) the correlated scenario, applying the correlation scheme reported in
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Figure 7.26: Relative difference in the 95% CL upper limit on the signal strength
(uY%) from the combination (uncorrelated scenario) with respect to the best
performing single analysis for each signal point: (a) expected limits, (b) observed
limits.
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7.4 Summary and outlook

This chapter summarized my contribution to the ATLAS Collaboration’s effort
on statistically combining results of searches for electroweak SUSY using the full
Run 2 dataset, for which a resulting paper is in the pipeline. Such combinations
can extend and deepen the sensitivity offered by each analysis alone. I was in
charge of investigating and performing combinations for two simplified models,
namely higgsino )2%)28 pair production decaying via W and Z bosons, and wino
;zf;zg pair production decaying via W and h bosons.

We began by giving an introduction to statistical combinations, covering
statistical independence, signal grid harmonization, as well as tool and workflow.
Then followed a summary of my work for the higgsino ;zf;zg via WZ simplified
model. For this model, an initial combination of the results for two analyses had
already been performed and published, and the plan for the combination effort
described in this chapter was to include a third analysis in the combination.
However, as this analysis progressed, it became clear that no improvement
beyond the initial combination was expected from it. Instead, we reproduced the
results of the initial combination to verify the setup, before moving to a novel
combination for the wino i x93 via Wh simplified model. After introducing the
five analyses considered in the combinationﬁ the orthogonality of the analyses was
scrutinized, before reproducing the original analysis results. We then described
how workspaces for additional signal points for some of the analyses were
obtained using RECAST, in order to get a meaningful overlap of signal points
for the combination. An initial combination was performed with all systematic
uncertainties set to be uncorrelated across the analyses, before assessing the
impact of correlating uncertainties. As the results were effectively the same, the
uncorrelated scenario will be used in the upcoming paper.

Some lessons learned from this combination work will be summarized in the
following. Not having a common naming scheme for systematic uncertainties
ready in time for the commencement of the different analyses intended for
combination resulted in a significant additional workload for the combination
team. In total, close to 1,000 systematic uncertainties were involved in the
combination fit for the wino )Zli %9 via Wh simplified model, and assessing which
of these should and should not be correlated was a complicated task. Further,
running RECAST to produce workspaces for additional signal points for some
of the analyses ended up taking much longer than first anticipated. As described
in Section [7-3-3] the idea behind RECAST is clear, but the necessary freedom in
the design of the RECAST implementation of an analysis complicates the usage.
However, maybe the designers could be reminded to think carefully about which
parameters should be hard-coded/configurable, and encouraged to also provide
workspaces and not only fit-results directly? Also, as most of the combination
setup can be tested using preliminary workspaces, the different analysis teams
should make workspaces available as soon as possible, even if they are not final.

4In the upcoming paper, an additional analysis will be included in the combination for the
wino )th)zg via Wh simplified model. This analysis was not completed at the time the work
described in this chapter was carried out.
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Summary and outlook

This chapter concludes the part on searching for chargino—neutralino pair
production. In the next chapter, the focus shifts from physics analysis to outreach
and communication activities.
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Chapter 8

ATLAS authorship qualification
task on ATLAS@Home

In order to become an ATLAS author, meaning that one’s name appears on the
author list of all papers published by the ATLAS Collaboration, one has to fulfill
a set of criteria. One of these criteria is to spend at least 80 working days on
a so-called qualification task of technical work. Such tasks are typically work
that is valuable to (or even necessary for) the collaboration, but not directly
part of a physics analysis. I did my qualification task on the ATLAS@Home
project , starting March 1, 2018, and finishing March 1, 2019. My local
and technical supervisors were David Cameron and Andrej Filip¢ic, respectively.

This chapter will summarize my qualification task. In Section the
ATLAS@Home project will be introduced, including its software and architecture.
In Section the work I performed on this project to qualify as an ATLAS
author will be described.

8.1 ATLAS@Home

ATLAS@Home was started in 2013, and has since 2017 been part of the
larger LHC@Home project . As explained in Chapter 4} simulated
data is an essential ingredient when doing physics analysis. Simulation of
LHC physics is also important in other contexts, e.g. for improving the design
of future accelerators. Most simulation is done using the Worldwide LHC
Computing Grid (WLCG) [125], which is a global collaboration of around
170 computing centres in more than 40 countries. However, as the WLCG
has limited resources that are also used for other tasks, the idea behind
LHC@Home is to allow volunteers to help out by running Monte Carlo simulation
on their private computers. At the time of writing, LHCQHome consists of
four different subprojects related to all aspects of LHC: beams, theory and
experiments, including ATLAS@QHome. For ATLAS@Home, the combined
volunteers’ resources actually make up a sizeable fraction of the overall resources
for ATLAS detector simulation — 4.5% in 2018, when this qualification task
was carried out[]

In addition to the “free” computing resources, LHC@Home also serves as
an outreach project by letting the general public contribute to and feel part of

IThis number actually includes ATLAS@Home being run in WLCG computing centres
in addition to on private computers. In 2017, ATLAS@QHome was further developed to
enable running on grid worker nodes which for many reasons cannot be used to 100% of their
CPU capacity. See Refs. for more information on this. However, the focus of the
ATLAS@Home introduction given here will be on volunteers running ATLAS@Home on their
private computers.
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high energy physics experiments. As a means to the latter, a graphical interface
has been developed for ATLAS@Home, showing some basic information on the
physics relevant for ATLAS, in addition to personalized information on the
volunteer’s contribution. My qualification task regarded enhancing this graphical
interface. Details will be given below, after the ATLAS@Home software and
architecture have been introduced.

8.1.1 Software and architecture

As the majority of all volunteer computing projects, LHC@QHome is using the free
and open-source software BOINC (Berkeley Open Infrastructure for Network
Computing) , which has a server—client architecture. The server hosts tasks
or work units to be processed, while the client pulls and runs work units from
the specified project (e.g. ATLAS@Home). Each work unit downloads a small
set of input data and runs for several hours, depending on the computer and the
number of cores used for the job. Once a work unit is processed, the client sends
the result back to the server for validation. If the result is good, motivational
credit is awarded to the volunteer. The BOINC client can be configured to run
only when the volunteer’s private computer is not in use, or to run at the lowest
priority when the computer is in use.

In addition to BOINC, the virtualization software VIRTUALBOX is
needed for ATLAS@QHome, which is also free and open-source. VIRTUALBOX
allows for the creation of so-called virtual machines (VMs) inside the volunteer’s
private computer, which can run operating systems independently of the
hardware-installed operating system. CERN software packages, like the detector
simulation software used for ATLAS@QHome, are often large with complex
dependencies that cannot be easily ported to the volunteer’s operating system.
CERN has therefore developed the CERN Virtual Machine (CernVM) [206]
for running such software. Additionally, using virtualization adds an extra
layer of security: the volunteer’s private computer will not be affected by any
potential faults in the physics software. Figure[R:I]shows the basic ATLAS@Home
architecture.

Graphical interface

The ATLAS@Home graphical interface is a web service running inside the
virtual machine, accessed through the computer’s web browser. It is built on
JAVASCRIPT, mainly with the P5.Js library [208]. Through visual and interactive
animations, users can access information about high energy physics in general,
the ATLAS experiment and the ATLAS@Home project itself. Since the interface
runs inside the same virtual machine as the work unit/task, it can present task-
and volunteer-specific information. Figure[8.2]shows screenshots of some example
pages of the graphical interface.
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Figure 8.2: Screenshots of the ATLAS@Home graphical interface: (a) welcome

page, (b) example of Standard Model information page and (c) example of
“bagde” page for rewarding volunteers.
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8.2 Enhancing the ATLAS@Home graphical interface

As stated above, my qualification task regarded enhancing the ATLAS@Home
graphical interface. The task description is given below.

Enhanced graphical interface and workloads for AT-
LAS@Home

ATLAS@Home allows the general public to take part in ATLAS
computing by allowing them to run Monte Carlo simulation on their
home PCs. A key factor in attracting people and keeping them
involved is visualization of the simulation tasks they are running. A
graphics portal was recently developed which shows basic information
on the physics behind ATLAS, the Standard Model, some sample
visualizations and links to further information on ATLAS outreach
pages.

The proposed qualification task enhances this interface to provide
live information on the events that are being simulated using the VP1
(Virtual Point 1) visualization framework, allowing people to see in
real-time what their PCs are doing. This requires understanding what
is necessary to integrate VP1 into the ATLAS@QHome environment as
well as how to modify the tasks to use it when necessary. Technical
information on the running tasks such as CPU and memory usage
should also be shown, as well as information on the overall status
of ATLAS@QHome tasks (e.g. rate of completion) and how each
contributor matches up to others.

ATLAS@QHome runs MC simulation because it provides a reliable
source of easy-to-run tasks (low memory and not data intensive).
Event generation would also suit the requirements for ATLAS@QHome
but there is a large variation in the types of event generation run in
ATLAS in terms of time per event and also in the supply of work.
An extension to this task is to investigate ways of selecting suitable
event generation tasks which could run on ATLAS@Home, testing
these tasks and collecting feedback from the volunteers, to evaluate
the potential of running event generation in the future.

To summarize, the plan was to add a couple of new features to the ATLAS@QHome
graphical interface:
1. Technical and task information in the form of run time and CPU and
memory usage of the running task, as well as rate of completion.
2. Live event displays of events being simulated. (This part was not finalized,
details below.)
Two important and time-consuming first steps was to learn JAVASCRIPT, which
I did not know in advance, and to understand how the graphical interface code
was set up so that I could add the desired features.
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8.2.1 Adding technical and task information

For the technical and task information, I wrote a PYTHON script that extracts
the relevant run time, CPU and memory information for the individual virtual
machine cores running the task. This information is stored where the JAVASCRIPT
code can access it, and is displayed in a table in the graphical interface. The
script also extract information about the task completion, which is displayed as
a progress bar in the graphical interface. The script is run in a cron job every
minute, updating the table and the progress bar on the fly. Figure shows
screenshots of the table and the progress bar in the graphical interface.

8.2.2 Adding live event displays

The graphical interface was already showing some sample event displays, see
Figure The plan for the qualification task was to add live displays, showing
events actually being simulated on the volunteer’s computer. This was a more
complicated exercise than adding the technical and task information described
in Section B:2]] as it involved adding event display software to the workflow.

VIRTUAL POINT 1 (VP1) [209] is an interactive 3D event display software
for the ATLAS experiment that is part of the main offline software framework
for ATLAS called ATHENA . All real and simulated events can thus be
accessed and visualized with VP1. If run in so-called batch mode (no live
graphics), which would be the case here, the desired “view” can be obtained
using a configuration file with pre-saved settings. Further, a “random mode”
was added to VP1 for the purpose of using this software with ATLAS@QHome,
where a random configuration file is chosen from a pool of files. The initial idea
was to add a button in the graphical interface that the volunteers can press if
they actually want live event displays. However, for simplicity, we decided to
always run VP1. But to avoid consuming too many resources for the virtual
machine, we decided to run VP1 only once, when a given number of events are
ready (~ 10).

The output of ATLAS detector simulation are files in the so-called HITS-
format, as shown in Figure f.2] Such HITS files are the input to VP1. By
default, each of the virtual machine cores produces a separate HITS file with
the events it has simulated, which is updated on the fly. These files are later
merged into one final HITS file. The initial plan was to run VP1 on the HITS
file of one of the cores as soon as it has simulated the desired number of events.
However, during testing, we found out that VP1 can not be run on a HITS file
still being written to by the simulation software. After discussing our challenges
with ATHENA experts, they suggested running the simulation software in a
special mode where each event is written to a separate HITS file that is closed
immediately, which can then be used for input to VP1 as soon as the event
is finalized. As VP1 can run on multiple input files, this would still allow for
running VP1 only once. I also checked that the run time of the simulation
software did not change significantly for the default mode and this special mode.
The only concern was that the merging into one final HITS file does not happen
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A@Xs YOUR JOB

..........

Your virtual machine has 4 cores and 16 GB of memory

Core CPU [%] Memory [%] Run fime
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In this job you will simulate 200 particle collisions.
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. \\ MORE INFORMATION
\ ]
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Figure 8.3: Screenshots of new features added to the ATLAS@QHome graphical
interface: (a) table with run time, CPU and memory information for the
individual virtual machine cores running the task, and (b) progress bar indicating
the task completion rate.

automatically when the simulation software is run in this special mode, so this
has to be taken care of somehow.

For checking the number of finalized events and running VP1, I wrote a
BaAsH script. The simulation software produces and updates a text file named
“eventLoopHeartBeat.txt” for each core, containing the number of processed
events. In the bash script, these files are checked every 30 seconds, to determine
if the total number of simulated events for all cores is above the desired threshold.
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LS

These are visual displays of ATLAS simulations that you run on your PC

Figure 8.4: Screenshot of graphical interface page showing sample event displays.

When the threshold is reached, VP1 is run, producing event displays for all
finalized events. The displays are then renamed so that the JAVASCRIPT code
can access them. Finally, the script fills a text file, indicating to the JAVASCRIPT
code that the event displays are ready, so that they can be displayed in the
graphical interface.

As my qualification period came to an end, this bash script was ready, but
a few things still needed to be tested and validated. First, even though VP1
should be able to run on multiple input files, I did not get this to work at the
time, as VP1 kept ignoring all input files except the first one. However, this was
later solved by the VP1 developer working with us. Second, after running the
simulation software in the special mode producing single-event HITS files, it
was not straightforward how to merge all events into a final HITS file in a way
that was satisfactory for all steps of the full workflow. At the time of writing,
the live event display feature still has not been added to the graphical interface
due to lack of personpower.

8.3 Summary

This chapter summarized my ATLAS authorship qualification task on the
ATLAS@Home project, in which volunteers can run Monte Carlo simulation
on their private computers. In addition to making use of “free” computing
resources, ATLAS@QHome serves as an outreach project by letting the general
public contribute to and feel part of the experiment. My qualification task
regarded enhancing the graphical interface developed for ATLAS@Home, which
shows information about high energy physics in general, the ATLAS experiment
and the ATLAS@QHome project itself through visual and interactive animations.
The plan was for me to add a couple of new features to this graphical interface:
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(1) technical and task information in the form of run time and CPU and memory
usage of the running task, as well as rate of completion, and (2) live event
displays of events being simulated. I successfully implemented the former. The
latter turned out to be more complicated than first anticipated, and I did not
manage to finish it within my qualification period. Due to lack of personpower
for the ATLAS@Home project, this feature has still not been added.
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Chapter 9
Communicating physics

As described in the to this thesis, I have contributed to multiple
communication, outreach and recruitment activities during the course of my Ph.D.
In addition to believing that such activities are important, I truly enjoy them.
When I started my Ph.D. research fellowship at the University of Oslo, I was asked
by the communications adviser at the Department of Physics, Hilde Lynnebakken,
if I wanted to work with her on recruitment and communicating physics instead
of the usual 25% teaching duties required for a four-year fellowshipEI’El Hilde
was looking for some extra hands at the time and thought I would be a good
fit. After settling this arrangement with the department’s management, I ended
up working with Hilde for the full 25% of mandatory duties, contributing to a
variety of activities. As there is generally a big interest in universe-related topics
among the general public, my particle-physics background came in handy. But I
also found it very interesting to work with people and topics from other fields of
physics.

This chapter will summarize the different communication, outreach and
recruitment activities I have contributed to, starting with the 2019 Norwegian
media visit to CERN in Section 0.1} Further, Sections [0.2] and 0.3] will give an
overview of the different radio shows and podcasts I have visited and outreach
talks I have given, respectively. In Section[0.4] the various social media series
Hilde and I have created will be described. Finally, activities that do not fit any
of the above-mentioned categories will be listed in Section [9.5)

9.1 Norwegian media visit to CERN

The probably most noteworthy activity directly related to particle physics was
organizing a Norwegian two-day media visit to CERN in October 2019. Such
national media visits were offered to all member states, candidate member states,
associate member states and observer states during the long shutdown of the
LHC after Run 2. They were arranged to ease the pressure on the CERN press
office with handling individual requests, but also to maximize the amount of
press to spike interest in CERN activities. The target media was print press and

1A Ph.D. research fellowship at the University of Oslo is usually of three years duration,
but if the candidate has the necessary qualifications (e.g. speaking a Scandinavian language)
and based on the teaching need of the department, the candidate can apply for an additional
25% teaching duty resulting in a total length of the fellowship of four years.

2During my bachelor’s and master’s studies, also at the University of Oslo, I had contributed
to recruitment projects both for the Faculty of Mathematics and Natural Sciences in general and
the Department of Physics in particular. See e.g. Youtube video “Studieprogrammet Fysikk!
astronomi og meteorologi — FAM” from 2014, promoting the bachelor’s program “Physics,
Astronomy and Meteorology”, and video “Universitetet i Oslo er ledende pa databeregninger i
utdanningen”| from 2015, about computing in science education at the University of Oslo.
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radio. For the Norwegian visit, I was in charge of inviting journalists, planning
the program, and inviting and corresponding with contributors of all types.
During the visit, I functioned as a tour guide. I also ended up being interviewed
for some of the resulting articles and such myself.

A total of 10 journalists participated — a number we were quite happy with
considering that they had to fund their own trip and money is tight in the media
business these days. Most of them were science and/or research journalists from
NRKEl Viten, NRK Ekko, Khrono, forskning.no and Teknisk Ukeblad. Further,
some of the journalists were affiliated with university media, such as Under
Dusken, Apollon and titan.uio.no. A total of 17 people contributed during the
visit, ranging from master students to professors, from the University of Oslo,
the University of Bergen, the Norwegian University of Science and Technology,
and CERN.

The program consisted of a mix of visits and talks. Underground, we visited
the CMS experiment, the ALICE experiment and the LHC tunnel itself. Above
ground, we visited the CERN Data Centre, the CERN Linear Electron Accelerator
for Research (CLEAR) and the Antimatter Factory. The talks had a wide range
of topics, such as “Hot or not — What’s trendy in particle physics”, “Big Data
meets Big Science — How particle physicists do computing”, “High-Luminosity
LHC — How the machine that gave us the Higgs particle is becoming even more
badass” and “What happens after the LHC?”. The full program can be found
here: https://indico.cern.ch/event /855625/.

The visit was a huge success, with happy participants and a lot of press
resulting from it. A list of articles and such are given in Appendix [B]

9.2 Radio and podcasts

Over the years, I have been invited to participate in a few popular science radio
shows and podcasts. Although not directly related to my work with Hilde, these
visits fit to be mentioned here.

9.2.1 Abels tarn and Abels forgard

“Abels térn’ﬁ is a weekly hour-long live science radio show airing on NRK P2
every friday. It is recorded at the Science Library at the University of Oslo, with
audience in the room. The concept is that a panel of three scientists answer
questions sent in in advance by listeners, either by e-mail or to the Facebook
page of the show. Each panelist prepares answers for three to four questions
before the show.

3NRK is short for Norsk rikskringkasting AS, i.e. the Norwegian Broadcasting Corporation,
the public service broadcaster in Norway.

% Abel’s tower”, named after the Norwegian matematician Nils Henrik Abel and the
mythical Tower of Babel.

174


https://indico.cern.ch/event/855625/

Radio and podcasts

I have been a panelist three times: June 14, 2019, November 7, 2020 and
May 7, 2021E| where I answered questions about e.g. photons, antimatter and
the Higgs boson, but also questions not related to particle physics. In addition,
a special episode on only CERN-related topics was recorded during the media
visit described in the Section in which I also participatedﬂ In this episode,
which aired on December 13, 2019, we answered questions such as “How can a
particle without mass exist?” and “Where do the LHC protons come from?”.

Further, I was the guest on “Abels forgard” on May 7, 2021E| This is a
more in-depth interview with a scientist about a particular topic, airing the hour
before “Abels tarn”. I was interviewed about supersymmetry and visiting CERN
as a researcher, but also about my summer job of the last 20 years as a milk
maid (“budeie”) at a summer farm in the mountains, where I have been milking
cows and making brown cheese (a Norwegian speciality)ﬂ

9.2.2 Jgss!?

One of the most famous Norwegian physicists among the general public today is
Andreas Wahl. His podcast “J(bss!?’IEl is a science fun-fact competition. In each
episode, a few people in addition to Andreas himself present a fun fact each (fun
or mind-blowing, preferably both), before there is a vote on which fact has the
biggest wow-factor.

I have participated in three episodes. In the first episode, released October 1,
2021, I talked about the fact that microwave ovens were invented for the purpose
of re-heating frozen hamsters in the laboratory in the 195OSE In the second
episode, released December 11, 2021, I talked about the infamous measurement
of faster-than-light neutrinos by the OPERA experiment in 2011IE| In the third
episode, recorded live at the Science Library at the University of Oslo on May
3, 2023, I talked about the infamous 1896 “Crash at Crush” publicity stunt in

Texas [211], in which two people died [7]

5“Hvorfor handballspillere er darlige i handball, og syklister har si store hoder”, “Kan
Torkild hypnotiseres til hgne?” and “Torste fisk, antimaterie og andre sgte skapninger”.

®The host of “Abels tarn” (part of NRK Ekko), Torkild Jemterud, participated in the
media visit.

7“CERN spesial — Eksisterer vi, egentlig?”.

8“Budeie og partikkelfysiker”.

IAfter this interview I was invited to Norway’s biggest morning TV show “God morgen
Norge”, to come talk about being both a particle physicist and a milk maid. But the focus of
this TV interview, airing June 9, 2021, was mostly on my experience as a milk maid.

10«Jgss!?” can be translated into “Wow!?”.

1«Rosa edderkopp, frosne hamstre og rullegardin for jorda’k

124Omelett med slegge og q-tips, Einstens fartsgrense, og Andreas ville veid mer om han
ble fodt 1 Oslo”.

53 Lggn for & beskytte robotfglelser, regnefeil med dgden til fglge, frukthandler i 8 dimensjoner]
og molekylvekten til promp.
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9.2.3 God fysikk

A fellow Ph.D. student at the University of Oslo, Ida Storehaug, started a podcast
named “God fysikk” (“Good physics”) in 2022. In this podcast, Ida interviews
young researchers on topics in particle physics, astrophysics and theoretical
physics, in Norwegian. The target audience are people who know some physics
in advance, i.e. the level is a bit higher than “regular” popular science. I was
invited to come talk about supersymmetry, and the result was a 39 minute long
episode released on February 17, 2022]2'

9.3 Outreach talks

I have given many outreach talks on particle physics in different settings at
the University of Oslo during the course of my Ph.D. Particle physics and the
universe in general are very popular themes for such talks.

Every spring, the University of Oslo hosts an open day, aimed at everyone
interested in studies at the university. The program consists of mini-lectures,
stands, “speed dates” with students, and other activities. Several thousand
high school students from the Oslo area attend this event each year. Both in
2018 and 2020, I was invited to hold a mini-lecture on particle physics and dark
matter. Between 50 and 100 students attended these lectures, and I received
many interesting questions afterwards.

Every semester, high-school students studying physics are invited to the
department for a full-day physics seminar. The program consists of popular-
science talks on topics relevant for the high-school physics curriculum, in addition
to information on career opportunities for physicists and how it is like to study
physics. I gave presentations on particle physics at such seminars in the fall of
2017, both spring and fall of 2018, and the spring of 2019.

In August every year, the new students at the department attend a “research
safari”, where they visit the different research groups to get an introduction to
the research being performed there. I was involved in the presentation of the
high energy physics group in both 2018 and 2019.

The International Physics Olympiad (IPhO) is an annual competition
in physics for high-school students. The Norwegian final is hosted by the
Department of Physics at the University of Oslo. Before the final, the candidates
attend a week-long course at the department, where they among other things
attend popular-science lectures. I gave a lecture on supersymmetry for the 2019
finalists.

The University of Oslo also hosts an open day for teachers every year, which
is free and open for everyone working in the school system. Each department
arranges a full day of lectures with relevant and engaging topics. I gave
presentations on particle physics during this event in 2018 and 2020.

1«Sexy supersymmetri!”.
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Social media series

9.4 Social media series

Over the years, Hilde and I have produced several series for social media, both
to display the research taking place at the department, and to recruit students
to the department’s studies at all levels.

“Fysikkjeerleik” (“Physics love”) is a series of ten videos where different
physicists at the department, ranging from early-year students to professors,
explain why they love physics. This series was created for Instagram in the fall
of 2018, and was also published on Facebook. The idea behind the series was to
showcase different reasons for why physicists of all ages love their field.

“Eli besgker fysikere pa jobben” (“Eli visits physicists at work”) is a series of
twelwe so-called stories (videos consisting of multiple slides of photos and short
video clips) where physicists with different jobs explain what they do for a living,
what their physics background is and how it is useful. This series was created
for Instagram Stories in the spring of 2019, and was also published as videos on
Facebook. The idea behind the series was to showcase a selection of the many
interesting jobs one can get as a physicist.

“Min master” (“My master’s”) is a series of nine stories, where master
students are interviewed about their master’s project. This series was created
for Instagram Stories in the spring of 2020, and was also published as videos on
Facebook. The goal of the series was to recruit students to the master studies at
our department.

“Fysikkfavoritt” (“Physics favorite”) was a summer series during the pandemic
in 2020. Eleven physicists recorded a minute-long video themselves, about their
favorite topic in physics. The videos were published on Instagram and Facebook.

Finally, we created a series of nine stories where we interviewed scientists
about a particular topic, such as fission, quantum technology, and shape-memory
alloys. This series was published on Instagram Stories in the fall of 2020 and the
spring of 2021. The idea behind the series was to give more in-depth introductions
(but still popular science) to some interesting topics.

9.5 Other

“Fysikk pa biblioteket” (“Physics at the Library”) is a lecture series arranged at
the Science Library at the University of Oslo. During my Ph.D., I was part of
the team planning and arranging these lectures. In particular, I was in charge
of inviting Dr. Ben Still, author of the popular science book “Particle Physics
Brick by Brick”, who came and gave a lecture on particle physics in 2019: “How
to build a LEGO universe”. Other lectures related to particle physics include
“The journey to quantum gravity”| by Carlo Rovelli, “How beauty leads physics
astray” by Sabine Hossenfelder and “Emmy og symmetriene”| (“Emmy and the
symmetries”) by Anders Kvellestad.

In March 2018, Hilde and I organized the event “Pitch your Ph.D.” for the
Ph.D. fellows at the department, led by presentation coach Torunn Meyer. During
this event, the participants got tips and tricks on how to present their research
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in different situations, focusing on tools such as storytelling, body language,
variation and voice. They practiced presenting their own work and received
group feedback. The event lasted a full day. Approximately 30 Ph.D. and
postdoctoral fellows at the department participated, and gave the event good
feedback.

At the time of writing, “Writing Science” is a mandatory course for all
first-year master students at the department. In this course, the students learn
how to write about physics, and the aim is to help them write their master thesis
project plan before the December 1 deadline each year. When this course was
arranged for the first time back in 2018, it was a pilot project. The sessions were
then led by Asmund Eikenes, who designed the concept. My role was to follow
the sessions and write a report to the department summing up what worked well
and what could be improved. The following year, I was in charge of the course
from the department’s side. I had regular meetings with the five second-year
master students then leading the sessions, and also participated in some of the
sessions myself.

Every year, more than 13,000 high school students in more than 50 countries
take part in International Masterclasses 7 an initiative by the International
Particle Physics Outreach Group (IPPOG). Here, the students get hands-on
experience in particle physics by analyzing real data from different experiments,
including the four large LHC experiments. The program begins with lectures on
particle physics in general and on the methods used to analyze particle physics
data, before the students get to analyze data themselves. In Norway, the students
analyze open data from the ATLAS experiment , by following the so-called
“Z-path” , which was developed at the University of Oslo. I helped out as a
tutor in the hands-on sessions during the masterclasses at the University of Oslo
in 2018 and 2019.

9.6 Summary and outlook

This final chapter summarized the various communication, outreach and
recruitment activities I have taken part in during the course of this Ph.D.
People with a background in the natural sciences are needed more than ever, but
in Norway, the number of applications to science teacher education programs and
physics bachelor’s programs have been declining in recent years. Such activities
are therefore important.

I began by summarizing the Norwegian media visit to CERN in 2019, before
describing the different radio shows and podcasts I have visited. Then followed
a summary of the different outreach talks I have given at various events over
the years, as well as a description of the recruitment series Hilde and I have
produced for social media. Finally, other activities not fitting any of the above-
mentioned categories were listed, such as arranging the lecture series “Fysikk
pa biblioteket” (“Physics at the Library”) and helping out as a tutor in the
International Masterclasses.

Next year, in 2024, CERN celebrates 70 years. Many different events are
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planned to celebrate this anniversary, both at CERN and in the member states.
The goal is to ensure awareness of CERN and support for the organization’s
future. As CERN communication is part of my new job as administrative
coordinator for the Norwegian center for CERN-related research (NorCC), T will
be one of the contact persons for “CERN70” in Norway["]

Further, in the spring of 2022, before the start of LHC’s Run 3, Hilde and I
were planning a so-called virtual visit to the ATLAS experiment. This virtual
visit was canceled due to the pandemic, but we might come back to this idea.
If so, the visit will be organized in collaboration with the CERN press office.
The plan would be to send live with the Instagram account of the departmentm
with Hilde filming and me in front of the camera. We would start outside by
the Globe, explaining (in Norwegian) where we are and what the plan is, before
moving inside to the ATLAS Visitor Center and then underground to look at
the detector.

15Together with Hilde, who is Norway’s representative in the European Particle Physics
Communication Network (EPPCN).

16Instagram Live is a feature that lets you live stream or broadcast video to your Instagram
followers in real-time.
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Searching for chargino—neutralino pair production

The main topic of this thesis has been the search for supersymmetry, one of the
most popular theories for physics beyond the Standard Model of particle physics.
More specifically, the search for chargino—neutralino (;zf;zg) pair production
using the full Run 2 dataset of /s = 13 TeV proton-proton collisions collected
by the ATLAS detector at the Large Hadron Collider between 2015 and 2018.
This dataset corresponds to an integrated luminosity of 139 fb~1.

Work and results from two different analysis working groups within the
ATLAS Collaboration have been presented. First, this thesis presented a search
for chargino—neutralino pair production in final states with three leptons and
missing transverse momentum, resulting in Ref. . In this search, three
simplified-model scenarios of ﬁ;zg pair production were considered and analyzed
separately, referred to as the on-shell WZ analysis, the off-shell WZ analysis and
the Wh analysis. This thesis focused on the off-shell WZ analysis, for which three
different physics interpretations of the ;zf;zg search were considered, referred
to as the wino/bino (+) interpretation, the wino/bino (—) interpretation and
the higgsino interpretation. No significant deviations from Standard Model
predictions were seen for any of the interpretations, and the results were used
to set limits. Exclusion limits at 95% confidence level were presented for the
three-lepton off-shell WZ analysis alone, but also for statistical combinations of
the results for the three-lepton off-shell WZ analysis, the on-shell WZ analysis
and the compressed two-lepton analysis from Ref. . The obtained results
extend previous results by a large margin. For a pure higgsino fﬁ %3 scenario,
limits are set on )Zg masses up to 210 GeV. For a pure wino )Zli )2(2) scenario, limits
are set on Y9 masses up to 640 GeV for decays via on-shell W and Z bosons,
up to 300 GeV for decays via off-shell W and Z bosons, and up to 190 GeV for
decays via W and Standard Model Higgs bosons.

Second, this thesis presented a statistical combination of results from multiple
searches that all target production of a pure-wino ﬁxg pair decaying via W
and h bosons, but using different final states. Results from five different analyses
were combined: the 3L analysis (mentioned above as the Wh analysis), the
all-hadronic analysis 7 the 1Lbb analysis , the 2tau analysis
and the SS/3L analysis . The objective of such combinations is to extend
the sensitivity offered by each analysis alone. Projected onto the m(x</X3)
vs. m(xY) plane, the observed combined 95% CL exclusion contour extends
the contours for the individual analyses in the area near the kinematic limit
Am(X9,X9) = ms, but for large Y9 masses, it falls within the contour of the
best performing single analysis (all-hadronic), due to one of the other analyses
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experiencing an excess (1Lbb). This work is part of a larger effort on statistical
combinations of searches for electroweak supersymmetry, which at the time of
writing has a resulting paper in the pipeline.

Also two studies based on the three-lepton off-shell WZ analysis conducted
in preparation for future runs of the LHC have been presented. The first study
concerned the decision on the final ATLAS hardware trigger architecture for the
High-Luminosity LHC, where one of the options would allow for lowering the
offline BRI trigger threshold from 200-210 GeV to 160 GeV. The study, not
taking into account the extra luminosity of the HL-LHC and without a dedicated
reoptimization to make use of the additional low-EX events, showed that the
three-lepton off-shell WZ analysis would benefit materially from such a lowering.
In the region with low Am(%9,x?), the significance was improved by up to
30%. This region is of particular interest, as it can predict the observed relic
density of dark matter, and has not yet been excluded. In addition, this region
covers the sensitivity gap in parameter space found between the three-lepton
off-shell WZ analysis and the compressed two-lepton analysis. However, as
the trigger-architecture decision relied on many other factors, such as cost and
complexity, the ATLAS Collaboration ultimately decided to go for a different
option.

The second study concerned the new ATLAS derivation data format,
DAOD_PHYS. To save disk space, as many ATLAS analyses as possible
should move to using this new baseline format from Run 3 onwards. The
study, comparing distributions produced using the DAOD_PHYS format to
distributions produced using the Run 2 DAOD_SUSY?2 format, uncovered
an inconsistency in the trigger-matching procedure between the two formats,
affecting low-pr muons. This inconsistency was reported to the relevant
community within the collaboration.

In conclusion, no signs of electroweak supersymmetry have been observed in
the work presented in this thesis. However, there are exciting times ahead, with
the LHC experiments expecting more data and higher energies. Run 3 of the
LHC is currently ongoing, with a record-breaking collision energy of 13.6 TeV,
and the full Run 3 dataset is expected to be of similar size or larger than that
of Run 2. Further, the era of the High-Luminosity LHC is quickly approaching.
The HL-LHC is expected to operate at a collision energy up to 14 TeV and
to produce more than ten times more data than Run 2 and Run 3 combined.
With this new data we hope to extend the reach of supersymmetry searches
in the three-lepton channel with ATLAS, and to probe important parts of the
parameter space that have avoided current searches, such as the low Am(%9, ¥)
region, which can still accommodate a WIMP dark-matter candidate.

And telling people about it
This thesis has also summarized the various communication, outreach and

recruitment activities I have taken part in during the course of this Ph.D. My
ATLAS authorship qualification task was on the ATLAS@Home project, which
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in addition to making use of “free” computing resources serves as an outreach
project by letting the general public contribute to and feel part of the experiment.
My qualification task regarded enhancing the graphical interface developed for
ATLAS@Home. Other activities included organizing the Norwegian media visit
to CERN in 2019, giving outreach talks at different events, and producing social-
media series with the aim of recruiting students to the Department of Physics at
the University of Oslo.

In Norway, the number of applicants to science teacher programs and physics
bachelor’s programs have been declining in recent years. At the same time,
people with a background in the natural sciences are needed more than ever.
Outreach and recruitment activities are therefore an important investment in
the future.
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Appendix A

Acceptance and efficiency plots
and cutflows for the wino/bino (—)
and higgsino interpretations

Acceptance and efficiency plots for the wino/bino (+) interpretation were
shown in Figures and [p-14] in Section [5.7] Corresponding plots for the
wino/bino (—) and higgsino interpretations are shown in Figures and
and Figures and respectively.

Further, cutflows for the wino/bino (+) interpretation were shown in
Tables and in Section Corresponding cutflows for the
wino/bino (—) and higgsino interpretations are shown in Tables[A.1} [A.2]and [A.3]
and Tables [A4] [A75] and [A6] respectively.
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A. Acceptance and efficiency plots and cutflows for the wino/bino (—) and

higgsino interpretations
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Appendix B

Press resulting from the Norwegian
media visit to CERN in 2019

Section [0.] summarizes the two-day Norwegian media visit to CERN in October
2019. The below list summarizes the press resulting from the visit.

e titan.uio.no, |“Jobben hans er a lage flest mulig kollisjoner i CERN”
e titan.uio.no, “Studenter holder hjulene i gang i partikkelfysikkens Mekka”

e titan.uio.no, “Slik angriper de universets minste mysterier fra hver sin
kant”

o titan.uio.no, |“‘Gudepartikkelen’ higgs er ikke lenger like mystisk”

e titan.uio.no, “Hvilken elementaerpartikkel er du?”

e Under Dusken, “Studier ved CERN”

e Under Dusken, “Elementzrpartiklenes fjerne slektninger”

e Under Dusken, “Som a kollidere to naler pa 10 kilometers avstand”

o Teknisk Ukeblad, “Cern forkaster nesten alle kollisjonsdataene sine
Dermed kan ny vitenskap ga tapt” (behind pay-wall)

o Teknisk Ukeblad, “Til daglig prover Emma a forbedre kreftdiagnostikken|
Pa fritiden bokser hun mot Cern-toppene”

o forskning.no, “Bli med pa innsiden av CERN”
e Apollon, “De fant Guds partikkel. Na jakter de noe enda stgrre”

e Khrono, “De har den aller stgrste maskina. Na vil de bygge en som er fire
ganger stgrre. Bli med under bakken i Cern”

o NRK Ekko, Abels tarn (radio show), “CERN spesial — Eksisterer vi
egentlig?”
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https://forskning.no/cern-fysikk-partner/jobben-hans-er-a-lage-flest-mulig-kollisjoner-i-cern/1616784
https://forskning.no/biologi-cern-fysikk/studenter-holder-hjulene-i-gang-i-partikkelfysikkens-mekka/1598845
https://titan.uio.no/cern-fysikk/2020/slik-angriper-de-universets-minste-mysterier-fra-hver-sin-kant?fbclid=IwAR3aCqYezf4ytvpcNPjewJy3YoULkRRXLmgziEaLmxHSRi0uECWzfIecUVM
https://titan.uio.no/cern-fysikk/2020/slik-angriper-de-universets-minste-mysterier-fra-hver-sin-kant?fbclid=IwAR3aCqYezf4ytvpcNPjewJy3YoULkRRXLmgziEaLmxHSRi0uECWzfIecUVM
https://titan.uio.no/universet-naturvitenskap-teknologi/2019/gudepartikkelen-higgs-er-ikke-lenger-mystisk
https://titan.uio.no/universet-naturvitenskap-utdanning/2019/hvilken-elementaerpartikkel-er-du
https://underdusken.no/forskning-reportasje/studier-ved-cern/168907
https://underdusken.no/forskning/elementaerpartiklenes-fjerne-slektninger/167358?fbclid=IwAR0V4r-cqTOjXLTVSjNaN-jYkLRNLy24aSbVDLz2yFDXhxsxnF-e9vB_m_s
https://underdusken.no/cern/som-a-kollidere-to-naler-pa-ti-kilometers-avstand/167007
https://www.tu.no/artikler/cern-forkaster-nesten-alle-kollisjonsdataene-sine-dermed-kan-ny-vitenskap-ga-tapt/479019
https://www.tu.no/artikler/cern-forkaster-nesten-alle-kollisjonsdataene-sine-dermed-kan-ny-vitenskap-ga-tapt/479019
https://www.tu.no/artikler/til-daglig-prover-emma-a-forbedre-kreftdiagnostikken-pa-fritiden-bokser-hun-mot-cern-toppene-br/478195
https://www.tu.no/artikler/til-daglig-prover-emma-a-forbedre-kreftdiagnostikken-pa-fritiden-bokser-hun-mot-cern-toppene-br/478195
https://forskning.no/fysikk-teknologi/bli-med-pa-innsiden-av-cern/1584036
https://www.apollon.uio.no/artikler/2020/cern.html
https://khrono.no/cern-forskning-fysikk/de-har-den-aller-storste-maskina-na-vil-de-bygge-en-som-er-fire-ganger-storre-bli-med-under-bakken-i-cern/414520?fbclid=IwAR2Q6rIjDFKSdhWQy_QIk6hrA0qJdkbtYAx50_C89KlG8kQqTx8NJFCTp2A
https://khrono.no/cern-forskning-fysikk/de-har-den-aller-storste-maskina-na-vil-de-bygge-en-som-er-fire-ganger-storre-bli-med-under-bakken-i-cern/414520?fbclid=IwAR2Q6rIjDFKSdhWQy_QIk6hrA0qJdkbtYAx50_C89KlG8kQqTx8NJFCTp2A
https://radio.nrk.no/podkast/abels_taarn/sesong/201912/l_e2750b5d-5b3c-4ea6-b50b-5d5b3c5ea634
https://radio.nrk.no/podkast/abels_taarn/sesong/201912/l_e2750b5d-5b3c-4ea6-b50b-5d5b3c5ea634
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