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Abstract

This PhD thesis has taken up various aspects in experimental particle
physics by analyzing the first data of the ATLAS detector. The main sub-
ject of the thesis is the production cross section measurement of the ZZ
process at /s = 7 TeV of proton-proton collisions. In order to study this,
the author has contributed to various topics, such as detector related issues,

the study of standard candle processes and Monte Carlo studies.

In specific, this thesis presents a detailed study for the improvement of the
hit position and peaking time resolution of the CSCs with 0.6% and 0.4%

relative errors respectively.

This thesis has also contributed to the first Z inclusive cross section mea-
surement at /s = 7 TeV, by analyzing the first 316 nb~! of data recorded
by the ATLAS detector. The Z — £¢ cross section measurement is used as
a standard candle for detector performance assessment as well as for the
tuning of theoretical predictions at the new energy regime. The fiducial

and total cross sections have been found to be:

o, . = 0.3340.04(stat) + 0.03 (syst) =+ 0.04 (lumi) nb
o = 0.7540.09 (stat) +0.08 (syst) £0.08 (lumi) nb.

and are in agreement with the Standard Model NNLO predictions of 0.96+0.05
nb.

This thesis studies the ZZ — 4f process and completes the analysis with

the first 1 fb~1. The fiducial and total cross section were determined to be:



. 0.9 0.9 :
Oy eri-ere- = 194753 (stat) 157 (syst) Zgg (lumi) fb

oy = 85727 (stat) T93 (syst) £0.3 (lumi) pb.

and are statistically consistent with the SM NLO total cross section of
6.570:5 pb.

Finally, the current thesis seacrhes for doubly charged Higgs bosons and
the Randal-Sundrum Graviton in the same final states as in the 22 — 44
analysis. In the former, an upper limit on the fiducial cross section of four
lepton production has been set at 4.7 fb and in the graviton case, an upper
limit on the production cross section of ZZ pairs from high mass resonances
was established, within the fiducial region, at 0.92 pb. The observed and
expected 95% C.L. lower limit on the mass of the graviton is Mg > 575
GeV.



ITepiAndm

To xupleg Véua Tou dduxTopixol autol elvar 1 u€tenon Tng evepyol BlUTOUNC
e mapaywyhc Ledyoug unoloviowv Z oe evépyela xévipou udloc /s = 7
TeV, avordovtog ta mpwmTa 0edopéva Tou ATAAS. Tor vo emiteuydel autdc o
GTOY0G, 0 CLYYEAUPENS EYEL xaTamac Tel Ue Btdpopa VEUaTa TNG TELAUUXTIXNG
puoxic LPnhwv evepyewdv. Ihio cuyxexpwéva, €yer aoyohndel pe teyvind
VéuoTar TOL APOPOLY TOV (B0 TOV AVLYVEUTT, €YEL UEAETHOEL T1) OLadixacior TOU
Kodepwuévou Ipotimou nou anoterel xAeldl 6T PETETEITA OLEPELVHOELS TOU
xan perétnoe eCovuytotxd Monte Carlo Selypato yio tnv xatavonon t1éco tne

oLadxaotag Tou Tov anacyohel 660 xou Tou LTofBddpou ToL TNY GUVOBEVEL.

O ouyypagéag cuypeTelye evepyd oTny ouddo mou etvon LedYuvVY Yo TNV
Aertovpylor xou amédooT tou aviyveutr| ‘Kododuxol Oourduor Muxpolwplidwy’,
omou xat doVvAede Yoo TN Bertinon tng pétenone e Yéong Twv uioviwy xat

Tou YpedVou oMoUnong Twv Nhexteoviwy avarbovtog dedopéva and tov LHC.

Q¢ evepyd péhog g opddag Tou ATAAS Tou YeheTd TiC dtadasieg Tou Koe-
ewuévou Ilpotimou cuypeteiye oe dudpopeg avarboeic. Mia amd Tic o xlpleg
Aoy 1 HETENOT TNE EvepYOoL Slatoung TNg mapaywyhe Z uroloviny avahboviag
Ta TEMTo dedouéva Tou elyay xotaypoagel and To melpayo ATAAS, pétenon n
omola tporypotoToldTay Yl ety @opd ot /s = 7 TeV. H pelétn tne dodL-
xaciog authic anoteloloe xaiplo onuelo yio Ti¢ uEAETES TTOL VoL ETOVTAV Yid T

uétenon tng evepyoL datourc {evyoug Z unoloviwy.

O ouyypapéoc xatd Tn Sidpxeia TOU BLOAXTOELXOL TOU CUUUETELYE O OAEC TIC
@pdoelc e peAéTng tou Cebdyoug Z umoloviey, EeXvOVTag and PEAETEC OF
Monte Carlo uéypet xan tnv teheutaio donpocicuon. Kota tn didpxeia tov ye-
Aetwv oe Monte Carlo eninedo, avéntule alyderduo yioa tnv aviyvevon 22

urolovionv dapéoou twy dondoewy touc ot téooepa Aentovia, £ Z — LU0



xat BeATioToTONCE Tol XELTHPLaL ETAOYAC Yo TNV XoA0TERN avddelln tne Olo-
owaoctiog authc. Me tnv xatoypagr Tou 1 b1 0edoUEvwY amd Tov ATAAT,
ATy TAEOV BLVATH 1) MEAETN TN Oladxaciog auTNg O EMIMEDO TEOYUUTIXGY
OeBOUEVOY. 2TIC UEAETEC QUTES BLUBEOUATNOE ONUAVTIXG PORO OTIOU XaL EPEQE
EIC MépOS TIC oxohouleg umoypewoel: Beltiotonolnoe ta xpithpia emAOYHC
NS avdhuong, perétnoe xou eENYNOE TG BLUPORES TOU TOEATNEOVVTOY UETUED
dedouévev xon Monte Carlo otic xatavopés tne avorholwtng pdlag twv dlo-
duaotdy Z — ee/pp, YENETNOE ToL CUOTNUATIXG OQIAIOTO TOL ETNEEGLOUV
N UETENON TNS EVERYOUL BlaToUhC, UEAETNOE To uTOBotpo Tng Sadixactiog xou
TENOG UETENOE TNV EVERYO BLoToUY). APXETE omd Tl XOUUATLOL TOU SLBAXTORIXOY
autol elvon xalpLog onuactog Yot TNy avdhucn Tou oxohoVUNCE GT0 £ Z XoVAAL
Yenowonoluwvtac OAn T Séoiun otatioTixy tou 2011, dnwg enlong xdmola
dAhoL xoupdTior Yo umopoloay Vo Yenotlotoinloly ot TEMXES XATAC TACELS UE

TEOOEPA AETTOVLOL YEVIXOTEQROL.

Emnpoéoieta, o cuyypapéac cUUETELYE OTIC EPELVEC YLl YXEAUBITOVIO Xou SLTAL
popTiouéva prolovia Higgs péow twv SlaoTdoewy ToUC O TEGOERA AETTOVLAL.
Ot perétec autéc Baolotnxay otny avdhuon tng dradactag ZZ — 4L, xodng
potpdlovtan TiC Bleg Tehixéc xatactdoelc. To anmotedéopota aUTOV TWV &-

eeLVHY oulnTolvTaL ETIGNEC GTO BLBUXTOPIXG QUTO.



TNV ayamnUéEVY Lou yuvaixa, Movixa

oty xoen poc, Optdva



Acknowledgements

There are so many people to whom I owe a great thank you!

Dear Professor Chara Petridou! I still remember our first appointment
four years ago, entering the seminar room and getting prepared for the
usual presentation-interview, in order to join the PhD program offered by
the Physics department. That was the moment I first observed the in-
timacy towards your students as well as your unique way of approaching
them. Your friendliness and gentle character helped me quickly adapt in
the AUTh group. You were always willing to provide answers to my nu-
merous questions and spend hours explaining physics aspects to me. Your
excellent guidance played a crucial part towards my incorporation in the
Standard Model Working Group of ATLAS. Your strongly driven personal-
ity and fearless attitude towards work along with your active participation
in the ongoing searces for new discoveries in your field constitute an endless
source of inspiration for the students and the people around you. I will
never forget how much you supported and encouraged me in the Summer
of 2011, working day and night in your office at CERN for the publication
of the first ZZ paper of the ATLAS experiment. You will always be my

mentor! Thank you for everything.

Assistant Professor Dimos Sapmsonidis. I would like to thank you for show-
ing trust in me during my start up as a PhD student. Working with you, I
learned to be patient and calm. Your attitude towards life taught me how
to be a real gentleman. The beautiful moments spent with your family will

always have their place in my heart.

Lecturer Kostas Kordas. Two years working with you were more than
enough to understand how much trustworthy and hard working person you

are. Your advices during those years were invaluable. I was lucky to have



your support in the tough years of my PhD. Always keeping good spirits,
your sense of humour made the office atmosphere a lot more pleasant, giving

us more strength and courage. I have never met a more cheerful person.

Dr Ven Polychronakos for the time devoted to me explaining me the Cathod
Strip Chambers (CSCs) of the ATLAS detector and also for the fruitful
discussions we had during group meetings. For sure I have learned a lot of

interesting and important detector issues.

Dr Kostas Nikolopoulos for his willingness to help me in my first steps work-
ing for the CSCs. Of course, I will never forget the productive discussions
in building 40 and your invitation to the Higgs Workshop held in Athens
to present the results of the ZZ paper. Apart from work, I will keep the
beautiful discussions during the coffee breaks at building 54 and the nights

out. I am sure that I made a real friend whom I can count on.

Dr. Ilektra Christidi for all the help and support provided to me in the first
year of my PhD. Sharing your knowledge on Particle Physics and C + +
programming language topics provided me with the necessary information
and tools needed in the upcoming years. I recall our outbreaks when sharing

the office at building 54.

The people from the ZZ group and especially Dr Shih-Chieh Hsu for his
leadership and guidance as well as for the effective discussions providing me

with smart ideas and solutions for physics and programming.
Dr Daniel Whiteson for his invitation to join the Exotics paper.

Dr Dinos Bachas and Dr Christos Anastopoulos for their input in the start

up of my PhD, especially concerning programming language issues.

Dr. Mohamed Acharouche for the constructive discussions during my par-

ticipation in the Z inclusive publication.

My colleagues from University Yianni Nomidi (the cool), Dimitri Iliadi (the
open-minded) and Vasiliki Kouskoura (the saint woman). Johnny thank
you very much for your hospitality, our cohabitation was really enjoyable.
I will always call to mind the beautiful discussions and the spontaneous

music breaks, you really have a talent. Dimitris for the discussions on any



hot topic during coffee breaks. Vaso for volunteering to work on any subject

and helping the people around her.

Dr Zinonas Zinonos, my classmate during our Master studies, and his wife
Louiza Zinonos for their great friendship and hospitality, the beautiful pic-

nics and nights out.

My previous supervisor Professor Panos Razis for his recommendations to
Professor Chara Petridou as well as Associate Professor Fotis Ptochos for

his ability to trigger the young minds.

My parents George and Niove Petridis for their unconditional love and en-
couragement especially during hard times. Thank you very much for the
economic support and trust in me during my studies. Euyopiotd ntatépa tou
e éompwéeg va Eexwvrion To didaxtopxd. Yiannoula Diomidous, my beloved
grandmother, for her endless love and her economic support during the last
year of my PhD! My sister Yiannoula Tziambazi and her husband Christos
Tziambazis for the beautiful nights out at unique restaurants. Their five

year old son Giorgos for taking me back to my childhood.

My friends outside CERN for their pure friendship: Dr Aris Kleanthous
and Maria Kleanthous, Dimitris Christofidis and Eleni Andreou, Dr George
Panayi and Vicky Panayi, Dr Yiannis Pantziaras and Dr Louiza Pantziara,
Stefanos Sofroniou and Guste Sofroniou, and Stella Paphitou . You really
are my closest friends and the people I can count on for life! Apologies if I

sometimes exceeded the limits by talking too much about physics.

Finally, I would like to say a very big thank you to my beautiful wife Monika
Petridou! I owe to you so many thanks, for your love, your encouragement,
your caring, your forbearance listening to me talking about physics and your
endurance these four years! You have been my private teacher, reading and
correcting my PhD. Thank you once again for giving birth to our newborn
child, the most excting time in my lifetime. Being with you makes me

stronger. This PhD thesis is dedicated to you and to our newborn child!



Contents

List of Figures il
List of Tables xvil
Glossary Xixl
1 Introduction [l
2 Motivation
2.1 Zinclusive production . . . . . . . . ... ... e
2.2 77 diboson production . . . . . ... Lo §
2.3 New physics searches with four leptons in the final state . . . . . . . .. 8]
Bibliography
3 The Large Hadron Collider o7
3.1 Introduction . . . . . . . . . . . . ... I
3.2 Protons’ journey and LHC designed parameters . . . . .. ... .. ... 17
3.3 LHC luminosity . . . . . . . . . . . 191
3.3.1 Performance limitations . . . . . ... ... ... .. ....... 23]

3.3.2  Luminosity lifetime . . . . . . . .. ... o oL 24

3.4 The LHC experiments . . . . . . .. .. ... ... .. ... . ...... 20
Bibliography 28
4 The ATLAS detector 29
4.1 The coordinate system . . . . . . . .. ... o 30
4.2 ATLAS sub-detectors . . . . . . . .. ... 321



CONTENTS

4.2.1 The Inner Detector . . . . . . . . . . ... ..
4.2.1.1 Pixel Detector . . . . .. . . ... ... ... .. ..

4.2.1.2 Semiconductor Tracker . . . . . . ... ... ... ...

4.2.1.3 Transition Radiation Tracker . . . . . . . . . . .. ...

4.2.2 Calorimeters . . . . . . . . s

4.2.2.1 The electromagnetic calorimeter . . . . ... .. .. ..

4.2.2.2 The Hadronic calorimeter . . . . . . . . . .. ... ...

4.2.2.3 Forward Calorimeter . . . . . . . . . . . ... .. ....

4.2.3 The Muon spectrometer . . . . . . . . ... ... ... ..

4.2.3.1 Monitor drift tube chambers . . . . .. ... ... ...
4.2.3.2 Cathode Strip Chambers . . . . ... .. ... .....
4.2.3.3 Resistive Plate Chambers . . . . . . . ... ... .. ..
4.2.3.4 Thin Gap Chambers . . . . . . . ... ... ... ....
4.2.4 The Magnet System . . . . ... ... .. L.
4.24.1 Central solenoid . . . ... ... ... ... ...,
4.24.2 Aircoretoroid . . . . ... ..

4.2.5 The trigger system . . . . .. ..o o

Bibliography

5 The Cathode Strip Chambers of the ATLAS experiment

5.1 Introduction . . . . . . . . . ..

5.2  Multiwire proportional chambers . . . . . . . . .. ... ... ... ...

5.3 Layout of the CSC subdetector . . . . . ... ... ... ... ......

5.3.1 Readout electronics . . . . . . . . ..

5.4 Signal sampling . . . . . . ... L

5.4.1 Time and position correction functions . . . . . . ... ... ...

5.4.2 Peaking time correction function . . . . .. .. ... ... ..

5.4.3 Correction function of the position . . . . . . ... ... ... ..

5.5 Summary

Bibliography

vi



CONTENTS

6 Testing the ATLAS detector with early data delivered from LHC

using Z/v* — {l events 73l
6.1 Introduction . . . . . . . . . ... 73l
6.2 Data and Monte Carlo samples . . . . . . .. ... ... ... ...... 74
6.2.1 Collisiondata . . . . . . . . . .. 74
6.2.2 Simulated Monte Carlo samples . . . . . . ... ... ... .... 4

6.3 Electron Reconstruction and identification . . . . . . . . ... ... ... [75]
6.3.1 Trigger requirement . . . . . . ... ... irds\
6.3.2 Electron algorithm description . . . . ... ... ... ... ...
6.3.3 Problematic regions of the calorimenter . . . . .. ... .. ... 78

6.4 Pile-up effects event reweighting . . . . . . .. .. ... ... .. 78
6.5 Event Selection . . . . . . . ... ... 79l
6.6 The correction factor Cz and the acceptance Az . . . . ... ... ... 0]
6.7 Results. . . . . . .
6.7.1 Candidates list . . . . . . . ... ...
6.7.2 Kinematic distributions . . . . . ... ... R4l

6.8 Background Estimation in the Z/v* — ee inclusive channel . . . . . ..
6.9 Cross section measurement . . . . . . .. ... R
6.9.1 Fiducial cross section . . . . . . ... ... L. BT
6.9.2 Total cross section . . . . . ... .. BT

6.10 Summary . . . . ... L 88
Bibliography

7 Measurement of the ZZ production cross section at /s =7 TeV with

the ATLAS detector 911
7.1 Introduction . . . . . . . . . .. [OT]
7.2 Datasamples . . . . . .. 92
7.2.1 Data 2011 . . . . . . .o 92
7.2.2 Monte Carlosamples . . . . . . ... ... ... L. 92]
7.3 Cross section definition . . . . . . . . . ... Lo Lo oL 93
7.4 Signal Monte Carlo correction . . . . . . . . . ... .. ... ....... 94
7.5 Selection criteria in the ZZ — 4¢ process . . . . . . . . ... ... ... 941
7.5.1 Event selection . . . . . ... ... oo 951

vii



CONTENTS

7.6
7.7

7.8

7.5.2 Object preselection . . . . . . . ... ... L
7.5.3 Selection requirements on the ZZ system . .. ... ... ....
Performance studies using single Z — ee/up events. . . . . . . ... ..
Background estimation . . . . . ... ... L L
7.7.1 Methodology . . . . . . . ... ...

7.7.1.1  Fake factor calculation for electron objects . . . . . ..

7.7.1.2  Fake factor calculation for muon objects . . . . . . . ..
7.7.2 Background calculation . . .. ... ... ... 0 L.
7.7.3 Statistical and systematic uncertainties in background estimation
Systematic uncertainties in the cross section measurement . . . . . . . .

7.8.1 Electron systematic uncertainties . . . . . . . . ... ... L.

7.8.2 Muon systematic uncertainties . . . . .. ..o

7.8.3 Summary of systematic uncertainties . . . . . . ... ...

7.9 Results. . . . . .

7.10 Kinematic distributions . . . . . ... ... ... oL

7.11 Signal significance . . . . . . . .. ... L L

7.11.1 Likelihood of features in observation . . . . .. ... .. ... ..

7.12 Cross section calculation . . . . . ... ... ... 0oL

7.12.1 Definition of the reconstruction efficiency . . ... ... ... ..

7.12.2 Definition of the acceptance . . . . . . .. ... ... ...

7.12.3 Reconstruction and Acceptance Values . . . . . . ... ... ...

7.12.4 Cross section measurement . . . . . . . .. ... ... ... ...

7.12.4.1 Fiducial cross section measurement . . . ... ... ..

7.12.5 Total cross section measurement . . . . .. ... ... ... ...

713 Summary . . ...

Bibliography

8 Searches for new physics with 4 charged leptons in the final state

8.1 Imtroduction . . . . . . . . . ...

8.2 Datasamples and event reconstruction . . . . ... ... ... ... ...

8.3
8.4
8.5

Event selection . . . . . . ...
Background estimation . . . . . ... ... L L

Background validation . . . . . .. ... ... ... . L

viii

1106
TK]
109
1110



CONTENTS

8.6 Statistical Interpretation . . . . . . .. ... ... oL 142
8.6.1 Pseudoexperiment generation for doubly charged Higgs bosons

and RS Graviton . . . . . . . ... ...

8.7 Limit extraction for new physics beyond the ZZ channel . . . . . . . .. 47

8.7.1 Searches for Doubly charged Higgs . . . . . ... ... ... ... 47

8.7.2 Limits on doubly charged Higgs production . . . . .. ... ... 149

8.7.3 Gravitonsearches. . . . . . . .. ... L L 511

8.7.4 Limits on Gravitons . . . . . ... ... ... ... ... ...

8.8 Conclusions . . . . . . . . . e

Bibliography 157

9 Summary and conclusions [159]

A Monte Carlo studies of the ZZ* — 4¢ production at /s = 10 TeV  [162

A1 Introduction . . . . . . . . . ... 162
A2 Datasamples . . . . . ... 162
A.3 Object reconstruction . . . . . . . . . ... 163l
A3.1 Electrons . . . . . . ... 163]

AB3.2 Muons . . . ... 163

A4 Selection Criteria . . . . . . . . .. 164
A5 Trigger requirement . . . . . . . ... 160l
A.6 Tagand probe method . . . . . . ... ... .. L. 167
A.6.1 Reconstruction and identification efficiencies of electrons . . . . . 167

A.6.2 Reconstruction efficiencies of muons . . . . . ... ... ... .. 172

A7 Background . . . . . ... 173l
A8 Results. . . . . . . e 74
A9 Summary . ..o 176l
Bibliography [180]
B Historical retrospective of Particle Physics I8Tl
C Monte Carlo samples 185]

C.1 Monte Carlo samples used in the ZZ — 4¢ production cross section

measurement . . ... . L L L. e e e e e e e e e e e e e e e e 180l

ix



CONTENTS

D Mis-assignment studies in the ZZ — 4/ channel 190]

E Comparison between the selection criteria used in the ZZ — 4/ anal-

ysis and the searches for H — ZZ* — 4/ 198]
F Event Displays of the ZZ — 4] candidates 204
G Kinematic distributions of the ZZ — 4/ candidates 217
G.1 Kinematic Distributions of the ZZ — 4e channel . . . . . ... ... .. 217
G.2 Kinematic Distributions of the ZZ — 4y channel . . . . . . ... .. .. 220
G.3 Kinematic Distributions of the ZZ — 2e2u channel . . . . . . . . .. .. 220



List of Figures

2.1
2.2
2.3
2.4
2.5
2.6

3.1
3.2
3.3
3.4

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10

4.11
4.12

The leading order Z production mechanism. . . . . . . . ... ... ...
The leading order ZZ production mechanisms. . . . ... ... ... ..
Lowest order Feynman diagram for ZZ — 4l decaying to 4l channel.

The next-to-next to leding order ZZ production mechanisms. . . . . . .
Feynman diagrams for pair production of doubly-charged Higgs bosons .

Feynman diagram for a Randal-Sundrum Graviton production. . . . . .

A superconducting dipole magnet of the LHC. . . . . . . ... ... ...
Integrated luminosity until July 2011. . . . ... ... ... ... ....
Cross sections for various physics processes. . . . . . . . ... .. .. ..

Example of a collision with 11 pileup vertices. . . . . . . . . . .. .. ..

Pseudorapidity values of different polar angles. . . . . .. ... ... ..
A layout of the ATLAS detector . . . . . . . .. ... ... ... .....
A three-dimensional cutaway view of the layout of the Inner Detector. .
Position of the structural elements of the ID. . . . . .. ... ... ...
Cut-away view of the ATLAS calorimeter system. . . . . . ... ... ..
Sketch of a barrel modeul of the electromagnetic calorimeter. . . . . . .
The hadronic calorimeter of the ATLAS experiment. . . . . . . . . .. ..
Cut-away view of the ATLAS muon spectrometer. . . . . . . .. ... ..
Sketch of a MDT chamber. . . . .. ... ... ... .. .........
Cross-section through the upper part of the barrel with the RPC’s marked
in blue and pink colour. . . . . .. ...
Sketch of an RPC layer. . . . . . .. ... ... .. .. .. ...
Sketch of a TGC layer. . . . . . . . . . . ... ...

xi



LIST OF FIGURES

4.13 The hadronic calorimeter of the ATLAS experiment. . . . . . . . . .. .. [406]

4.14 Overview of the ATLAS trigger system. . . . . . . . .. ... .. ... .. B

5.1 Event fraction of the ZZ®*) — 4y process for different detector acceptances.

5.2 A schematic structure of a single CSC layer. . . . . . . . ... ... ...
5.3 Operation principle of multi-wire proportional chambers . . . . . .. .. 5%
5.4 Example of a cluster formation in the precision cathode. . . . . . . . .. B0l
5.5 Hit position of data recorded from CSCs. . . . . ... ... ... .... 51
5.6 Parabola and bipolar fit on the four samples . . . . . . . ... ... ... 60l
5.7 Clock comparison between RODs and LHC beam crossing. . . . . . . . . 60
5.8 Charge distributions of the four consecutive time samples . . . . . . .. 61
5.9 Peaking time distributions after parabola fit. . . . ... ... ... ... 6T
5.10 The bipolar pulse shape. . . . . . . . .. .. ... oL 62]
5.11 Peaking time distributions after bioplar fit. . . . . ... ... ... ... 63]
5.12 Bipolar vs Parabola peaking times. . . . . . . .. ... ... ....... [65]
513 Toy MCresults . . . . . . . . . 66]
5.14 Relative peaking time errors . . . . . . . .. .. ... 66!
5.15 Corrected peaking time distributions . . . . . . ... .. ... ... 67]
5.16 Position correction function for different amplitudes. . . . . . . . . . .. 68]
5.17 Position correction function. . . . . . . .. ..o oL 68
5.18 Corrected amplitude distributions. . . . . . .. ... ... ... .. 69]
5.19 Relative amplitude errors . . . . . . . . . . . ... )
6.1 Kinematic distributions of the Z/y* — ee candiates at 316 nb=1. . . . . [&4
7.1 Fiducial cross section for ZZ — 4¢ as a function of the ZZ mass . . .. [0F
7.2 Cone opening around lepton’s track to measure the track isolation. . . . [O7
7.3 Track isolation efficiencies for the electron channel. . . . . . . . ... .. O8]
7.4 Track isolation efficiencies for the muon channel. . . . . . . . .. .. .. 98]
7.5 Number of Vertices per bunch crossing. . . . ... ... ... ... ... 102
7.6 Invariant mass distribution of Z candidates. . . . . . . .. ... ... .. 103
7.7 Electrons fake factor - F'F, . . . . . . . . . . . ... 105
7.8 Comparison of F'F, in dataand MC. . . . . . . ... ... ... ..... 106
7.9 Muons fake factor - F'F, . . . ... ... ... 107

xil



LIST OF FIGURES

7.10
7.11
7.12

7.13

7.14

7.15
7.16
7.17
7.18

7.19
7.20
7.21

8.1
8.2
8.3
8.4
8.5
8.6
8.7

Al

A2

A3

A4

Comparison of F'F), in data and MC. . . . . . ... ... ... .. .... 108}
Kinematic distributions of the ZZ system . . . .. .. ... ... .... 117
Invariant mass of the leading lepton pair versus the mass of the sublead-

ing lepton pair. . . . . . ... I
Transverse momentum of the Z candidates versus the angle of the two

leptons forming the pair. . . . . . . . . . .. ... ... ... 118
Invariant mass and transverse momentum distributions of leading and

subleading pairs. . . . . . .. L L Lo 119l
Kinematic distributions of the four lepton candidates . . . . . . ... .. 1201
Pseudorapidity distributions of the four leptons, py ordered. . . . . . . . 211
Transverse momentum distributions of the four leptons, pr ordered. . . [122
Single resonant diagrams to gg — (Z/7*)(Z/v*) — 00’0 with the ex-

change of Z/~*. . . . . . 123]
Single resonant diagrams. . . . . . . ... Lo 128]
Fiducial cross-section profile likelihood. . . . . . . . ... ... ... .. 371
Total cross-section profile likelihood at £ = 1.02 fb=t. . ... .. .. .. 133
Example of a Log-Likelihood Ratio . . . . . . ... ... ... ...... 143]
Distribuitons of the pseudo-experiments in the non-ZZ search. . . . .. [1406]
Distribuitons of the pseudo-experiments in the G — ZZ search. . . . . . 146l
Fisrt dilepton pair mass in the non-ZZ searches. . . . . . .. ... ... 1501
Exclusion limits of doubly charged Higgs. . . . .. .. ... ... .... 1511
Invariant mass of the selected 4¢ candidates. . . . . . . . . .. ... ... [153]
Exclusion limits in the RS Graviton searches. . . . . . .. ... ... .. 1561

Electron reconstruction efficiencies versus pr (left), n (middle) and ¢

(right) at /s =10TeV. . . . . ... ... oo 1701
Loose electron identification efficiencies versus pr (left), n (middle) and
¢ (right) at /s =10TeV. . . . . .. .. [zal
Medium electron identification efficiencies versus pp (left), n (middle)
and ¢ (right) at /s =10TeV. . ... ... . ... .. ... .. ..., ival
Tight electron identification efficiencies versus pr (left), n (middle) and
¢ (right) at /s =10TeV. . . . . .. .. [Tl

xiii



LIST OF FIGURES

A.5 Muon reconstruction efficiencies versus pr (left), n (middle) and ¢ (right)

at /s =10TeV. . . . . . 1731
A.6 Invariant mass distributions of Z; (left) and Zs (right) of the 4e channel

at /s =10TeV. . . . . . 1761
A.7 Invariant mass distributions of the 4e system at /s = 10 TeV. . . . .. 177
A.8 Invariant mass distributions of Z; (left) and Z5 (right) of the 4x channel

at /5 = 10 TeV. o oot 77
A.9 Invariant mass distributions of the 4u system at /s = 10 TeV. . . . . . 178
A.10 Invariant mass distributions of Z; (left) and Zs (right) of the 2e2y chan-

nelat /s =10TeV. . . . . ... . 178l
A.11 Invariant mass distributions of the 2e2u system at /s = 10 TeV. . . . . 179
D.1 Mis-assignment Method 1 ZZ —4e . . .. .. ... ... ... ..... 191
D.2 Mis-assignment study Method 1 ZZ —4p . . . . . . .. .. ... ... 192
D.3 Mis-assignment study ZZ — 4e, Method 2. . . . . .. ... ... . ... 193
D.4 Mis-assignment study ZZ — 4u, Method 2 . . . . . . ... ... ... 194
D.5 Mis-assignment study ZZ — 4e, Method 4. . . . . . . ... ... .... 196
D.6 Mis-assignment study ZZ — 4e, Method 4. . . . . . .. ... ... ... 197
F.1 Event display of Run 183216 . . . . . . . . . . .. ... ... ......
F.2 Event display of Run 184022 . . . . . . . ... .. ... ... ...... 206l
F.3 Event display of Run 183003 . . . . . .. . ... ... ... ....... 207
F.4 Event display of Run 183003 . . . . . . . . .. ... ... ... .....
F.5 Event display of Run 183426 . . . . . . . . ... ... ... ....... 209
F.6 Event display of Run 183391 . . . . . . ... ... ... ... ...... 210
F.7 Event display of Run 182284 . . . . . . .. .. ... ... ... ..... 211
F.8 Event display of Run 182766 . . . . . . . ... ... ... ... .....
F.9 Event display of Run 182486 . . . . . . . . ... ... ... ....... 213
F.10 Event display of Run 184130 . . . . . . . . .. . ... ... ... .... 214
F.11 Event display of Run 182747 . . . . . . . . . . . ... .. ... .....
F.12 Event display of Run 183462 . . . . . . . ... .. ... ... ...... 216l
G.1 Kinematic distributions of the ZZ — 4e system . . . . . ... ... ... 217

G.2 Kinematic distributions of leading and subleading pairs of the 4e channel

xiv



LIST OF FIGURES

G.3
G4
G.5
G.6
G.7
G.8
G.9

Kinematic distributions of the 4e candidates . . . . . . . . . ... .. .. 2719
Kinematic distributions of the ZZ — 4y system . . . . . . . .. ... .. 2201
Kinematic distributions of leading and subleading pairs of the 4y channel 22]]
Kinematic distributions of the 4y candidates . . . . . .. ... ... .. 222
Kinematic distributions of the ZZ — 2e2u system . . . . . . . ... .. 223]

Kinematic distributions of leading and subleading pairs of the 2e2u channel224]
Kinematic distributions of the 2e2u candidates . . . . . . ... ... .. 2251

XV



List of Tables

3.1 LHC parameters. . . . . . . . . . . L e 19
5.1 ATLAS CSC parameters . . . . . . . . . . . o v v vttt 5%
5.2 Samples used for the construction of the correction functions. . . . . . . 64]
6.1 Data used in the Z inclusive studies . . . . . ... .. ... ... .... 4
6.2 MC samples used in the Z — ee inclusive studies . . . . . . .. ... .. [75]
6.3 MC event weights due to pile-up for the Z inclusive measuremet . . . . [
6.4 Series of the selection cuts applied for the detection of Z — ee candidates. B0
6.5 Breakdown of the systematic uncertainties. . . . . . .. ... ... ... 8]
6.6 Summary of the Az and Cy values . . . . . .. ... ... ... ..... BTl
6.7 Z/y" - eecandidates list. . . . . ... ..o Lo oL R4
6.8 Number of opposite-sign and same-sign events with loose electron pairs. [0l
6.9 Expected number of background events in the Z — ee signal region. . . [RT]
7.1 PYTHIA ZZ MCsample. . . . . . . . .. ... i Q2]
7.2 ZZ — 40 selection criteria . . . . . . . . .. ... 100
7.3 Summary of requirements for selected electrons and electron-like jets. . [T04
7.4 Summary of requirements for selected muons and muon-like jets. . . . . [106
7.5 Background estimation in the ZZ — 4¢ channel . . . . . . . . ... ... 10
7.6 Systematic uncertainties of the electrons objects entering the ZZ analysidI12]
7.7 Systematic uncertainties of muon objects entering the ZZ analysis . . . [13
7.8 Summary of systematic uncertainties . . . . . . . ... ... 114
7.9 List of ZZ candidates . . . . . . . . .. ... ...
7.10 Comparison of observed and expected events . . . . ... ... ... ..
7.11 Summary of significance studies . . . . . . . . ... ... ... L.

xXVi



LIST OF TABLES

7.12
7.13
7.14
7.15
7.16
7.17

8.1
8.2

8.3

8.4
8.5
8.6

Al
A2
A3
A4
A5
A6

C.1
C.2
C4
C.3

E1

Correction factor and acceptance corrections per channel. . . . . . . .. [129]

Comparison of the correction factor Czz, between PYTHIA and MCQNLO[I29

Relative uncertainties of the cross-section measurement. . . . . . . . .. 311
Results of the fiducial cross-section . . . . . . . . ... ... ... .... 132]
Results of the total ZZ cross section at £ = 1.02fb=1 . . . .. ... .. 1331
Results of the total ZZ cross-section at £ =4.7fb=1 . . . . .. ... .. 34
Exotic signal MC samples . . . . . .. ... ... 40l
Observed events and expected background contributions inside the ZZ

control region. . . . . . ... L 41
Observed and expected background contributions inside the fake lepton

control region. . . . . . ..o 142
Observed and expected background events in the non-ZZ seaches. . . . [I48
Acceptance and selection efficiencies in the non-ZZ seaches. . . . . . . . 149

Expected and observed events in the graviton seaches for Mz, > 300

GeV. . 154
List of MC samples used for the studies at /s =10 TeV . . . . . .. .. 163
Z7 — 44 selection criteria at /s =10TeV . . ... .. ... ... ... TGOl
Efficiencies of various trigger chains for ZZ* — 4fanalysis. . . . . . . . 168
Electros Tag&Probe selection criteria. . . . . . . . ... ... ... ... 169
Muons Tag&Probe selection criteria . . . . . . .. ... ... ... ... 172l

Numbers of events surviving the selection criteria of the analysis for
the signal and the different background processes. All the numbers are

normalized at £ = 1 fb~!. The uncertainties provided for each number

correspond to the statistical error. . . . . . . ... ... ... ... ...
Z+ X MCsample . . . . .. . 186!
W4+ X MCsamples . . . . . . . .. 187
Diboson MC samples . . . . . . . . . .. 188
Top quark and dijet MC samples . . . . . . ... ... ... ... .... 189

Comparison of selection requirements between SM ZZ — 4¢ and H —
ZZ%) A0 analyses. . . . ... 200!

xvii



LIST OF TABLES

E.2 Comparison of selection requirements between SM ZZ — 4¢ and H —
ZZ™) — 40 analyses. Summary of observed events and expected signal

(ZZ™) and background contributions in the four lepton channels. . . .

xviil



MC
MCFM

MDT
MS

Glossary MWPC

ALEPH
ALICE
ASM
ATLAS
CDF
CERN

CcM
CMS
CcscC
DAQ
DELPHI

EM
FCal
HCAL
HLT

ID

P
LArEM

LEP
LHC
LHCb
LHCf
LO

L3

Monte Carlo

Monte Carlo for FeMtobarn pro-

cesses
Muon Drift Chambers
Muon Spectrometer

MultiWire Proportional Chambers

NLO Next to Leading Order
NNLO Next to Next to Leading Order
Apparatus for Lep Physics OF Opposite Flavor
A Large Ion Collider Experiment OPAL Omni-Purpose Apparatus for LEP
Amphﬁer Shaper Module 0S Opposite Slgl’l
A Toroidal LHC Apparatus pdf Probability density function
Collider Detector at Fermilab PDF Parton Distribution Function
European Organization for Nuclear PS Proton Synchotron
Research
Center of Mass QCD Quantum ChromoDynamics
RF dio Fr d 1
Compact Muon Solenoid Q Radio Frequency Quadrapole
Cathod Strip Chambers ROB Read Out Buffers
Data Acquisition ROD Read Out Drives
DEtector with Lepton, Photon and Rol Region of Interest
Hadron Identification RPC Resistive Plate Chambers
ElectroMagnetic RS Graviton Randal-Sundrum Graviton
Forward Calorimeter SCT Semiconductor Tracker
Hadronic Calorimeter SF Same Flavor
High Level Trigger SM Standard Model
Inner Detector SPS Super Proton Synchotron
Interaction Point SS Same Sign
Liquid  Argon  Electromagnetic SUSY SuperSymmetry
Calorimeter
. TGC Thin Gap Chambers
Large Electron Positron
TGC Triple G Coupli
Large Hadron Collider ° Hple Latge Louping
Large Hadron Collider beauty TP Tag and Probe
Large Hadron Collider forward TOTEM TOTal Elastic and diffractive cross
section Measurement
Leading Order
TRT Transition Radiation Tracker

LEP Experiment

xix



GLOSSARY

XX



..By opening Pandora’s box you will see the word “Hope”

written on the bottom ...

Chapter 1

Introduction

Particle physics came into prominence in the middle of the 20*" century with the suc-
cessful construction of the Standard Model (SM) by Sheldon Glashow, Steven Weinberg
and Abdus Salam. The SM is a relativistic quantum field theory providing the the-
oretical framework to describe the fundamental interactions of nature i.e the strong,
the weak and the electromagnetic interactions. In 1960 Sheldon Glashow combined
the electromagnetic and weak interactions into one (the electroweak interaction) and
a few years later in 1967 Steven Weinberg and Abdus Salam incorporated the Higgs
mechanism into Glashow’s electroweak theory, in order to explain the spontaneous
electroweak symmetry breaking and how the particles interact with the Higgs field ac-
quiring their masses. The theory of the strong interactions, described by the Quantum
Chromodynamics (QCD), has been built by various physicists and acquired its modern
form around 1973-74, after the experiments confirmed that the hadrons were composed
of quarks.

Through time, various experiments at LEP and TEVATRON performed extensive
studies at different energy scales and precise measurements of the SM observables at
the level of 0.1% have been achieved. The only puzzle piece still missing from this
elegant theory is the Higgs particle. However, extensive searches carried out from the
previous and current experiments provided strict boundaries regarding the Higgs mass.

Despite its many advantages, the SM also carries some disadvantages, making it an
incomplete theory. Among others, SM does not describe gravity, it doesn’t provide a
unification of the three interactions as well as an answer to the hierarchy problem and

it doesn’t explain dark matter and the small mass of the neutrinos. Probable answers
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to these mysteries may be given by different models beyond the SM, like the grand
unified theories (GUT), supersymmetry (SUSY), left-right symmetric models (LRSM),
little higgses, extra dimensions e.t.c.

Nowadays, with the successful construction of the Large Hadron Collider (LHC)
at the European Organization for Nuclear Physics (CERN), we physicists have the
opportunity to perform even more accurate measurements of the SM (like the W boson
mass and width, My, and I'yy, through the W boson decay distributions, the top quark
mass, M;, and sin?fw via the Z forward backward asymmetry) and test its validity in
the TeV region by measuring the production cross sections of the electroweak processes
(W, Z etc.). Moreover, we can search for the “ghost” Higgs particle in the full mass
range as well as for other new physics phenomena and particles predicted by a variety
of physics models built through time.

The LHC is the world’s largest circular hadron accelerator with the highest center of
mass energy, located at the borders of Switzerland and France near Geneva. It has been
designed to operate at y/s = 14 TeV by accelerating two proton beams at the energy of
7 TeV each. The proton beams are programmed to collide at four different points across
the ring, where the four big experiments ATLAS, CMS, LHC b and ALICE are installed.
The first two experiments are general purpose detectors constructed to scrutinize a wide
range of particle physics theories, while LHC b is dedicated to B physics measurements,
the physics processes involving the b— quark. LHC is also designed to accelerate heavy
ion beams, Pb — Pb, and the ALICE detector is specialized to detect the products of
these collisions.

Getting prepared for new discoveries at the LHC, the first goal of the experiments is
the deep understanding of the detector and the validation of the electroweak sector by
measuring the cross sections of different standard candle processes (like the Z inclusive
production cross section), at the TeV energy scale. The current PhD thesis has studied
detector performance issues, SM production cross sections with main emphasis on the
Z 7 process and contributed to the topic of exotic physics. A short description of the
contributions of this thesis in the ATLAS experiment and particle physics in general, is
presented below.

On detector aspects
This thesis reports the work done for the Cathode Strip Chambers (CSCs) of the AT-

LAS detector, a detection system dedicated to the muon identification and the precise



measurement of their position and momenta in the forward region of the ATLAS de-
tector. The CSCs are of great importance especially in the case of multilepton final
states, like in the ZZ — 4/ process, where at least one of the muons falls outside of the
Innder Detector’s (ID) acceptance and has a track in the Muon Spectrometer (MS). It
has been shown that with the inclusion of these events in the ZZ — 4y studies a 10%
increase in the signal yield can be achieved. In order to reduce background contribution
because of high track activity in the forward region of the detector, the muon track
position should be known with high accuracy (several tens of pm). A detailed study
for improvement in the hit position and peaking time resolution for the CSCs is carried
out in this thesis, with the resulting algorithm included in the ATLAS software.
On standard candle studies
This thesis contributed to the first production cross section measurement of the Z
inclusive channel. The high rates expected in the proton-proton collisions allowed
already with the first few hundreds nb~! integrated luminosity to perform the first
test of the SM at the TeV energy scale. The methodology towards a cross section
measurement is presented. The systematic uncertainties affecting the cross section
measurement and the data driven technique utilized to estimate the QCD background
are discussed. In addition, this measurement as well as the lepton identification studies,
paved the way to the next and main topic of this thesis, which is the cross section
measurement of the ZZ production.
Studies on the ZZ — (¢{'{' channel

The main part of this thesis is concentrated on the studies of the ZZ — 4/ channel.
The production of the ZZ dibosons is predicted by the electroweak sector and its pro-
duction cross section measurement can provide an additional test of the SM in the new
energy regime. Beyond this, the study of the ZZ — 4{ channel is of great interest
in the searches of the Higgs boson via the “golden” decay channel H — ZZ — 44,
since it is the irreducible background surrounding the Higgs candidate events. Thus,
the measurement of the production cross section of the ZZ channel plays a crucial
role in the background subtraction for the emergence of the Higgs boson. Monte Carlo
studies using fully simulated ZZ candidates were originally analysed along the plans of
AtLAS for Computing System Commissioning (CSC). The work on the reconstruction
and identification efficiencies of leptons is presented and the expected signal kinematic

distributions using different trigger chains and selection criteria are shown. Moreover,
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a detailed description on the procedure followed for the production cross section mea-
surement of the ZZ — €00’V (where £ = e, 1) process at /s = 7 TeV is presented. The
data-driven techinque used to estimate the background from data is also discussed.

Searches for New Physics
Through the four lepton final states the present thesis searched for heavy resonances like
the Randal-Sundrum Graviton through the channel G* — ZZ — 4f and for doubly
charged Higgs bosons via the decaying channel HTTH~~ — (T(T¢/=¢~. Based on
the selection criteria built for the ZZ analysis, the studies on these heavy resonances
are presented as well as a full description of the methodology followed with the limit
extraction in the production cross sections of these processes.

The structure of this thesis is as follows: Chapter 2] discusses the motivation behind
the physics processes studied in this thesis. Chapter [3|introduces the accelerator com-
plex at CERN and the basic parameters of the LHC are discussed. Chapter [ introduces
the ATLAS experiment, where the different sub-detectors and the magnet systems are
discussed, while Chapter [p| is devoted to the improvements on resolution of the CSCs
detector of the Muon Spectrometer. Chapter [6] reports the studies on the production
cross section measurement of the Z inclusive channel with the first ATLAS data, while
Chapter [7] provides the complete analysis for the ZZ cross section measurement at
/s = 7 TeV. Chapter |8 examines the same final states with the previous one and has
as its main subject the search for RS Graviton and doubly charged Higgs bosons. The

summary of the thesis is given in Chapter [0
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Chapter 2

Motivation

This chapter discusses the motivation behind the physics processes studied in this
thesis, including a brief theoretical overview of each process as well as the current state

of the art, with results from previous experiments.

2.1 7 inclusive production

The measurement of the Z inclusive production cross section at hadron colliders con-
stitutes an important test of the SM. The high rate in the production of Z bosons at
the LHC [I], allows precise measurement of its cross section in a previously unexplored
kinematic domain as well as studies in great detail of the kinematic properties of the
leptons resulting from its decays. Therefore, the well known topologies of the Z lep-
tonic decays helps us to understand the leptonic decays of the LHC collision data and
the detector response to leptons. Different techniques can be employed for the calcula-
tion of the reconstruction and identification efficiencies of leptons or to perform in-situ
calibrations for the detector energy and momentum scale.

On the cross section site, the theoretical calculations involve parton distribution
functions (PDF). They are affected by significant higher-order QCD corrections. Cal-
culations of the Z inclusive production cross section have been performed at next-to-
leading order (NLO) [2} 3; 4] and next-to-next-to leading order (NNLO) in perturbation
theory [0 [6; [7] by employing the programs FEWZ [7] and ZWPROD [6} [§] with the
MSTW 08 NNLO [9] structure functions. This is found to be 0.9940.05 nb.
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Z01y*

q
Figure 2.1: The leading order Z production mechanism.

The production mechanism of the Z boson proceeds via the gg annihilation, as
shown in Figure 2.1]

The study of the Z leptonic decays was one of the first milestones in the ATLAS
physics program for early LHC data [10]. Previous experiments at hadron colliders had
also measured the Z production cross section at different center of mass energies, in
specific UA1 [11] and UA2 [12] experiments at /s = 0.63 TeV at the CERN SppS,
followed by the CDF [I3; 14} [15] and DO [16} [17] experiments at /s = 1.8 TeV and
/s = 1.96 TeV at the Fermilab TEVATRON proton-antiproton collider.

2.2 77 diboson production

The production of Z boson pairs at the LHC is of great interest, since it allows us to
test the predictions of the electroweak sector at the TeV energy scale. Moreover, taking
into account that a heavy Higgs boson (> 130 GeV) will decay through the diboson
channels WW and ZZ [1§] (the WW decaying channel is the dominant one but the
ZZ provides a cleaner signature via the four lepton channel) makes the study of these
channels even more interesting, since they constitute the irreducible background in the
discovery of the Higgs boson.

The ZZ production also provides a probe of new physics through the existence of
neutral Triple Gauge Couplings (TGCs) [19]. According to the SM only the charged
TGCs, such as WW Z and W W+ are allowed at tree level, while the existence of neutral
TGCs such as ZZZ and ZZ~ is forbidden. Many models of physics beyond the SM
predict values of nTGCs at the level of 107* to 1073 [20]. The signature of non-zero
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q t-channel 50 q u-channel 20 q s-channel 50
—>—WW\~
Z%y*
Y
nTG
g + \/\/\A'_ 70 ] 70 o} 70

Figure 2.2: The SM tree-level Feynman diagrams for ZZ production through the gg
initial state in hadron colliders. The s-channel diagram, on the right, contains the ZZZ

neutral TGC vertex not existing in the SM.

nTGCs is an increase of the ZZ cross section at high ZZ invariant mass and high
transverse momentum (see Section of the Z bosons [2I]. Another direct probe to
new physics through the ZZ production channel is the search of a spin-0 radion [22] and
excited states of a spin-2 Randal-Sundrum (RS) Graviton (G*) [23; 24] resonances or
Z Z production in supersymmetry [27]. In addition, other common signatures with four
charged leptons in the final states, are the non SM doubly charged Higgses HTTH~~
[28; 29] predicted by the Left-Right Symmetric Model (LRSM) [30], or signatures pro-
duced from extra bosons (W', Z") [31], leptoquarks [32; [33] or technicolor particles [34].
Therefore, the detailed study and deep understanding of the ZZ production, especially
in the first phase of LHC data-taking, is needed before any new discovery can be made.

At the LHC, the dominant ZZ production mechanism is from quark-antiquark (qq)
initial states, where the ZZ production proceeds at LO via t—channel and u—channel
as shown in the left and middle Feynman diagrams of Figure The diagram on the
right corresponds to the s-channel and it is SM forbidden. Such kind of production
mechanisms can exist only in the case of nTGCs.

The lowest order significant diagram for pp — Z/v*Z/v* — ¢+0=¢ 4~ in the SM,
is shown in Figure [2.3] and corresponds to the experimentally cleanest ZZ signature,
since it is the only SM process with four leptons in the final state.

The contribution from gluon-gluon (gg) fusion corresponds to NNLO corrections
and proceeds via the quark box diagrams shown in Figure Their impact to the ZZ
production cross section at /s = 7 TeV (y/s = 14 TeV) for myy < 2My is at the few
percent level while for my, > 2Mz the contribution increases to ~7% (~10%) [35} 36].

At /s =7 TeV (/s = 10 TeV) the production cross section of pp — ZZ has been
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Figure 2.3: The SM tree-level Feynman diagrams for ZZ decaying to 4¢ through the gq
initial state in hadron colliders.

g q YAy I g q Z2° |
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g z T 9 Z T
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Figure 2.4: The next-to-next to leading order ZZ production mechanisms.
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calculated at NLO with the MCFM [37] program to be 6.4615:3% pb [35] (11.037035
pb [35]) using the MSTW2008 PDF [9]. Taking into account the branching fraction
of Z decaying leptonically, BR(Z — ¢¢) = 0.036 [38], one can calculate the predicted
cross section for pp — ZZ — (1000~ to be 7.29 fb for the eeee and ppuup channels,
and 14.58 b for the eepp channel. That is a total of 29.16 fb (45.88 fb) for all three
channels, so approximately 29 (46) events in total are expected to be produced with an
integrated luminosity of 1.0 fb~!. However, because of limited geometric and kinematic
acceptance, as well as lepton selection criteria, far fewer events are expected to be
detected.

Z boson pair production was studied at LEP by the L3 [39], OpAL [40], ALEPH [4]]
and DELPHI [42] collaborations in multiple final states, including ete™ — ¢0¢¢. LEP
experiments have also set limits on anomalous ZZZ and ZZ~ couplings [43].

The TEVATRON experiments have also looked for the pair production of Z bosons.
The DO analysis of ZZ — ¢t¢=¢+¢~ and ZZ — ¢*¢ vv lepton production with
1.9 fb~! of data has yielded a measurement of 1.60 £ 0.63 (stat.)fgjig (sys.) pb on the
Z Z production cross-section [44]. A more recent paper submitted for publication, using
6.4 fb~! of data, has yielded a measurement of 1.4070:3% (stat.) + 0.14 (sys.) pb [45).
Additionally, limits on anomalous ZZZ and ZZ~* couplings have also been derived
[46]. The CDF experiment has used 1.9 fb~! of data to look for Z pair production.
The observed significance in combined ¢T¢=¢T¢'~ and ¢*¢~vv channels is 4.40, and

the measured cross section is 077 = 1.4707 (stat. + sys.) pb [47].

2.3 New physics searches with four leptons in the final

state

The excelent performance of LHC opened a new era in experimental particle physics
and we physicists have the opportunity to study extensively various models beyond the
SM. One common signature of phenomena beyond the SM is an enhanced production
of events with many leptons which can be produced in a variety of new physics models,
noted in Section 2.2} Such kind of processes could be the production of doubly charged
Higgses [28; 29] or the production of a heavy ZZ diboson resonance.

Doubly charged Higgs appears in the LRSM [30], Higgs triplet models [48; [49] and
little Higgs models [50]. Depending on the model, the doubly charged Higgs can be a
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q

Figure 2.5: Feynman diagrams for pair production of doubly-charged Higgs bosons de-
caying to same-sign same-flavor lepton pairs, HTTH =~ — (T{T(= ¢~

member of a singlet, doublet or triplet symmetry group [29], each one corresponding to
a different production cross section. The dominant production mechanism for H** is
Drell-Yan pair production through an s—channel by exchanging a photon or a Z boson.
The corresponding Feynman diagram can be seen in Figure H** can be searched
in final states with four or more isolated leptons that have same-sign (SS) same-flavor
(SF) or opposite flavor (OF) pairs [28] falling inside the Z mass window 66 < My <
116 GeV. According to the SM expectations, the contribution of ZZ — 4¢ candidates
outside that mass region is very small, so such observations could be a direct indication
of new physics.

CDF experiment searched for doubly charged Higgs bosons decaying to dileptons
by analyzing 240 pb~! of data and they didn’t observe any evidence for H*+H*+

Direct searches from the experiments at LEP have excluded doubly charged Higgs
bosons below masses 100 GeV /c? [51], assuming exclusive H** decay to a given dilep-
ton channel. D@ experiment at TEVATRON also searched for H**H** by assuming
100% branching in the dacaying of u™u*pu~p~, and excluded a Hfi below a mass of
118 GeV/c? [52]. Moreover, CDF collaboration has further searched final states includ-
ing also ee and ey final states and excluded a Hzti with mass smaller than 133 GeV /c?
[53].

The existence of heavy ZZ diboson resonances are predicted from many SM exten-
sion models, for example warped extra dimensions [25; 26]. In the analysis appearing
in this thesis, the ZZ resonance is modelled assuming a spin-2 RS G* [23; 24] with

coupling k/Mp; = 0.1 (where k is the curvature scale of the extra dimension and

10
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ZO

Figure 2.6: Feynman diagram for a Randal-Sundrum Graviton production decaying to

opposite-sign same-flavor lepton pairs ZZ — A A

Mp, = My / V8 is the reduced Planck scale) which is produced through gluon-gluon
fusion. The leading order Feynman diagram is shown in Figure 2.6l The CDF experi-
ment at TEVATRON searched for ZZ resonances using four lepton events and excluded
such a resonance with mass less than 491 GeV [54] in data corresponding to £ = 2.5-
2.9 fb~!. Recent studies at CDF reported an excess of four lepton events at 327 GeV
by analyzing data corresponding to £ = 6 fb~!. This excess though, has not been
confirmed in the ¢£¢;jj and ¢lvv final states [55].
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..To approach the time of the Big Bang one needs tools
... big tools ..

Chapter 3

The Large Hadron Collider

3.1 Introduction

The Large Hadron Collider (LuC) [1] is the new circular accelerator, constructed by the
European Organization for Nuclear Research (CERN) and installed in LEP’SF_-I existing
tunnel. The LHC is the world’s largest and highest-energy particle accelerator, designed
to operate at /s = 14 TeV and with peak luminosity £ = 103* cm~2. s~!. The Luc
circumference is ~27 km and the tunnel where is settled is buried around 50 m to 175
m under the ground surface, located at the Franco-Swiss boarders near Geneva.

The discovery of new phenomena, presupposes the usage of wavelengths, A, smaller
than the size r of the object that one is searching for. In the case of the SM, the distance
scale is defined from the Higgs boson mass limit v > 114 GeV set by the experiments
at LEP [2]. In natural units, the corresponding distance is of the order of d = hc/u ~
107 m = 0.0001 fm. Thus, the LHC operates in the TeV energy regime where the

transformed distance is of that order.

3.2 Protons’ journey and LHC designed parameters

Protons are extracted from a bottle of hydrogen gas and are then accelerated to 90

keV by a radio frequency quadrapole (RFCEI) which acts as an accelerator and proton

Large Electron Positron collider (LEP), as the name suggests was colliding electron and positron
beams at a /s = 90 GeV in the initial phase and 209 GeV in the last data taking period. It was the

main accelerator at CERN from 1989 - 2000.
2Radio frequency quadrapole is a linear accelerator component used to accelerate (~50 keV to ~3

MeV) and focus particle beams.
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3. THE LARGE HADRON COLLIDER
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Figure 3.1: A superconducting dipole magnet of the LHC.

concentrator. The protons are then sent to a linear accelerator, called LINAC2, where
they speed up to 50 MeV. Next, protons are injected to the Proton Synchotron Booster,
which boosts them to 1.4 GeV. Afterwards, the protons are inserted in another circular
accelerator, called Proton Synchotron (PS) , where they reach the energy of 25 GeV.
The beam is then sent to the Super Proton Synchotron (SPS) where it is accelerated
up to 450 GeV. In the last stage, the proton bunches are fed to the LHC where they are
accelerated for 20 minutes until they can reach in the future phase of LHC the nominal
beam energy of 7 TeV.

In specific, LHC has two storage rings where it accelerates two independent beams,
one moving clockwise and one anticlockwise. Each beam is made up of 2808 bunches
with 1.15x10" protons each. The bunches travel at almost the speed of light, with
frequency equal to f = 11.245 kHz, so the period is T = 1/f ~ 9-10~° s. The distance
between two consecutive bunches is 7.5 m, so keeping in mind that protons travel at
almost the speed of light, one can easily calculate that the collisions will happen every
24.95 ns. Besides the proton - proton collisions, LHC is scheduled to also accelerate
heavy ion (Pb-208) beams at an energy of 575 TeV, which corresponds to 2.76 TeV per
nucleon.

Another important and challenging characteristic of the LHC are the magnet dipoles
(see Figure which require opposite fields in order to collide two beams of equally

charged particles. Thus the LHC is designed with separate magnet fields and vacuum
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3.3 LHC luminosity

Parameter Value
Circumference 26659 m
Energy 7 TeV
Dipole’s temperature 19K
Dipole field B 8.33 T
Bunch spacing s 25 ns
Number of bunches per beam 2808
Bunch radius o, = oy 16 ym
Bunch length o, 75 mm
Bunch population N 1.15x 10" protons
Collision time interval 24.95 ns

Table 3.1: LHC parameters.

chambers in the main arcs and common sections, in average 130 m long, in the interac-
tion regions (IR) where the four exepriments are located [I]. To avoid parasitic collision
points inside the common beam pipe, the two beams have been designed to collide with
a sufficiently large crossing angle (6.) which negatively affects the achievement of the
peak luminosity (see Section . In specific, the LHC uses twin bore magnets con-
sisting of two sets of coils and beam channels within the same mechanical structure
and cryostat. The superconducting dipole magnets are 1232 in total and are cooled
down to 1.9 K, under the influence of liquid helium, where they operate reliably at a
nominal magnetic field of 8.33 T. Moreover, LHC utilizes another 858 quadrapole mag-
nets mandatory for beam focusing, so that the beams are constrained in the vacuum
chambers and the greatest possible number of collisions occurs. A list with the basic
parameters of the LHC can be found in Table

3.3 LHC luminosity

Apart from the center of mass energy, another important parameter of the LHC is the
luninosity, £, which by assuming equal beam parameters for both circulating beams is
given by the equation:

. Nl?nbfrevp)/r

L=—""T"F 3.1
4me, B* (3.1)
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3. THE LARGE HADRON COLLIDER

where Ny is the proton population in each bunch and it is equal to Ny = 1.15 x 10!, ny,
represents the number of bunches per beam and its design value in the high luminosity
environment will be equal to 2808. f,¢, is the revolution frequency, which alternatively
is the rate of collisions and is equal to 1/24.95 ~ 40 MHz and -, is the relativistic
gamma factor.

The beam size is demonstrated as a function of the normalized transverse beam
emittance, €,, and the amplitude function at the collision point, 8*. The emittance, ¢,
is defined as the volume occupied by the beam in the trace space, whereas the transverse
emittance refers to the occupied area in the z — y plane. It has units of length and is
determined by the initial conditions during the injection (bunch preparation) from SPS
to LHC. As the momentum of protons increases during acceleration, their longitudinal
momentum is increased and their transverse momentum remains the same, hence the
beam divergence decreases, maximizing the number of collisions per bunch crossing.
Therefore, by accelerating the beam leads to a reduction of the occupied area in phase
space which is proportional to the increase of the relativistic gamma. Based on this
correlation, it is convenient to define the normalised transverse emittance which is the
transverse emittance multiplied by the relativistic « factor (¢, = yer) and it is constant
under acceleration.

The amplitude function, 3, is determined by the focusing of the quadrupole magnets
of the accelerator and its value varies along the accelerator. It can be expressed in terms
of the cross sectional size of the bunch, ¢? = 0,0y, and the normalized transverse
emittance, 8 = mo2/e. The smaller the 3 value the narrower the beam is. At the peak
luminosity of the LHC, the corresponding values of f* and ¢, are 0.55m and 3.75um
respectively. The value given for the * parameter corresponds to the distance between
the interaction point (focus point) and the point where the beam width is twice as wide
as the focus point.

F' is the geometric luminosity reduction factor due to the crossing angle at the IP
and it is given by the equation:

Ja S S (3.2)
1+ (%22)?
where 6. is the full crossing angle at the IP, o, the RMS bunch length and ¢* the

transverse RMS beam size at the IP.
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3.3 LHC luminosity
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Figure 3.2: Cumulative luminosity versus day delivered to (green), and recorded by
ATLAS (yellow) during stable beams and for pp collisions at /s =7 TeV until July 2011.

The above values correspond to the design luminosity of the Luc, £ ~ 103 cm =25~
However, in the first two years of its operation, the luminosity has been set to one
order of magnitude smaller than the designated one £ =~ 103% cm~2s7!, the so called
“low luminosity period”, whereas the center of mass energy has been fixed to /s = 7
TeV. The total delivered luminosity from LHC and the recorded one from the ATLAS
experiment is shown in Figure [3.2]

Following a two-year pause for upgrades commencing in 2013, the LHC will start
operating at its designated values, the so called “high luminosity period”.

The number of produced events for a given process, N, is proportional to the
integrated luminosity and the cross section characterizing the specific process and it is

given by the equation:

N=Lo (3.3)

It implies that the higher the luminosity, the easier it is to observe rare decays which
are characterized by small cross sections. Figure [3.3|shows the cross sections of various

physics processes as a function of the center of mass energy.
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Figure 3.3: Cross sections for various physics processes. The dotted lines show the center
of mass energy for Tevatron (at 1.96 TeV) and LHC (at 14 TeV).
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3.3 LHC luminosity

3.3.1 Performance limitations

In order to achieve the desirable luminosity at the LHC, scientists must prevent the

following effects limiting the performance of the machine:

e Beam-Beam limit: The protons’ density per bunch is limited by the nonlinear
beam-beam interaction when the beams collide in the interaction regions. The

Nbu'nch?"p .
W, Wlth Tp

beam-beam interaction is quantified by the linear tune shift £ =
being the proton radius. The total linear tune shift must be confined to less than

0.005 in each experiment.

e Pile-up effect: Each time two bunches of protons collide, a different number of
interactions between protons occurs, depending on the intensity of the bunches.
For physics analysis only the most energetic vertex is considered and is called
“primary vertex”. An example of an event with twenty reconstructed vertices is

shown in Figure [3.4

e Mechanical aperture: According to the maximum acceptable transverse beam
emittance, which is determined from the beam screen sizdl} and the limit on
the linear beam-beam tune shift, the mechanical aperture of the LHC limits
the maximum bunch intensity to Nyynen = 1.15 x 10 protons. Moreover, the
quadrupole magnets limit the minimum attainable 5* value at the IP and the
maximum attainable crossing angle orbit bump in the experimental interaction

regions, resulting in limitation on the peak luminosity at the LHC.

¢ Maximum dipole field and Magnet quench limits: Beam losses due to the

non-homogeneous heat load and temperature margins inside the cryo-magnets.

¢ Energy stored in the circulating beams and in the magnetic fields: The
energy stored by the circulating beams and the magnet system must be absorbed
safely at the end of each run or in the case of an emergency, but the imperfections
of the beam dumping system and the magnet system provide additional limits in

the maximum attainable beam energies and intensities.

!The horizontal and vertical apertures are 44.04 mm and 34.28 mm, respectively.
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e Heat load: The heat load to the cryogenic system from the synchotron radia-
tion and the heat deposition induced from luminosity losses limit the maximum

attainable beam intensities.

e Field quality and dynamic aperture: Beam losses can also be produced due

to field quality errors which spoil the protons’ stability in the storage ring.

e Collective beam instabilities: The electromagnetic interactions of the charged
particles in each beam as well as their interactions with the conducting boundaries

of the vacuum system have as a result the instability of the beam.

3.3.2 Luminosity lifetime

Another important aspect of the luminosity which is worth mentioning, is the beam
lifetime. Each run at the LHC consitsts of a number of luminosity blocks corresponding
to different values of instantaneous luminosity due to the degradation in the intensities
and emittances of the circulating beams after the collisions. The initial decay time of

the bunch intensity is given by the equation:

= ot (3.4)

Tnuclear
L Otot k‘

with Ny 0 being the initial beam intensity, £ the initial luminosity, o4 the total cross
section (oot = 10_25cm2) and k the number of interaction points. Assuming a high
luminosity environment with two high luminosity experiments (ATLAS and CMS), the
initial decay time is calculated to be 7 = 44.85 h.

The decay of the beam intensity and luminosity can then be expressed as a function

of time:
Ntot 0
Nipt(t) = —— 3.5
! t( ) 1+ t/Tnuclear ( )
L
L(t) = 0 (3.6)

(1 + t/Tnuclear)z
The time needed for luminosity to be decreased at 1/e of its initial value is given

by:

e = (Ve —1)r (3.7)
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3.3 LHC luminosity

A EXPERIMENT

Run Numb Event Num 46351094

Figure 3.4: A candidate Z boson event in the dimuon decay with 11 reconstructed
vertices. This event was recorded on April 24th and is typical for the 2011 environment
with high pileup. For this display the track pr threshold is 0.4 GeV and all tracks are
required to have at least 2 Pixel and 7 SCT hits. The vertices shown are reconstructed
using tracks with pp greater than 0.4 GeV. The smallest separation between any two of

them is 3.2+0.2 mm. The invariant mass of the two muons is 93.4 GeV.
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yielding a luminosity decay time of Tycicar,1/e = 29 h.

The net luminosity lifetime can be calculated by taking into account the main
sources contributing to beam losses like the intra-beam scattering (IBS) effects, Toucheck
scattering and the nonlinear force of the beam-beam interaction, all having as a result
the irreversible growth of emittance. Taking also into account the vacuum beam life-

time, the net luminosity is reduced to ~15 h [I].

3.4 The LHC experiments

Six experiments frame the LHC ring and are all run by international collaborations,
having all great performance in their first two years (2010 & 2011) of operation. The

six experiments in alphabetic order are:

e ALICE (A Large Ion Collider Experiment) [3] is devoted to the search and study
of quark-gluon plasma by analyzing the heavy ion collisions. The quark-gluon
plasma is a state of matter where quarks and gluons behave as free particles. It
is believed that this state of matter existed just after the Bing Bang, when the
Universe was still extremely hot. The size of the detector is 26 m long, 16 m high

and 16 m wide.

e ATLAS (A Toroidal LHC ApparatuS) [4] is a general purpose detector with en-
riched physics program. Topics like Higgs boson, SUSY particles and CP violation
measurements will be studied. The detector has a cylinder form with 44 m long,

22 m diameter and a total weight of 7000 t.

e CMs (Compact Muon Solenoid) [5] objectives are similar to the ones of ATLAS.
It is a multipurpose detector and is the second biggest experiment in the LHC
ring. It has a total length of 21 m, 15 m wide, 15 m high and it weights 12500

tonnes, almost twice the ATLAS weight. It is located at Point 5 of the LHC ring.

e LHC b (Large Hadron Collider beauty) [6] experiment is exploring why our Uni-
verse is composed from matter but no antimatter. In order to understand why
that occured in the early Universe one must study the b-quark physics and CP
violation. Detector’s size is 21 m long, 10 m high and 13 m wide.installed at

Point 8.
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3.4 The LHC experiments

The other two experiments are significantly smaller than the previous ones and
are named TOTEM (TOTal Elastic and diffractive cross section Measurement) [7] and
Luc f (Large Hadron Collider forward) [§]. The former studies forward particles and
its main purpose is to measure the size of the proton as well as to accurately monitor
the LHC’s luminosity. The latter studies forward produced particles as a source to

simulate cosmic rays in laboratory conditions.
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...Photographs capture beauty, especially when they

reveal the components of the early universe...

Chapter 4

The ATLAS detector

The ATLAS collaboration [I] proposed to build a general-purpose pp detector, designed
to exploit the full discovery potential of the LHC. The ATLAS [2] detector is the biggest
detector installed in the 27 km LHC tunnel. Its design and construction involves
roughly 2000 scientists and engineers from 165 institutions around the world. ATLAS
has a cylinder shape with total length 44 m, diameter equal to 25 m and weights
about 7000 tonnes. A sketch of the ATLAS detector can be seen in Figure It
is a multipurpose detector with which one can test the SM at the TeV energy scale,
search for the SM Higgs boson, which is the only missing block of the SM, as well as
to search for massive particles beyond the SM, which have not yet been observed. In
general, as in other high energy physics experiments, the ATLAS detector incorporates

the following detector subsystems:

e Inner detector (ID): It is responsible for the momentum measurement of the

charged particles;

e Electromagnetic calorimeter (LArEM): It is in charge of the detection of

electron and photon objects;

e Hadronic calorimeter (HCAL): It is liable for the identificaction and energy
measurement of jets produced from the hadronization process of partons (gluons

and quarks);

e Muon spectrometer (MS): It is used for the identification and momentum

measurement of muons;
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Figure 4.1: Pseudorapidity values of different polar angles.

e Magnet system: A high strength magnetic field is required to bend the trajec-

tories of charged particles and therefore to measure charged particles momenta.

In the following subsections a brief description of the coordinate system as well as

each subdetector is discussed.

4.1 The coordinate system

The coordinate system of the ATLAS detector is right handed, with its origin located
in the middle of the detector at the interaction point. The z— axis is defined from the
beam direction, and the x — y plane is the plane transverse to the beam direction. The
side A of the detector is defined as the side with positive z, and the side C is the side
with z < 0. The positive z— axis points from the interaction point to the centre of the
LHC ring, and the positive y— axis is pointing upwards.

The azimuthal angle, ¢, is measured around the beam axis and the polar angle, 0, is

measured from the beam axis. The pseudorapidity, 7, is defined from the equation

2= -taan (2)] wn

where 0 is the polar angle. Figure shows the corresponding pseudorapidity values
of different polar angles. The transverse momentum, pp, and transverse energy, Ep,

are defined in the x — y plane and are given by the equations:

pr = P -sinf, Ep = Esinf (4.2)
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4. THE ATLAS DETECTOR

Another important variable used in particle physics experiments is the distance AR,

which in the pseudorapidity-azimuthal angle phase space is given by the equation:
AR = \/An? + A¢? (4.3)
The parameters used for the description of the trajectories of charged particles are:

e ¢/pr: Inverse transverse momentum (where ¢ is particle’s charge);

e ¢: Azimuthal angle, where tan ¢ = p,/p,

do: Transverse impact parameter, defined as the transverse distance to the beam

axis at the point of closest approach;

cot 0: Cotangent of the polar angle, where cot 6 = pz/pr;

zo: Longitudinal impact parameter, defined as the z distance of the track at the

point of closest approach.

The first three parameters are defined in the x — y plane, while the last two are defined

in the R — z plane.

4.2 ATLAS sub-detectors

4.2.1 The Inner Detector

The innermost part of the ATLAS detector consists of the Inner Detector (ID) [3]. The
system has a cylinder form with 7 m length and radius 1.15 m, with a full ¢-coverage
and < 2.5. The ID consists from three independent detectors, the Pixel Detector,
the SemiConductor Tracker and the Transition Radiation Tracker. The whole system is
immersed inside a 2 T magnetic field formed by the central solenoid (see Section.
The three subsystems function independently in order to have precise measurements
of the charged particles trajectories, including impact parameter measurements and
vertexing. A schematic representation of the ID and its three sub-systems is shown in
Figure [4.3]

The transverse momentum resolution in the x — y plane is given by the equation

[4]:
A 01
AP 0.00036 x pr(GeV] @~ 13

pr vsin 6

(4.4)
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Barrel SCT

Pixel Detectors

Figure 4.3: The Inner Detector of the ATLAS experiment. Starting form inside and going
outwards one can see the Pixel Detector, the SemiConductor Tracker and the Transition

Radiation Tracker.

The first term is the intrinsic resolution and the second one refers to the multiple
scattering effects. As can bee seen, this term is 1 dependent, since the additional

material in the forward regions increases the scattering effects.

4.2.1.1 Pixel Detector

The pixel detector is located in the innermost region and has been designed to provide
a very high granularity and high precision set of measurements. In total, it provides
three precision measurements and determines the impact parameter resolution. The
barrel region consists of three concentric cylindrical layers placed around the beam axis
in radii of 5.05 cm, 8.85 cm and 12.25 cm. The endcaps constist of three disks on
each side (perpendicular to the beam axis), between radii 11 and 20 cm. There are
1744 silicon pixel modules. Each module covers an active area of 16.4 x 60.8 mm? and
contains 47232 pixels, each with 50 yum in the R¢ direction and 400 ym in z. The Pixel

Detector has a total of 80.4 million read-out channels.

4.2.1.2 Semiconductor Tracker

The next building block of the ID is the Semiconductor Tracker (SCT). It contributes

to the determination of the z— position of the vertex, the momentum resolution as well
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Figure 4.4: Position of the structural elements of the ID. The red line indicates a track

passing the barrel region.

as the pattern recognition of the reconstruction algorithms. It covers the radial region
from ~30 cm to ~60 cm. As in the case of the Pixel detector, the SCT uses silicon
as active material and consists of 4088 modules arranged in four concentric cylinders
in the barrel region and nine disks in each end-cap. Each module is made up of four
layers. On each side of the module, two layers are wire-bonded together, which are then
glued back to back with another pair of such layers. Each silicon detector is 6.36x6.30
cm?, with 768 readout strips each, with 80 pm pitch. In the barrel region, there are
2112 modules which are approximately parallel to the beam pipe, while in the end-caps
there are 1976 modules positioned in the radial direction. It provides eight precise
measurements (four space points) and the designed resolution in the R — ¢ plane is 22

pm and 580 pm in the z— coordinate.

4.2.1.3 Transition Radiation Tracker

The TRT is the outermost part of the ID and its technology is based on the use of straw
detectors. It covers the radial range from 56 to 107 cm. Each straw has a diameter of

4 mm and is 144 cm long in the barrel region and 37 cm long in the end-caps. The
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straw tubes are filled with a gas mixture of 70% Xe, 27% COs and 3% Os. The anode
wires of a diameter 31 pum are located in the middle of the straw and are made up of
gold-plated tungsten. There are approximately 351000 TRT read-out channels.

The TRT system can provide 36 hits per track with an intrinsic precision of 130
pm per tube covering the range n < 2.0. In the barrel region (|n| < 1.0), the tubes
are placed parallel to the beam axis, while in the end-cap regions (0.8 < |n| < 2.0)
they are arranged radially on wheels. The principle of operation is similar to the drift
tubes used in the MS. The straws are surrounded with polypropylene fibers which help
distinguish electrons from pions, since the charged particles traversing this material
emit transition radiation (TR) photons proportional to the Lorentz factor v = E/mc?.

Typically, for electrons the factor v is greater than for other charged particles.

4.2.2 Calorimeters

The ATLAS Calorimeter System is situated between the solenoid and the MS and is re-
sponsible for the identification of photons, electrons and hadrons (jets) with energies up
to 1 TeV. In addition, the calorimeter also provides information on the missing trans-
verse energy (EM*%), which requires very good hermiticity. In specific, the calorimetry
consists of an Electromagnetic (EM) calorimeter covering the range |n| < 3.2, a bar-
rel hadronic calorimeter covering |n| < 1.7, a hadronic end-cap calorimeter covering
1.5< |n| < 3.2 and forward calorimeters covering 3.1< |n| < 4.9. Figure shows a
cut-away view of the ATLAS calorimeter system.

Another important property of the calorimeters is the limitation of particles’ rate
escaping to the muon system and this is realized from the calorimeter depth in the
barrel region which is greater than 22 radiation lengthsﬂ (Xo) and over 24 Xy in the
end-caps. The energy and position are measured by sampling the energy deposit in the

calorimeter.

4.2.2.1 The electromagnetic calorimeter

The electromagnetic calorimeter [5] [6] is a lead-Liquid-Argon (LAr) detector with ac-
cordion shape (see Figure absorbers (Pb). The active medium is LAr. Two impor-

tant actions are taking place when the electrons and photons enter the EM calorimeter.

!The radiation length (Xo) of a material is the mean length to reduce the energy of an electron by
the factor 1/e.
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Figure 4.5: Cut-away view of the ATLAS calorimeter system; Electromagnetic and

hadronic.

The first one is the bremsstrahlung radiation of electrons when they interact with mat-
ter, leading to the production of an additional photon and the second one is the pair
production of electron-positron. These two actions are repeated until all or the biggest
part of the initial energy of the particle is absorbed by the material. The result of these
actions is a cascade of electrons and photons.

The electromagnetic calorimeter (LArEM) is divided in two parts. The barrel which
covers the range |n| < 1.4575 and the end-caps which extend the LArEM up to 1.375
< |n| < 3.2. Figure illustrates a LArEM module. The region which is also covered
from the ID (|n| < 2.5) consists of three compartments. Each compartment is segmented
in cells of different sizes. The first sampling comprises of strip cells with a pitch of ~4
mm in the 7 direction. This compartment acts as a “preshower”detector, enhancing
particle identification (v/7% e/m seperation) and it also provides a precise position
measurement in 7. The second sampling is segmented into square towers of size Anx A¢
= 0.025 x 0.025 and here the biggest energy deposition of the shower takes place, thus
is the thickest of the three compartments (16 Xy). The third sampling has a quite larger
granularity in 7, An x A¢ = 0.05 x 0.025 and the depth (in radiation length) varies
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Figure 4.6: Sketch of a barrel module of the electromagnetic calorimeter.

between 2 X and 12 X, depending on 7. In the region |n| > 2.5 the calorimeter consists
from only two samplings with a coarser granularity satisfying the physics requirements
for the jet reconstruction and the EJ'** measurement. There are in total ~190000
channels.
The energy resolution can be parametrized by [4; [6]:

=z - \/% @ 0.4% (4.5)
where the first term stands for the statistical fluctuations of the sampling method and
the second term includes the systematic uncertainties, which arise from inhomogeneities

in the response of the calorimeter.

4.2.2.2 The Hadronic calorimeter

The hadronic calorimeter (TileCal - see Figure [4.7h) [7; [8] of the ATLAS detector is
located behind the LArEM, covering the pseudorapitidy range up to |n| < 4.9. It is re-
sponsible for the jet identification and reconstruction, which result from the hadroniza-

tion of partons (quarks and gluons) as well as for the measurement of the missing tran-
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Figure 4.7: (a) Layout of the Tile Calorimeter barrel and extended barrels. (b) A module
of the tile calorimeter.

verse energy (E;Piss) of the event. The latter plays an important role in the searches
for new physics, especially in supersymmetry (SUSY) theory where the lightest super-
symmetric particle (LSP) escapes from the detector. The hadronic calorimeter must
be thick enough in order to provide good containment for hadronic showers and also
reduce punch-through for the muon system.

In order to fulfill the requirements of the experiment, different techinques and de-
vices have been empoyed in the different n regions. The TileCal is divided in one barrel
and two extended barrel parts. It has a cylindrical structure with inner radius 2.28 m,
outer radius 4.23 m and total length 5.64 m. The barrel covers the region || < 1.0 and
the extended barrels extend the pseudorapidity coverage to 0.8 < |n| < 1.7. As in the
case of the LATEM, the TileCal is a sampling calorimeter using iron as the absorber
material and plastic scintillating tiles as active medium. The tiles are 3 mm thick and
are positioned perpendicular to the beam axis. The total thickness of the iron plates
in one period is 14 mm. The read-out of the scintilation light is achieved with optical

fibers situated at the edges of the tile. Longitudinally, the TileCal is divided in three
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compartments at 1.5, 4.1 and 1.8 interaction lengths (A) and 1.5, 2.6 and 3.3 X in the
extended barrel. In the first two layers the granularity is Anp x A¢ = 0.1 x 0.1 and in
the third one is 0.2x0.1. TileCal also offers a full azimuthal coverage by installing 64
modules around the beam pipe. A single TileCal module can be seen in Figure [£.7p.

Due to electronic technicalities (cables, electronics and services) resulting from the
innermost detectors (ID, LArEM), an empty space of 60 cm between the barrel and the
extended barrel has been left. In order to have an hermetic calorimeter, an Intermediate
Tile Calorimeter (ITC) has been employed in that region covering partially the empty
space.

Moving from the barrel to the end-caps (1.5 < |n| < 3.2), the detector requirements
change due to the higher radiation doses. The HEC in the end-caps uses copper (Cu)
plates as absorber material and LAr as ionization material. The granularity till |n| =
2.5 is the same as in the first two layers of the barrel and for || > 2.5 has double size.
The designed energy resolution in region n < 3 is given by [7; [§]:

AE  50%

5 = 0% (4.6)

4.2.2.3 Forward Calorimeter

The forward calorimeter (FCal) covers the region 3.1< |n| < 4.9 and uses as active
material LAr. Its worth noticing here that the expected radiation doses in this region
are extremely high, so the radiation tolerance of the detector plays a crucial role. For
that reason the liquid argon gaps are very small. The absorber is Cu in the first
compartment and tungsten in the other two compartments. The resulting thickness is
~10 interaction lengths. The forward calorimeter is not used for precise measurements
but its usage is important in the calculation of the E}mss and in the determination and

reconstruction of the forward jets. The designed energy resolution is [9]:

OB _ 100%
FE VE

where the first term is the stochastic term and the second one is the constant term,

& 10% (4.7)

taking care of the local non-uniformities in the response of the calorimeter.
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4.2.3 The Muon spectrometer

The Muon Spectrometer (MS) [10; 115 12] of the ATLAS detector has been designed to
provide a standalone identification and reconstruction of muons up to |n| < 2.7 with
full azimuthal coverage. Additionally, it is also used for trigger in |n| < 2.4. The MS
can also operate in a combined mode with the other sub-detectors, especially with the
ID for the track reconstruction of muons. The momentum resolution of the MS is of
the order of ~3% for muons with pr = 50 GeV and around 10% for muons with py =
1 TeV.

For that reason, four independent systems have been employed and are located in

the outermost part of the ATLAS detector (see Figure 4.8]). The four systems are:

e Monitor Drift Tube Chambers (MDT): They cover 99.5% of the area and
are used for precision measurements up to |n| < 2.7, except from the innermost

end-cap layer which stops at |n| < 2.0;

e Cathode Strip Chambers (CSC): They are located on the innermost wheel
of the endcap covering the region 2.0 < |n| < 2.7 and they provide the same
objectives as the MDTs. They can also be used for trigger.

e Resistive Plate Chambers (RPC): They are utilized for triggering in the

barrel region;

e Thin Gap Chambers (TGC): They are the trigger elements in the end-cap

regions.

The track reconstruction is achieved by the hit measurements from three homo-
centric cylindrical layers in the barrel at radii of 5 m, 7.5 m, and 10 m, the so called
“inner”, “middle” and “outer” stations. In the end-caps, the muon chambers are ar-
ranged on four homocentric wheels at distances of |z] = 7.4 m, 10.4 m, 14 m and 21.5
m. Apart from the second wheel which corresponds to special chambers covering the
transition region between the barrel and the end-caps, one can refer to the other three
with the same nomenclature as in the barrel. The barrel chambers are placed between
and on the eigth coils of the toroid magnet following their ¢ symmetry. This results in
the symmetric structure of eight octants. Each octant is subdivided in the azimuthal

direction in two sectors, called “Small” and “Large”. The name given to them declares
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Figure 4.8: Cut-away view of the ATLAS muon spectrometer. The four systems employed

for the muon identification, reconstruction and triggering are shown.

their lateral length. This structure results in an overlapping between the chambers
which minimises gaps in the detector coverage. Deliberately, a small gap at n ~ 0 has
been left open for maintenance of the calorimeter, the solenoid and the inner detector.

In the first ring, ATLAS incorporated the Cathode Strip Chambers which withstand

the demanding rate and background conditions.

4.2.3.1 Monitor drift tube chambers

The basic component of the MDTs are the aluminium tubes of ~30 mm diameter and
400 pm thickness. In the middle of each tube there is a tungsten-rhenium (W-Re)
wire of 50 pym diameter which plays the role of the anode; The cathode is the tube
wall. The potential difference between the anode and the cathode is 3080 V. The tubes
are filled with gas mixture Ar:CO2/93:7% at 3 bar absolute pressure. The chamber is
formed by eight (2x4 monolayers for the inner station) and six (2x3 monolayers for
the middle and outer stations ) drift tube layers. Each layer consists of several tubes
in consecutive order. After the installation of each chamber in its permanent position

in the spectrometer, mechanical deformations are monitored by an optical alignment
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Figure 4.9: Sketch of a MDT chamber. The alignment rays, shown in red, allow for the

monitoring of chamber deformations.

system, thus they are called “monitor drift tubes”. A sketch of an MDT chamber is
illustrated in Figure [4.9

When a muon passes through the tube, it ionizes the gas. As a consequence, the
resulting free electrons under the influence of the electric field, start drifting towards the
wire, while the positive ions drift towards the tube’s wall. Once the primary electrons
reach some critical energy, they ionize further gas molecules creating an avalanche near
the wire. The induced signal on the wire is then propagated at the end of the tube
where further reprocessing is followed. The drift time can be translated into distance

by using the space-time relation.

4.2.3.2 Cathode Strip Chambers

The Cathode Strip Chambers are described in great detail in Chapter They are
multiwire proportional chambers without separating walls. They have better response
than the MDTs fulfilling the appopriate requirements in the forward region where the

expected particle fluxes are increased dramatically.

4.2.3.3 Resistive Plate Chambers

The Resistive Plate Chambers (RPCs) are the muon trigger systems in the barrel region.
They are located on three concentric cylindrical layers around the beam pipe (see Figure

4.10]). In specific, RPCs are gaseous detectors which are made of two parallel resistive
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Figure 4.10: Cross-section through the upper part of the barrel with the RPC’s marked
in blue and pink colour. RPC1 and RPC2 are located below and above the middle station
chambers, while the RPC3 are positioned below (above) the small (large) outer station
chambers.

electrode-plates of phenolic-melaminic plastic laminate, seperated by insulating spacers.
The resulting gap of 2 mm is filled with a gas mixture of CoHoFy (tetrafluorethane).
The charged particles traverse the narrow gap, ionizing gas molecules. The uniform
electric field of 4.5 kV/mm between the two plates accelerates the primary electrons,
which in turn further ionize the gas molecules creating an avalanche. The two plates
are covered with read-out strips, mounted on their outer sides, providing the 7 (strips
are parallel to the MDT wires) and ¢ (strips are perpendicular to the MDT wires)
coordinates of the hit. A schematic representation of an RPC layer can be seen in
Figure The spatial and time resolution is 1 cm and 2 ns respectively. The inner
stations provide the low pr trigger between 6 - 9 GeV muons, while the two external

chambers (middle and outer) are used to select high momenum tracks (py > 9 GeV).
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Figure 4.11: Sketch of an RPC layer.
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Figure 4.12: Sketch of a TGC layer.

4.2.3.4 Thin Gap Chambers

The Thin Gap Chambers (TGC) are the trigger elements in the end-caps. Similar to
the CSC system, TGCs are multiwire proportional chambers (see Section . The

wire to cathode distance is 1.4 mm and the wire to wire distance is 1.8 mm (see Figure

4.12). The gap between the two cathodes is filled with a mixture of CO9:n-CsHo

(n-pentane) (55:45). The anode wires have 50 um diameter and are surrounded by a

strong electric field (operation voltage 2.9 kV). The radial coordinate is measured from

the anode wires, while the azimuthal coordinate is measured from the pick-up strips

which are radially oriented (perpendicular to the anode wires). Each chamber consists

of two or three layers.

44



4.2 ATLAS sub-detectors

4.2.4 The Magnet System

The magnet system [I3] of the ATLAS experiment is responsible for the trajectories
bending of charged perticles and therefore for the momentum measurement in both the
ID and MS. It is separated in one superconducting solenoid magnet, which provides an
axial magnetic field surrounding the ID and three toroidal magnets, one in the barrel
region and one in each end-cap. In general, the magnetic system is 22 m in diameter
and 26 m in length, with a stored energy of 1.6 GJ. The operation temperature is 4.5
K.

4.2.4.1 Central solenoid

The central solenoid, shown in Figure 4.13h, has been designed to provide a 2 T mag-
netic field at the center and 0.5 T at the edges, parallel to the beam axis. It has been
optimized to minimize the radiative thickness in front of the electromagnetic calorime-
ter (contribution of ~0.66 radiation lengths), therefore the solenoid windings and the
LAr calorimeter share the same cryogenic system. The solenoid is a single layer coil
wounded on the inside of a cylinder with an inner radious of 1.23 m and outer radious
of 1.28 m. Its length is 5.8 m while the stored energy is 40 MJ. The flux is returned

from the hadronic calorimeter’s steel.

4.2.4.2 Air core toroid

The toroid magnet system provides the nessecary magnetic field for the MS. The barrel
toroid consists of eight superconducting coils circularly positioned around the beam
axis, while in the end-cap regions two extra toroids (one in each end-cap) have been
empoyed (see Figure ) The magnetic field lines follow the azimuthal direction
(E = BngS) and are perpendicular to the solenoid’s field lines. The size of the magnet
system in the barrel region is 25.3 m in length, with inner and outer diameters of 9.4
m and 20.1 m respectively. The resulting strength of the magnetic field is 0.5 T in the
central region and 1 T in the end-caps. In order to achieve the appropriate operational

temperature the toroids are cooled by a liquid helium cooling system.
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Figure 4.13: (a) The central solenoid of the ATLAS detecto after completion of the coil
winding. (b) Geometry of the barrel and the end-caps air core toroid magnets.

4.2.5 The trigger system

As it has been noted in Chapter [3] the LHC has been designed to operate at 40 MHz
bunch crossing. Considering that each colliding event corresponds to ~1 MB space
one would need 40 TB free disc space per each second in order to store the events.
Unfortunately, current technology does not allow this enormous amount of data to be
captured. So, the ATLAS experiment developed a series of procceses, called the trigger
system (see Figure [£.14)), in order to creatively handle all this information.

The first action taking place is the so called Level-1 (L1) trigger. The L1 trigger is
hardware based and receives data from the calorimeters and the muon system (RPCs
and TGCs). Its target is to reduce the initial rate (40 MHz) to 75 kHz. L1 defines
the regions of interest (Rols) of each event, where high activity has been detected, e.g.
muon (electron) with pr > 20 GeV (Ep > 20 GeV). The time necessary for L1 to
decide whether to reject or keep the event is 2.5 us.

The events selected by the L1 trigger are subjected to further processing from the
High-Level trigger (HLT) which compises from the Level-2 (L2) trigger and the event
filter (EF), both software based. In specific, the Rols of the detector are passed to the
L2 trigger which uses the available information provided by the Rols (location of the
detector n — ¢, energy, type of signature e.t.c) in order to reduce the event rate below

3.5 kHz. Approximately, the L2 event processing lasts 40 ms.
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Figure 4.14: Overview of the ATLAS trigger system.

The events fulfilling the L2 trigger requirements pass through an extensive repro-
cessing for the final decision. For that reason, the Event Builder collects all the data
from the Read Out Buffers (ROBs) of the detector and feeds them to the EF which
uses more sophisticated algorithms in order to record the event or not. EF’s target is
to reduce the recorded rate to 100 Hz.

It is of great importance to note here that even this rate is extremely high since
the storage space needed by the ATLAS experiment per year is of the order of 1 PBIH
Therefore the ATLAS collaboration has built a very powerful computing environment
for storage and reprocessing of the data. In addition to this, another noteworthy
development is the GRID, a form of distributed computing. GRID is developed by

scientists around the world in order to quickly reprocess and analyze large amounts

'1 PB (petabyte) = 10'® bytes

47



4. THE ATLAS DETECTOR

of data within a secure environment. ATLAS and CERN in general contribute to this
cutting edge technology by developing it, using it and providing feedback for further

improvements.
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..Reliable and pioneering results require deep

understanding and highly operative machines...

Chapter 5

The Cathode Strip Chambers of
the ATLAS experiment

The present chapter introduces the CSCs and describes the studies performed to im-
prove the spatial resolution of muons and the measured drift time of electrons. The
resulting algorithm of these studies has been implemented in the ATLAS software,

ATHENA, and it is used for digital signal processing.

5.1 Introduction

The CSCs [I] play an important role in detecting muons in the forward region of the
MS, covering the pseudorapidity region 2 < |n| < 2.7. Due to the high counting rate
characterizing the forward region, MDTs have been replaced by CSCs which can safely
operate up to 1000 Hz/cm? (compared to the MDTs with a safe operation limit of
150 Hz/cm?). The forward muons or else “standalone” muons, which fall outside ID’s
acceptance and have no track information, are of major importance in the multilepton
physics analyses studied in this thesis. By analyzing ZZ®*) — 4y Monte Carlo data,
produced with PyTHIA [2] event generator, it has been proven that by extending the
pseudorapidity coverage from 1 =2.5 to 2.7, one can increase the ZZ () 4 yield
by ~9%. Figure shows the event fraction of the ZZ®*) — 4u process for different
detector acceptances. All four muons must lie in the specified pseuodorapidity range
(—n,7n). Therefore the implementation of “standalone” muons in the physics analyses

implies the excelent performance of the detector with the best achievable resolution in
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Figure 5.1: Event fraction of the ZZ(*) — 4y process for different detector acceptances
(0.5, 1.0, 1.5, 2.0, 2.5, 2.7, 3.0, 3.5, 4.0, 4.5, 5.0). All four muons must lie in the pseudora-
pidity region (—n,n). The CSC coverage is indicated with the continues black line.

muons detection. The first part of the current chapter describes the CSCs while the

second part introduces two new algorithms for the improvement of their operation.

5.2 Multiwire proportional chambers

The CSCs are multiwire proportional chambers (MWPC) [3; 4], consisting of a set of
thin, parallel and equally spaced anode wires without separating walls, immersed in a
Ar/C02:80/20 gas. The anode wires are symmetrically located between two cathode
planes. A high voltage is applied on the anode wires, while the two cathodes are
grounded. Each cathode is lithographically segmented, one with the strips parallel and
the other with the strips perpendicular to the anode wires, thus providing us with
two independent measurements. According to the direction of the toroidal magnetic

field (§ = B¢) and the radial direction of the anode wires, the cathode with the

strips perpendicular to the anode wires provides the precision coordinate, n, while the
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Figure 5.2: A schematic structure of a single CSC layer.

one with the strips parallel to the wires provides the second coordinate, ¢. The above
description corresponds to the schematic structure of a single layer illustrated in Figure
The anode wire pitch, s, is fixed at 2.54 mm and the cathode read out pitch, W,
is 5.08 mm. The distance between the anode wires and the cathodes, d, is equal to the
anode wire pitch.

The cathodes providing the precision coordinate consist of 192 strips, while the
cathodes responsible for the ¢ measurement consist of 48 strips. The strips, orthogonal
to the wires, are finer than the parallel ones, since a better resolution is needed in the
direction of the magnetic field (bending direction). The corresponding resolution in
the bending direction is 60 pm per CSC plane and 5 mm in the non-bending direction.
The difference in scale results from the coarser segmentation of the cathode in the non-
bending direction. A complete list with all the parameters and characteristics of the
CSCs are summarized in Table [5.1] [6].

In addition to the high spatial resolution the CSCs can provide, there are also

present other useful characteristics:
e Good two track resolution.

e The pairing of the measurements in the two coordinates resolves ambiguities if

more than one tracks are present.
e Small drift time of electrons (< 45 ns).

e Low sensitivity to neutrons due to the small gas volume and the absence of

hydrogen in the gas mixture.

The operation principle of the CSCs is based on the charge multiplication. When

a charged particle or photon passes through the gas chamber, it ionizes gas molecules.
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Operating Voltage 1900 V

Gas gain 6 x 10?

Gas mixture Ar/CO; (80/20)
Number of chambers 2 x 16
Number of layers 4 x 32
Inclination angle of the chambers 11.6°

Anode wire diameter 30 um

Anode wire pitch 2.5 mm
Distance anode wires - cathode strips 2.5 mm
Distance between the cathods 5 mm
Distance between two possessed layers 25 mm
Construction Large Small
Distance*rom interaction point 7661 mm 7294 mm
Distance*from beam axis 1493.5 mm | 1493.5 mm
Chamber length in r (mm) 1129.2 1176.9
Chamber width (mm) 610.1-1126.7 | 497.9-747.5
Number of wires per plane 402 250
Number of 7 strips per plane o974 574

7 strip width (mm) 1.519 1.602
7 strip gap (mm) 0.25 0.25
Number of 7 readout strips 192 192

n readout strip pitch 5.308 5.567
Number of ¢ strips 48 48

¢ strip width (mm) 20.604 12.522
¢ strip gap (mm) 0.4 0.4

¢ readout strip pitch (mm) 21.004 12.922

& With respect to the center of the chamber.

Table 5.1: ATLAS CSC parameters - CSC operating values and technical

characteristics. The values have been taken from [0].
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As a consequence, the electrons released travel towards the anode wires. During their
course they are accelerated by the strong electric field around the wire, ionizing more
of the gas molecules. This results in a cascade of electrons deposited in the anode wires
and the induced charge is measured in the cathode strips in four consecutive samples
with 50 ns difference in order to have sufficient information for the pulse shape (see
Section . A schematic view of the electric field as well as the isochrone lines is
presented in Figure |5.35'} while the principle of operation is illustrated in Figure |5.3h?

Cathode Strip Chamber (CSC)
Principles of Operation

(a)

Figure 5.3: (a) Electric field of a multiwire proportional chamber - Isochronous lines
(black) and electric field lines (red) of a multi-wire proportional chamber. (b) The par-
ticular cathode geometry is called two intermediate strips. With this geometry one can

improve the position linearity using capacitive charge division.

The precision coordinate is obtained by a relative measurement of charges induced
by the avalanche on adjacent cathode strips (see Figure |5.4]), called clusters, by deter-
mining the center of gravity of the induced charge. The center of gravity (c.g.) is given

by the equation:

N
> Tidi
=l (5.1)

Teg. =

N
> G
=1

Tmage source: http : //en.wikipedia.org/wiki/Wire_chamber
2Image source: http : //www.inst.bnl.gov/programs/gasnobledet /hepnp/csc.shtml
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Figure 5.4: Example of a cluster formation in the precision cathode - The x—axis repre-

sents the active strips of the layer participating in the cluster formation.
where x; = iW, W is the cathode readout pitch and ¢; is the corresponding measured

charge. If the charges are measured with an r.m.s error of ¢ then the uncertainty in

Teg. 18

(5.2)

As a concequence, the resolution in the muon position, or else hit position, depends
on the number of strips used. Monte Carlo studies have shown that the optimum
number of strips lies between three and five strips. For less than three strips the
resolution is getting worse due to insufficient information while the usage of more than
five strips increases the resolution slowly because the electronic noise of more channels
is added in quadrature.

Other effects degrading the spatial resolution of the CSCs are the inclined tracks,
the Lorentz angle and d—electrons, all of which cause non-local charge depositions. In
order to overcome the effect of the inclined tracks, the chambers have been tilted by

an angle of 11.59°, so that the tracks are normal to the plane of the chambers.
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5.3 Layout of the CSC subdetector

5.3 Layout of the CSC subdetector

The CSCs are positioned on the two innermost wheels, one in each end-cap. Each wheel
is perpendicular to the beam axis and consists of eight large and eight small chambers,
placed alternately in the x — y plane. The chambers’ distance from the beam axis is
1.5 m, while the distance of the wheel from the IP is 7.5 m. Figure |[5.5| shows the hit
position of muons from data as they have been detected from the CSCs. Figures |5.5p
represent the local position of muons on the chambers, thus all hits are appeared on
the same chamber. The histograms of Figures show the geometry of the chambers

after a rotation transformation going from the local to the global coordinates using the

'\ [cos¢/ —sing"\ [«
<y’> - <Sin ¢ cos¢ ) (y> (5-3)

where 2/ and 3y’ are the global coordinates, x and y are the local coordinates of the

rotation:

clusters and ¢’ is the angle between the radial center of the chamber and the x— axis,
equal to n - 22.5° (where n is the chamber’s number). The deep blue color represents
the large chambers and the light blue the small ones.

Each chamber consists of four layers (see Figure with which four pairs of n — ¢
measurements can be achieved. The combination of these measurements provides the

track segment of each chamber [7].

5.3.1 Readout electronics

The CSC electronics are categorized as on-detector and off-detector electronics. The on-
detector electronics, are used for charge amplification and signal shaping. The shaped
pulses are sampled every 50 ns and the analog pulse height information is stored for
the duration of the Level-1 trigger latency [10]. The selected pulse shape is bipolar,
with peaking time 70 ns (see Figure[5.6p), which minimizes the effects of low frequency
noise due to pile-up [II]. Upon receipt of a Level-1 trigger accept, four samples for
each strip are digidized and transmitted to off-detector electronics through fiber-optic
links [§].

The off-detector electronics consist of the Readout Drivers (RODs). Each ROD

handles the data of two CSC chambers and is responsible to read out the detector,
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Figure 5.5: Hit position of data recorded from CSCs at (a) local and (b) global coo-
ordinates. The left and right histograms represent the chambers on Side A and Side C
respectively. One can arrive at the plots below by applying a rotation transformation to
the local coordinate of the clusters.
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5.4 Signal sampling

supress signals below a threshold cut, reject out-of-time signals, apply calibration con-
stants and send data to the ATLAs TDAQ system [10; 12]. Specifically, the processing
of the digital signal is as follows: As a first step, a fast algorithm rejects signals be-
low threshold, while the channels (strips) above threshold and their nearest neighbors
are flagged. In the second step, the processing is performed on the flagged channels
in order to find the channel with the largest signal within each contiguous group of
channels, called cluster. Once the channel is found the peaking time of the signal is
calculated. The four time samples recorded from each strip provide information of the
pulse shape. The three largest samples which are located on the positive lobe of the
bipolar waveform are used to define a parabola. The peaking time is then determined
from its maximum (see Figure ) Depending on whether the trigger arrived on
(signals are marked as Phase 0) or mid-way (signals are marked as Phase 1) between
the 50 ns sampling clock (see Figure , the second or third time sample is the largest
(see Figure . This results in a phase ambiguity between the two clocks which was
believen that can be resolved by subtracting 25 ns in the peaking time of the Phase 1
signals. Further studies on the calculation of the signal peaking times have shown a
systematic shift of 10 ns in the peaking time distributions of Phase 1 clusters. Figure
5.9 shows the peaking time distributions after parabola fit. The shoulders presented in
the case of data is a direct result of the three points fit.

The next sections presents the studies performed in this thesis in order to resolve

the phase ambiguity between the two clocks.

5.4 Signal sampling

As it has been noted in the previous section, the sampling frequency is 20 MHz but
the on-detector electronics can also be adapted to 40 MHz. Due to constraints from
the trigger rate and the fiber-optic link bandwidth, a 20 MHz sampling frequency is
preferred.

The bipolar pulse shape has been studied in reference [I13] and can be described by

the equation:

F(t) = ji (1 S > P (5.4)
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Figure 5.6: Example of a (a) parabola and (b) bipolar fit on the four samples. The
parameters, amplitude and peaking time, as have been obtained from the fit are written

on each graph. The pulse shape corresponds to the bipolar waveform.

t; = 25ns LHC
< > clock
| 3 5 7
. ty=50ns RODs
> clock

Figure 5.7: A time flow of the LHC and the RODs clock. The two clocks are synchronized
only for the odd values (Phase 0 clusters). At the even values a 25 ns subtraction is needed
and the clusters are marked as Phase 1 clusters.
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Figure 5.9: Peaking time distributions after a parabola fiton (a) MC Z — uu events and
(b) data from run 153565. The Phase 1 distributions are after the 25 ns subtraction.
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parameters n = 12 and n’ = 11.65, have been determined empirically [I3] and they are

where z =

For negative values of z the equation returns zero. The constant

associated with the characteristics of the shaper. The other parameters are the pulse
amplitude A, the pulse starting time ¢y, and the width of the bipolar pulse t,,. A, is

the normalization constant equal to

z _
A, = f(zmax) - Z%ax <1 - n,m_zx1> e~ Fmas (55)

where the maximum of the pulse is observed at

1
fmar = 5 (n 0+ 2= 0 27 = 20(0 + 1)) (5.6)

The peaking time is related with the pulse starting time via:

tmaz - to + thmam (57)

The bipolar pulse and the parameters defining its shape is shown in Figure [5.10].

The phase ambiguity described in Section could be resolved by using a bipolar
fit on the consecutive samples instead of parabola, as is shown in Figure [5.11] The
width of the distributions is directly connected to the electrons’ drift time. Due to
CPU time limitations though, the direct usage of a bipolar fit on the four samples is

not recommended.
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Figure 5.11: Peaking time distributions after bioplar fit on (a) MC Z — uu events and
(b) data from run 153565. The Phase 1 distributions are after the 25 ns subtraction.

A direct result of the distributions disagreement (see Figure5.9) is a worse resolution
in the calculation of the peaking times using the parabola fit. In addition, the small
differences in the amplitude measurement between the parabola and the bipolar fit (see

Figure [5.6) have as a consequence small shifts in the calculation of the hit position.

5.4.1 Time and position correction functions

Extensive studies have been carried out in order to build two correction functions
which produce comparable results with the ones produced from the bipolar fit and
also to satisfy the CPU time restrictions (1 pus). The two functions are based on the
correlation of the bipolar and parabola fit peaking times and amplitudes.

The datasets used in this study are samples enriched in muons since in the analysis
the signal are clusters formed by muons. The data correspond to a muon inclusive
sample and have been recorded during 2010 (run 153565) and the MC sample are
muons resulting from Z decays. The two samples are summarized in Table

In order to reduce the background from neutrons and v radiation contributing to
the signal, clusters which do not form a track segment are rejected. This criterion has

only be applied in the case of data, where 50% of the single clusters is a product of

63



5. THE CATHODE STRIP CHAMBERS OF THE ATLAS
EXPERIMENT

Dataset - Run Process Generator Events
105145 Z — up PyTHIA 10000
153565 Inclusive muon sample LHC 294508

Table 5.2: Samples used for the construction of the correction functions.

these processes [9]. In addition, the following quality cuts have been applied on both
MC and data:

e Remove the cases where sample 1 or sample 4 had the highest charge (Q) value.

e Sample 2 and 3 must have charge values above threshold, Q > 20000 or greater
than 18 ADC countdll

5.4.2 Peaking time correction function

The correction function used to correct parabola’s peaking times is shown in Figure|5.12
Specifically, this 2D histogram shows the correlation between bipolar’s and parabola’s
peaking times. The blue curve refers to MC events and the red line to LHC data. Due
to the exclusion of the cases where the first or the last sample had the highest charge
values, peaking times ¢ < 25 ns and ¢ > 125 ns are represented with an empty space.
In order to extend the correction function in these regions, a toy Monte Carlo has been
developed based on the bipolar function described in Section In specific, the toy
MC has been built as follows: with a fix peaking time in the bipolar function, four
random samples were generated in time intervals of 50 ns. The generated samples were
then fitted with a parabola and a bipolar function for the calculation of the peaking
times and the amplitude. This procedure has been repeated for peaking times from 0
to 150 ns with a step of 0.2 ns. The toy MC result is presented with the black curve in
Figure Comparing the three different samples, one can see the good agreement
between the data and the results from the toy MC. The small divergence of the Monte
Carlo sample is due to insufficient description of the detector’s geometry by the MC.
To conclude, the good agreement between data and toy MC calls on the usage of toy

MC values for the correction of the parabola’s fit results.

!One ADC count corresponds to 1100 electrons.
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Figure 5.12: Bipolar vs Parabola peaking times.

Figure shows the bipolar’s fit peaking time versus the true bipolar’s peaking
time from toy MC. The true one is the peaking time given to the toy MC in order
to produce four random samples. The first order polynomial fit in validates the
results of the toy MC. The stability histogram of Figure shows how the fit peak-
ing time fluctuates with respect to the true bipolar peaking time. The fluctuations
are more intense at the borders (tpipoiar < 20 ns and tpiporqr > 130 ns) where a 5 ns
difference is expected. For the rest of the time spectrum on average ~2 ns difference is
found. The results of the parabola peaking times and the corrected ones compared to
bipolar fit’s are compared in Figure [5.14] where the residuals are shown. A gaussian
fit on the left distribution produces a relative error of 0.04%. The corrected peaking
time distributions for MC and data are presented in Figures and respec-
tively. The shape of the distributions is such due to the fact that they superimpose
many detector optical links transmitting data from the on-detector to the off-detector
electronics. As a consequence, each link can have a timing offset relative to the other

links and this leads to the small shift between Phase 0 and Phase 1 distributions.
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Figure 5.13: (a) Results of the toy MC algorithm. The fit results validate the usage of
the toy MC. (b) True minus fit bipolar’s peaking times vs true bipolar’s peaking times.

A zero order polynomial fit is also shown on the plot. The largest divergencies from the

straight line occures in the boundaries as expected.
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Figure 5.14: Relative peaking time errors - (a)Residual of parabola fit results with respect

to bipolar’s fit results (b) Residual of the corrected peaking times with respect to bipolar’s

fit results. A gaussian fit is also shown with o = 0.4%.
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Figure 5.15: Corrected peaking time distributions for (a) MC Z — up events and (b)
data from run 153565.

5.4.3 Correction function of the position

The position of the clusters is directly connected with the cluster charge and can be
improved by correcting the amplitude of the parabola’s fit. Due to the dependence
of the charge from the peaking time, a new correction function has been developed,
by comparing the bipolar and parabola amplitude. The 2D plot in Figure [5.16] shows
the correlation of the variables which have been selected to correct the position of
clusters for five different ranges of amplitudes’ values. The quantity of the y-axis,
(Amplitude gipolar- Amplitude parabola) | Amplitudepipoiar, is the relative error whereas
the z-axis represents the bipolar peaking time. As can be seen, the correlation of the
two variables is independent of the amplitude’s value, allowing the usage of a common
function for all possible amplitudes’ value. Figure represents the position correc-
tion function and is the profile histogram of Figure [5.16| The black points represent
the data and the red points refer to the results of the toy MC (see Subsection [5.4.2)).
A comparison of the amplitude distributions which follow the Landau distribution
are shown in Figures and [5.18p. The first one refers to Phase 0 precision clusters

and the second one to Phase 1 7 clusters. The black line corresponds to the parabola
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Figure 5.16: Correlation of the variables been selected to built the position correction
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Figure 5.18: Amplitude distributions for (a) Phase 0 and (b) Phase 1 signals. The black
color refers to the parabola fit, red color to the bipolar fit and the green color to the

correction.

fit, the red line to the bipolar amplitude and the green line is the corrected parabola.
The resolution histogram in Figure shows that by using the parabola fit for the
amplitude extraction, the relative uncertainty with respect to the bipolar result can
reach 20%, whereas by using the corrected values the gaussian fit of the distribution in

Figure [5.19b produces 0.6% relative error.

5.5 Summary

The performance of the CSCs, in terms of position and peaking time resolution of the
clusters formation have been studied using the first data delivered from LHC. Two
correction functions have been constructed to improve the position and the peaking
time of the clusters, with relative errors of 0.6% and 0.4% respectively. The resulting
algorithms have been implemented to the ATLAS software and are used from the off-

detector electronics for the selection of muon clusters.
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Figure 5.19: Relative amplitude errors of (a) the parabola and (b) the corrected amplitude
values with respect to bipolar’s fit amplitude. A gaussian fit on the relative amplitude error

of the corrected value, produces a 0.6% systematic error.
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..Data started flowing holding the key to the biggest

mysteries of our universe...

Chapter 6

Testing the ATLAS detector with
early data delivered from LHC
using Z/v* — (l events

This chapter describes the methodology followed towards the first Z inclusive produc-
tion cross section measurement at /s = 7 TeV, by analyzing the first proton-proton
collisions of LuC [T} 2t B]. A process which can be used as standard candle for these

studies will follow in this thesis.

6.1 Introduction

In this chapter, the procedure followed to calculate a fiducial (Z/v* — ee) and a total
Z inclusive production cross section is explained step by step. The analysis skeleton
built to detect Z — ee events is discussed and the systematic uncertainties entering the
cross section calculation are presented. The data-driven technique utilized to estimate
the QCD background and the systematic uncertainties in the background estimation
are explained in detail. Finally, the results of the fiducial and the total cross section

are shown.
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DELIVERED FROM LHC USING Z/v* — ¢¢ EVENTS

6.2 Data and Monte Carlo samples

6.2.1 Collision data

The analysis is based on a data sample at \/s = 7 TeV proton-proton collisions collected
between April and June 2010. The data has been collected during stable beam operation
and required all ATLAS sub-detectors operating in the range (93 — 98%). The selection
of the good events was achieved through the usage of a Good Runs List [4] providing
the good luminosity blocks of each run. All data are processed consistently in the
May 2010 reprocessing campaign. Table summarizes the data periods used in the

analysis with their corresponding run numbers and integrated luminosities.

Data period | Run number range ‘ Integrated luminosity (nb™1) ‘

A 152166 - 153200 0.4
B 153565 - 155160 8.2
C 155228 - 156682 8.5
D 158045 - 159224 299.2
Total 152166 - 159224 316

Table 6.1: Data used in the Z inclusive studies - The samples’ total integrated
luminosity is 316 nb—1.

6.2.2 Simulated Monte Carlo samples

The MC samples were generated with PyTHIA [5] and the ATLAS detector was simu-
lated with GEANT4 [6]. The parton distribution functions (PDF) are modeled with
MRST LO* [7]. Table summarizes the MC samples used in the analysis with their
corresponding number of events and cross sections. The quoted cross sections were used
to compute the luminosity of each sample and then normalize the expected number of
events of each data sample to the luminosity of the data. The cross section of the QCD
multijet sample has been taken directly from PyTHIA, while the cross sections of the
Z — ee/TT were taken from the FEWZ program [8] based on the NNLO calculations.
Events with dileptons from Drell-Yan (10 < My < 60 GeV) are not included in the
PyTHIA samples. The uncertainties on the cross-sections arise from factorization and

renormalization scale dependence, choice of PDF and the size of the correction from
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6.3 Electron Reconstruction and identification

NLO to NNLO. The total uncertainty is about 5% and is taken as an uncertainty on

any event count predictions normalized using these cross-sections.

’ MCID ‘ Process ‘ Generator ‘ Events ‘ o-BR [nb] ‘

106046 | Z —ee | PyrHia | 1:-10% | 0.9940.05 NNLO
106052 | Z — r7 | PytHiA | 2-10° | 0.99+0.05 NNLO
105200 tt MCQ@NLO | 1-108 0.16+0.01 NLO
105802 | QCD PyrHia | 10 -10° 1.2x10% LO

Table 6.2: MC samples used in the Z — ee inclusive studies. The cross sections quoted
are the ones used to estimate the expected number of events. The cross section for the

QCD sample is directly from PYTHIA without correcting with the appropriate k—factor.

6.3 Electron Reconstruction and identification

6.3.1 Trigger requirement

Events were selected with the hardware-based L1 trigger (see Section . The L1
calorimeter trigger selects photons and electrons within 7 < 2.5 based on the energy
deposition in the calorimeter. The trigger chain is called “L1_EM10”. The selected
events are triggered from an electron or a photon if the energy deposition of a An x A¢

= 0.1 x 0.1 cluster is greater than 10 GeV.

6.3.2 Electron algorithm description

The ATLAS standard electron reconstruction and identification algorithm [10; 1T} [12] is
designed to provide electrons with various levels of background rejection optimized for
high identification efficiencies for calorimeter transverse energy Ep > 20 GeV, over the
full acceptance of the ID system. Electron reconstruction begins with a seed cluster
of energy of Er > 2.5 GeV, which are formed by a “sliding-window” algorithm. The
window size is 3x5 in units of 0.025x 0.025 in 1 X ¢ space, corresponding to the
granularity of the second compartment of the EM calorimeter (see Section [4.2.2.1)).
A matching track, extrapolated to the middle EM calorimeter layer, is searched for
in a broad window of An x A¢ = 0.05 x 0.1 amongst all reconstructed tracks with
pr > 0.5 GeV. The closest-matched track to this layer’s cluster barycenter is kept as

that belonging to the electron candidate. The electron cluster is then rebuilt using
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3x7 (5x5) longitudinal towers of cells in the barrel (endcaps). The cluster energy
is determined [I3] by summing the contributions from the estimated energy deposit
in the material in front of the EM calorimeter, the measured energy deposit in the
cluster, the estimated external energy deposit outside the cluster (lateral leakage) and
the estimated energy deposit beyond the EM calorimeter (longitudinal leakage) [12].
The four-momentum of central electrons (1 <2.5) is computed using information from
both the final cluster and the track matched to the original seed cluster. The energy is
given by the cluster energy. The n and ¢ directions are taken from the corresponding
track parameters unless the track contains no silicon hits, in which case 7 is provided
by the cluster’s barycenter.

The baseline electron identification selections in the central region |n| < 2.47 are
based on criteria using calorimeter shower parameters, track information and com-
bined variables which provide good separation between isolated or non-isolated signal
electrons, background electrons resulting from photon conversions and Dalitz decays
(like 7% — et + e~ + ) and jets faking electrons. There are in total three sets of
requirements: “Loose”, “Medium” and “Tight” [14] and they have been optimized by
the egamma ATLAS group [I1]. Each set adds additional constraints to the previous
requirements for stronger jet rejection at the expense of some identification efficiency

loss. The information used from each set is:

e “Loose”: this set refers to the basic selections and uses EM shower shape infor-
mation from the second layer of the EM calorimeter and energy leakage into the
hadronic calorimeters as discriminant variables. This set of requirements pro-
vides high and uniform identification efficiency but a low background rejection.

In specific, the following variables are examined:

— Lateral shower containment which is defined as the ratio of the energy in

3x7 cells over the energy in 7x7 cells;

— Lateral shower width defined as \/(Z Em?)/ Y Ei— (X Em) /(O E;))?

where F; is the energy and 7; is the pseudorapidity of cell ¢ and the sum is

calculated within a window of 3x5 cells;

— Ratio of Ep in the first layer of the hadronic calorimeter to Ep of the EM
cluster (used over the range |n| < 0.8 and |n| > 1.37);
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6.3 Electron Reconstruction and identification

— Ratio of E7 in the hadronic calorimeter to E7 of the EM cluster (used over

the range |n| > 0.8 and || < 1.37).

e “Medium”: this set includes all the selections of the “loose” set and provides
additional hadronic rejection by evaluating the energy deposit patterns in the
first layer of the EM calorimeter, track quality variables and a tighter cluster-

track matching variable. The selections are as follows:

— Shower width, /(3" Ei(i — imaz)?)/ (Y Ei), where i runs ovel all strips in the
first compartment of EM calorimeter in a window of An x A¢ ~ 0.0625x0.2,
corresponding typically to 20 strips in 7 and 4,4, is the index of the highest

energy strip;

— Ratio of the energy difference between the largest and second largest energy

deposits in the cluster over the sum of these energies in the strip layer;
— Number of hits in the pixel detector (>1);

— Number of total hits in the pixel and SCT detectors (>7);

Transverse impact parameter (|dp| <5 mm);

An between the cluster position in the middle layer and the extrapolated
track (JAn < 0.01);

e “Tight”: This set of requirements further rejects charged hadrons and secondary
electrons from conversions. It also includes E/p, particle identification using the
TRT and discrimination against photon conversions via a b-layer hit requirement

and information about reconstructed conversion vertices[15; [16];

— A¢ between the cluster position in the middle layer and the extrapolated
track (|A¢| < 0.02);

— An between the cluster position in the middle layer and the extrapolated
track (JAn| < 0.005);

— Ratio of the cluster energy to the track momentum;
— Tighter transverse impact parameter (dg < 1 mm);

— Total number of hits in the TRT. The difference between the measured
number of hits and the expected average number of hits is required to be

within 15 hits.
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— Ratio of the number of high-threshold hits to the total number of hits in
the TRT. TRT runs with two thresholds, the low threshold corresponds to
ordinary tracking hits, while the high threshold refers to transition radiation

hits [15];
— Number of hits in the b-layer (>1);

— Veto electron candidates matched to reconstructed photon conversions. An
explanation on how photon conversions are reconstructed is given in refer-

ence [15].

6.3.3 Problematic regions of the calorimenter

Electromagnetic clusters which are located in misbehaving regions of the detector are
rejected. The tool has been developed by the egamma performance group and provides
information of misbehaving regions by providing a two dimensional map (n — ¢) for
each layer of the calorimeter. The maps were built from the on-line LAr calorimeter

monitoring system and notify for:

e the regions affected by major high voltage problems;

e clectronic front-end board card not providing output signal, due to a dead optical

readout line.

6.4 Pile-up effects event reweighting

Starting from data period D, a significant fraction of events have additional soft interac-
tions in the same bunch crossing as the hard scatter event, called in-time pile-up. The
number of additional interactions follow a Poisson distribution with a mean determined
from the beam parameters. Due to the fact that the mean value of the interactions per
bunch crossing is not constant, but varies from bunch crossing to bunch crossing, the
best estimator of the number of additional interactions in one event is the number of
reconstructed primary vertices.

The MC samples described in Section[6.2.2have been generated with a mean number
of extra pile-up events of 2, while the average number of additional interactions in data

is less than 2. In order to correct the MC samples from the pile-up effects, a re-weighting
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of the MC events depending on the number of primary vertices has been applied. The
event weights used on the MC samples are listed in Table

Number of primary vertices ‘ MC event weight ‘

3.88
1.06
0.34
0.12
0.05
6+ 0.01

T = W N

Table 6.3: MC event weights due to pile-up for the Z inclusive measuremet -

Monte Carlo event weights for different number of reconstructed primary vertices.

6.5 FEvent Selection

The selection cuts applied for the detection of Z/v* — ee candidates is similar to the
one used for the first Z observation [18]. The series of the cuts is presented in Table
The loose electron event selections correspond to the cuts which have been applied
for the background estimation (see Section , while the tighter cuts have been used
to select the Z candidate events.

In specific,
e Electrons must lie in || < 2.47 but the crack region!]1.37 < |n| < 1.52 is excluded;

e All electrons must have Ep > 20 GeV and be reconstructed with the standard

egamma algorithm described in Section [6.3.2
e Both electrons must pass the “medium” identification requirements;
e Pair formation. Electrons of the pair are required to have opposite charge;

e The invariant mass of the candidate pairs must be in the mass range [66,116]

GeV.

!The crack region is the transition from the barrel to the endcaps EM calorimeters (see Section
4.2.2.1) and it is used for maintenance of the solenoid magnet and the ID.
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Criterion Value
Primary vertex Nytz < 1 with Nypgers < 3
Trigger L1_EM10
Loose electron event selection
Electron selection 2 loose electrons
pr > 20 GeV, n < 2.47 but excluding 1.37 < |n| 1.52
Opposite charge c1-c2<0

Invariant mass (M) 66 < M. < 116 GeV (consider all pairs of electrons)

Tighter electron event selection

Final electron selection 2 medium electrons
Third electron veto reject events with any additional medium electron(s)
Invariant mass (M) 66 < M., < 116 GeV

Table 6.4: Series of the selection cuts applied for the detection of Z — ee candidates.

6.6 The correction factor C'; and the acceptance Ay

The cross section is measured within a kinematic fiducial region given by the Equation

[6.71 The fiducial volume is defined from the selection cuts:
e B > 20 GeV;
e || <247 and 1.37 < |n| < 1.52;
e 66 GeV < M, < 116 GeV (where M., is the invariant mass of the two electrons).

The correction factor C'z which appears in Equation [6.7] is calculated from the
signal MC sample and represents the fraction of the weighted reconstructed signal
events surviving the selection criteria of the analysis (N rec) over the number of

generated events passing the fiducial cuts (Nmc gen fiducial):

N
CZ _ MC rec (61)
NMC gen fiducial

In basic terms, it provides correction to the efficiency, energy resolution and QED
radiation. The sources of uncertainties affecting the Cz value result from uncertainties
on the electron reconstruction efficiency and from material effects in the inner detector
as well as from uncertainties on the electron energy scale and resolution. A summary

of the systematic uncertainties is shown in Table [3].
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Source ‘ 0Cz/Cz %] ‘
Trigger efficiency < 0.2
Material effects, reconstruction and identification 8.8
Energy scale and resolution 1.9
Problematic regions in the calorimeter 2.7
Pile-up 0.2
Charge misidentifiaction 0.5

Final State Radiation modeling 0.3
Theoretical uncertainty (PDF's) 0.3
Total 9.4

Table 6.5: Breakdown of the systematic uncertainties contributing on Cz. The de-
composition has been made such that correlations between the various contributions are

negligible.

To calculate the total cross section, given by the Equation one must divide the
fiducial cross section with the acceptance factor, Az, and the branching ratio of Z to
decay in electron-positron pairs, BR(Z — ee) = 0.036 [17]. Az is a pure MC quantity

and is calculated from PYTHIA using the equation:

AZ _ NMC’ gen fiducial (62)
Nuye gen all

where Nysc gen an is the number of generated events and Nysc gen fiducial is the number
of generated events after the fiducial cuts.

The systematic uncertainty on the acceptance is dominated by the limited knowl-
edge of the proton PDFs and the modelling of the Z boson production at the LHC. The
total uncertainty is calculated to be £3.8% [3].

The computed values of Az and Cz with their systematic errors are summarized in

Table [6.6] The statistical uncertainties resulting from the MC samples are negligible.

’ 7 — ee ‘
Az | 0.446 + 0.018
Cz | 0.651 £+ 0.061

Table 6.6: The Az and Cz values and their systematic uncertainties.
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6.7 Results

6.7.1 Candidates list

Table lists the Z/4* — ee candidate events as well as the ones that fail the final

invariant mass cut (shown in red color).

Data Period Run number Event number Luminosity block M,
B 154817 968871 18 88.81
155112 112986956 558 87.11
155160 17950341 333 91.10
C 155569 3028514 234 90.52
155569 30063992 368 85.30
155678 13584340 287 90.59
155678 13304729 286 36.41
155678 16270287 299 83.69
155697 31407946 434 94.05
D 158045 1916920 118 84.56
158116 4099621 127 93.10
158116 18690615 246 89.32
158116 16571301 227 93.46
158299 11317786 411 87.72
158392 5528736 233 106.46
158392 5863564 235 85.85
158392 12592579 292 83.56
158545 3060495 242 89.21
158548 8442314 153 91.61
158548 14203149 187 74.30
158582 9259901 96 78.75
158582 13231807 120 85.65
158582 14434569 126 89.82
158582 13356393 120 91.56
158582 44922321 312 77.03
158582 48541867 334 71.03
158632 1998176 161 89.51
158801 25842368 296 92.00
158801 9719944 204 89.39
158975 15364408 173 93.70
158975 8651494 136 85.89
158975 41530390 332 92.32
Continued on next page
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Table 6.7 — continued from previous page

Data Period Run number Event number Luminosity block M., (GeV)
158975 21793243 209 93.88
158975 30713414 255 98.14
158975 23374251 218 90.19
159041 11976617 176 92.55
159041 10572857 167 105.66
159041 12606284 179 96.13
159041 13562051 184 96.03
159041 36075685 308 68.94
159041 43284559 344 60.64
159086 63755995 494 86.10
159086 13378192 191 83.63
159086 72145469 540 80.94
159086 43335033 379 87.43
159086 43706234 381 2.77
159086 43783954 382 62.93
159086 34028709 322 90.89
159086 2291231 120 89.66
159086 15158080 202 85.46
159086 15408477 204 59.39
159086 65291118 502 42.14
159086 13054270 189 95.92
159086 42888841 376 91.26
159086 24112824 261 85.61
159086 21963805 247 61.91
159113 13267323 317 90.20
159113 42881541 481 88.16
159113 49530723 516 82.12
159113 7686188 287 90.08
159113 4685338 270 90.31
159113 29318983 407 87.22
159179 12539738 314 84.48
159179 4154168 237 90.15
159179 12289901 312 85.95
159202 6941331 234 91.20
159203 3064472 36 85.15
159203 3601844 42 91.58
159203 6130908 71 84.71
159224 3931588 254 91.67
159224 4517702 259 94.33
159224 19014851 403 94.07

Continued on next page
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Table 6.7 — continued from previous page

Data Period Run number Event number Luminosity block M., (GeV)
159224 20845268 427 86.55
159224 26596822 496 86.25
159224 28630240 519 82.48
159224 37576306 622 16.68
159224 38502686 632 85.33
159224 44276181 696 87.53

Table 6.7: Z/v* — ee candidates list. The run number, event number, luminosity block

and invariant mass of the dielectron candidates. The red color indicates the events failing

the invariant mass cut.

6.7.2 Kinematic distributions

The invariant mass spectrum of the above candidates

of Z, p% are shown in Figure

and the transverse momentum
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Figure 6.1: Kinematic distributions of the Z/y* — ee candiates at 316 nb~! - (a)

Invariant mass distribution and (b) transverse momentum distribution of the Z — ee

candidates. The continuous line corresponds to the MC signal sample normalized to the
luminosity of the data (L =316 nb~!)and the black points to the data at /s = 7 TeV.
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6.8 Background Estimation in the Z/7y* — ee inclusive

channel

This section describes the two techniques used to estimate the QCD background con-
tributing to the Z/~* — ee final state. The first technique uses the invariant mass
distribution of the selected loose-loose electron pairs as a template to estimate the
QCD contribution under the Z peak. In specific, the model consists of a Breit-Wigner
convoluted with a Gaussian function for the signal and a second order polynomial fit
for the background. The fitting range was in the mass window 50 < M. < 130 GeV.
The number of loose electron background candidate events within the mass window
66 < M. < 116 GeV was estimated to be 48.5 £+ 6.0 (stat). In order to correct the
above number for medium-medium electron pairs, one must calculate the ratio of the
medium electrons over the number of loose electrons with py > 20 GeV, reconstructed
using the standard electron algorithm and within the n acceptance of the detector. The

’

parameter is called “rejection factor, €,” and it is equal to:

N .
¢ = —medium clectrons _ 137 4 (0.001(stat) (6.3)

Nloose electrons

By applying this data-derived rejection factor to each electron in the “loose” pairs

two medium electrons __
kag = Niwo loose electrons X € X € (64)

a QCD background estimate totalling 0.91 £ 0.11 (stat) events in the opposite-charge
distribution within the Z mass window was calculated.

The systematic uncertainty on the number of background events has been calculated
by studying different electron identification definitions (e.g. two electrons before “loose”
requirement, one “loose” one “medium” electron candidate) with their corresponding
rejection factors. The fit stability was verified by changing the bin size of the invariant
mass distribution and replacing the second-order polynomial function with a first-order
one. The systematic uncertainty assigned to the number of backgournd events is 0.41.

The final number of QCD background events at £ = 316 nb~! with all its errors is:

Npig = 0.91 £ 0.11(stat) £ 0.41(syst) (6.5)
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The result of the above method has been cross checked using the Same Sign (SS) -
Opposite Sign (OS) method and the difference observed in the background calculation
(Equation were taken into account as an extra systematic source on the background
estimation. The SS-OS method was originally used for the estimation of the QCD
background from a statistically smaller sample [I] and it is based on counting the
events of loose OS and SS pairs which pass the invariant mass cut. Table shows the
numbers of loose-loose electron pairs as they have been measured from data (first row)
and the MC QCD sample (second row).

’ ‘ OS pass M. | SS pass M.

ngoastg—loose 39 35
MC QCD
Nloosefloose 29 31

Table 6.8: Number of opposite-sign and same-sign events with loose electron pairs which
pass the invariant mass cut. The first row refers to data of integrated luminosity 316 nb~!
and the second row to the results of the QCD MC sample normalized to the luminosity of
data.

By correcting these numbers with the rejection factor of Equation [6.3] as described
above, the expected number of background events in the signal region is calculated to
be 0.74 + 0.12 (stat) in data and 0.67 £+ 0.11 in the QCD MC sample. Taking into
account that the largest contribution of the QCD background results from light flavor
quarks where two jets are faking two electrons and assuming that the contribution of
heavy flavor quarks decaying semi-leptonically is negligible, the two numbers can be
cross checked from the number of events with same-sign pairs passing the invariant mass
cut. Those numbers have been found to be 0.67 £ 0.11 (stat) and 0.71 + 0.11 (stat)
in the data and the MC sample respectively and they are in a good agreement with
the ones in the opposite-sign category. Table summarizes the expected background
events of the two categories. The systematic uncertainty can be calculated by finding
the difference of the opposite-sign and same-sign events. The final number of the

expected background events is

Nipg = 0.74 + 0.12(stat) + 0.07(syst) (6.6)

The contributions from the W — ev, Z — 77 and tt processes have been taken

from the corresponding MC samples and their values are 0.11, 0.06 and 0.10 events.
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6.9 Cross section measurement

Estimated background | OS pass M., | SS pass M.

NData e 0.74 £ 0.12 | 0.67 £ 0.11
MC QCD
N i dium 0.67 £ 0.11 | 0.71 £ 0.11

Table 6.9: Comparison of expected number of background events in data and MC. The
two numbers agree within error. A cross-check of the method can be done from the same-
sign events where a similar number of events is expected. The first row refers to data of
integrated luminosity 316 nb™* and the second row to the results of the QCD MC sample

normalized to the luminosity of data.

6.9 Cross section measurement

6.9.1 Fiducial cross section

The fiducial cross section can be calculated by subtracting the number of expected back-
ground events from the total observed events and then divide with the total correction

factor C'z and the integrated luminosity £, like in equation:

rid Nobs _ NBkg
07 see = CZ L0

The fiducial cross section is found to be:

ol x BR(Z — e*e™) = 0.33 & 0.04(stat) «+ 0.03(syst) + 0.04(rmlumi)nb  (6.8)

6.9.2 Total cross section

The fiducial cross section can be easily turned into the total cross section by correcting

with the acceptance factor Az as in the following equation:

rid Nobs _ NBkg

07 see — CZ K AZ L (69)

The resulting total cross section times the braching ratio BR(Z — ee) of Z decaying

in electron-positron is

o x BR(Z — ete™) = 0.75 + 0.09(stat) & 0.08(syst) & 0.08(lumi)nb  (6.10)
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6.10 Summary

The first production cross section measurement of the Z inclusive channel at /s = 7
TeV has been established, analyzing the early data delivered from LHC and recorded
from the ATLAS experiment in the period 11 April - 19 July 2010. In total, 70 Z — ee
candidates have been observed while the expected background is 1.18 + 0.11(stat) +
0.41(syst). The total cross section times the branching ratio of the Z to decay in
electron-positron pair has been found to be 0.75 £ 0.09(stat) £ 0.08(syst) = 0.08(lumi)
nb and agrees within error with the NNLO predictions of 0.99 £ 0.05 nb [8; 9].
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..Do not take Poisson statistics as a personal issue...

Chapter 7

Measurement of the 77

production cross section at /s =7
TeV with the ATLAS detector

This chapter is dedicated to the cross section measurement of the ZZ production chan-
nel at /s = 7 TeV using the ATLAS detector. Soon after the LHC started to operate at
Vs =T TeV, the ZZ — 44 analysis was transferred to the new center of mass energy.
Some of the studies presented here are repeated from the previous chapter while others

were required by the new energy regime.

7.1 Introduction

This chapter is the main subject of this thesis. A detailed explanation of the procedure
followed to measure the fiducial and total production cross section of the ZZ channel
is given. The event selection criteria of the analysis are described in depth and the
data-driven technique utilized to estimate the background contribution in the 4e, 4u
and 2e2p final states is discussed. Topics like systematic uncertainties affecting the
cross section measurement, calculation of the reconstruction and acceptance factor and
likelihood of features in observation are also addressed. A comparison of kinematic
distributions between data and MC is shown for both ZZ — 4¢ and Z — 2¢ processes.

Finally the statistical method used for the cross section extraction is presented.
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7.2 Datasamples

7.2.1 Data 2011

This study uses a data sample of proton-proton collisions that was taken between April
- June 2011 at a centre-of-mass energy of \/s = 7 TeV at the LHC. The total integrated
luminosity delivered up to that point was £ = 1.25 fb=! (see Figure . Events
are selected based on detector data-quality requirements which ensure the relevant
sub-detectors are operational. The integrated luminosity as reported by the ATLAS
luminosity calculation tool is 1.024 fb~! corresponding to ~ 82% of the total luminosity
of ATLAS. The luminosity uncertainty for 2011 data is 3.7% [1]. According to the trigger
object (electron, muon, jet, e.t.c) that fired the event, the data are separated to the
corresponding physics streams. In the current analysis the electron and muon streams
have been used. Events appearing in both streams were removed from the electron

stream.

7.2.2 Monte Carlo samples

The ZZ production process and subsequent pure leptonic decays are modeled by
PytHiA [2] with MRST modified LO (LOmod) parton density function (PDF) set
[3]. The PyTHIA simulation includes the interference terms between the Z and v* dia-
grams; the mass threshold for the Z/v* boson is set to 12 GeV. The produced sample
also includes final states with 7 leptons which can further decay to all the known final
states. Although, filter is applied to the events at generator level, demanding at least
3 leptons (e or p) with pr > 5 GeV in || < 10. The filter mainly rejects 7 events. The
corresponding filter efficiency, € fier, is 62.35%. Table lists the ZZ MC signal sam-
ple used in the analysis. The number of events, k—factor (k = ‘2\;7%0), filter efficiency

and cross section are also shown.

The detector responce is simulated [4] with a program based on GEANT4 [5].

MCID Process Generator Events k-factor efjer o [pb]
109292 ZZ — 0= 0¢+¢~  PyTHIA 149969 1.41 0.6235 0.07494

Table 7.1: The ZZ signal production process, cross section and number of fully simulated
MC events. The MC simulation filter demands at least 3 leptons (e or ) with pp>5 GeV
and |n| < 10.

92



7.3 Cross section definition

In order to have a well defined comparison between the data and MC simulations as
well as to study the different background processes contributing to the signal, several
MC samples have been used for data modeling. These include Z (Table and W
(Table gauge bosons produced in association with jets and top events (tf, Wt
and single top, Table . The MC@NLO [6] event generator has been used for the
modeling of ¢¢ and single top events, whereas the ALPGEN [7] event generator has been
employed for the Z and W inclusive samples. Events with dileptons from Drell-Yan
(10 < m < 40 GeV) processes (Table|[C.1) are also modeled with ALPGEN. Events with
heavy flavor dijets (Table are modeled with PyTHIAB [2]. The diboson processes
WW and WZ are modeled with MC@QNLO and the W/Z + v with MADGRAPH [§]
(Table |C.4).

The cross sections for the simulated processes, generator names, generator level
filter efficiencies and total number of events are shown in Appendix [C| Whenever LO
event generators are used, the cross-sections are corrected by using k-factors to NLO
or NNLO (if available) derived from matrix element calculations [10].

Additional inelastic pp events are included in the simulation, distributed so as to

reproduce the number of collisions per bunch-crossing in the data.

7.3 Cross section definition

For any given physics channel, one can calculate a fiducial and a total cross section.
The fiducial cross section is defined in a fiducial volume such that it corresponds to the
experimental selection criteria and it is therefore free from any systematic errors that
arise from extrapolating to regions of phase space which are not measured. In our case

the ZZ — (00’0 fiducial volume is defined from the selection cuts:
o (Z/y)Z/y*) = £t 4te~, where £ = e, y;
e Invariant mass of Z/9*: 66 < My, < 116 GeV;
e Transverse momentum of leptons: pr > 15 GeV;

e Leptons must lie in pseudorapidity n < 2.5.
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and it is given by the equation:

- Nobs  — Nk
old % BR(ZZ — o0y = L —uee

= 7.1
L x Czz_perp (7.1)

where NV, gfje, and N, Z}%, denote the number of observed and background events respec-
tively, £ is the integrated luminosity, BRZ Z — (¢'¢' is the branching ratio for both Zs
to decay leptonically and is equal to 0.0045 [I1] and C'zz_ e is a correction function
defined in Section [.12.7]

The total cross section (Equation can then be derived from the fiducial cross
section by dividing with the acceptance factor, Azz_.sp¢r, Which represents the effi-
ciency of the fiducial cuts (see Section [7.12.2)).

b. bk
O,tot — NKOZ;Z’ — NEM%’ (7 2)

7.4 Signal Monte Carlo correction

The predicted number of signal events are obtained by correcting the predictions of
PyTHIA with a k—factor to scale to the NLO cross section. The k—factor is calculated
for the fiducial cross section (see Section and is defined as the ratio of the MCFM
[9] NLO cross section to the PYTHIA LO cross section. The average ratio is equal to
1.41. The k—factor is fairly independent of the ZZ mass for masses above ~200 GeV.
The corresponding fiducial cross sections of the MCFM and PYTHIA as a function of
the invariant mass of the ZZ system as well as their ratio is shown in Figure It is
worth mentioning that the k—factor of the total cross sections is different from the one

of the fiducial cross sections and is calculated in reference [9].

7.5 Selection criteria in the ZZ — 4/ process

The physics objects needed in the analysis for the reconstruction of ZZ events are elec-
trons and muons. The candidate events must pass a series of requirements, based on
event selection criteria, lepton preselection requirements and finally selection require-

ments of the ZZ system.
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Figure 7.1: (a) Fiducial cross section for ZZ — eeupu as a function of the ZZ mass as
calculated at LO by PyTHIA and at NLO by MCFM. (b) The resulting k— factor (MCFM
NLO / PyTaiA LO) is shown in the plot on the right.

7.5.1 Event selection

Good Runs List

Events are required to be recorded when the detector was fully operating.

Trigger requirement

The ZZ candidates with four-leptons in the final state are required to pass either
the unprescaled single-electron or the unprescaled single-muon triggers. The former
corresponds to an electron that fires the event. The specific electron must have pp >
20 GeV and also pass the medium identification requirements (see Section . The
corresponding name of the trigger is “EF_e20_medium”. The single muon trigger implies
that the event has been triggered from a muon of pr > 18 GeV (“EF _mul8 MG”) or
from a central muon of pr > 40 GeV (“EF_mu40_-MSonly_ barrel”).

Number of tracks resulting from the primary vertex

The number of tracks resulting from the primary vertex should be > 3 in order to avoid

contributions from cosmic ray events.
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7.5.2 Object preselection

Object reconstruction

Electrons must be reconstructed with the standard egamma algorithm described in
Section Muons must be combined or segment-tagged In addition, the
inner detector tracks of muons must have a minimum number of hits in each silicon
sub-detector: >1 hit in the pixel detector, >1 hit in the inner layer of the pixel detector
if the pixel detector module at that location is operational, >6 hits in the SCT, and
<2 missing hits on the track in pixel and SCT detectors. For |n| < 1.9, at least 6 TRT
hits are required, and the number of TRT hits that are classified as “outliers” must
be less than 90% of the total number of TRT hits on the track. The latter cut is also
applied if || > 1.9 and at least 6 TRT hits are on the track. TRT outliers appear in
two forms in the track reconstruction, as a straw tube with a signal but not crossed
by the nearby track, or as a set of TRT measurements in the prolongation of a track
which, however, failed to form a smooth trajectory together with the pixel and SCT
measurements. This set of quality cuts is recommended from the muon performance
group of ATLAS in order to supress fake tracks and discriminate against muons from
hadron decays [13].

Identification requirements

Elecrons must pass “medium” identification (see Section[6.3.2) requirements and muons
must pass “loose” track quality requirements [12].

Kinematis cuts

Electrons (muons) with Ep(pr) > 15 GeV which lie in the pseudorapidity region of |n| <
2.47 for electrons and || < 2.5 for muons are selected. The analysis has been built for
both Zs on shell, so a lower pr or Er cut would increase the background contamination
without any gain in the signal yield. In order to have a precise measurement of electron’s
Er, their energy is taken from the cluster measurement while their direction (in 1 and
¢ coordinates) depends from the quality of the track. If the electron track has four or
more silicon (SCT and Pixel) hits, the direction is taken from the track, otherwise all
electron parameters are taken directly from the electromagnetic cluster.

Leptons from same primary vertex

To ensure that the lepton candidates come from the primary vertex, the |zg| (see Section

4.1)) of the lepton track with respect to the primary vertex must be less than 10 mm

96



7.5 Selection criteria in the ZZ — 4/ process

Figure 7.2: Cone opening around lepton’s track to measure the track isolation.

and the dy significance (see Section defined as dp/o4, is required to be less than
10.

Track isolation

The track isolation requirement is one of the most important cuts in the ZZ analysis,
since the leptons from Z decays are expected to be energetic and highly isolated. The
track isolation requirement, as all the other requirements, is applied to all leptons. It
is defined as the ratio of the arithmetic pp sum of tracks in a cone of radius AR (see

Figure divided by the leptons pr:

> Pr
Isolation = =1 — < 0.15 (7.3)

electron
T

Figures and show the track isolation efficiencies of signal events ( for
three different cone sizes (AR = 0.2,0.3,0.4) for the electron (4e) and muon channel
(4p) respectively. The efficiencies have been calculated with respect to the number of
events passing the mass cut, since the track isolation is the last cut of object preselec-
tion. Due to lack of MC statistics, no event of the MC background samples passes any
of these cuts.

As can be seen from figures and [7.4] the smaller the cone size is, the higher
efficiency can be achieved, because less tracks are included in the cone. Since no event

of the MC background samples passes any track isolation cuts, a relaxed isolation cut
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Figure 7.3: Electron track isolation efficiencies for three different cone sizes AR =0.2
(left), 0.3 (middle), 0.4 (right). Efficiency versus isolation parameter of 0.05, 0.1, 0.15,
0.20, 0.25.
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Figure 7.4: Muon track isolation efficiencies for three different cone sizes AR =0.2 (left),
0.3 (middle), 0.4 (right). Efficiency versus isolation parameter of 0.05, 0.1, 0.15, 0.20, 0.25.

has been chosen. The selected value is 0.15 for the smaller cone size. This value

corresponds to ~ 97% efficiency for both electrons and muons.

7.5.3 Selection requirements on the ZZ system

The events containing four and only four leptons passing the preselection requirements
are further examined.

Trigger object matching

In order to confirm that the event has been triggered from one of the selected leptons
a trigger object matching is applied. The selected electrons (muons) with Ep > 25
GeV (pr > 20 GeV) are examined if they match with trigger objects by applying a

98



7.5 Selection criteria in the ZZ — 4/ process

AR matching cut <0.15 for electrons and 0.1 for muons. The muons are also required
to be combined. The higher Fp cut for electrons compared to muons pr is a result of
the different plateau in the trigger efficiency. If none of these leptons is matched with
a trigger object the event is rejected.

Resolving ambiguities in combinatorics

Following the trigger matching, the four leptons are used to form quadruplets consisting
of two pairs of same-flavor and opposite-sign leptons. Since there are four leptons in
the event, the maximum number of possible solutions (quadruplets) is two. In order to
resolve the ambiguity in combinatorics, the quadruplet with the minimum distance from

the Z pole is selected (see Equation . This method produces 2% mis-assignment.

AMppin = |mily"™" — mz| + [ms — myg| (7.4)

The combinatorial problem becomes more complicated if more than four leptons are
present in the event. Such scenarios could take place at the high luminosity environment
of the LHC, where more inelastic scatterings are expected (pile-up). In such cases
more sophisticated techniques could be applied, like extracting probabilities from Breit-
Wigner distribution (see Appendix @[), or maximizing a likelihood. Due to the presence
of multiple solutions in the event the wrong one could be selected, leading to the loss of
the signature of interest. Moreover, the wrong assignment of leptons to the Zs will lead
to large systematic errors in any background estimation, like same-sign (SS) opposite-
sign (OS) method, ABCD [14] method and every method based in the properties of
the lepton pairs (like péf, Myy). This thesis performed extensive studies in the mis-
assignment of leptons to the Zs and the results can be found in Appendix
Mass cut
The selected quadruplet is then checked if it satisfies the mass cut, where both Zs are
required to be in the mass range 66 < My, < 116 GeV.

The full list of the selection criteria applied in the analysis is reported in Table
A detailed comparison of the selections used in the ZZ — 4¢ analysis and the searches
of a standard model Higgs boson decaying to four leptons, H — ZZ* — 4/, is discussed
in Appendix [E| [15].
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Event Selection

GRL

Good Run List

Trigger

EF_e20_medium OR
EF_mul8_ MG OR EF_mu40_-MSonly_barrel

nTracks of primary vertex

>3

LAr Error =0

Object Selection
Cut Electrons Muons
Identification requirements Medium Loose
Il <247 <25
pr > 15 GeV
20 < 10 mm
do/0o4, < 10
S ph plﬁpt‘m < 0.15
Overlap Removal e™ — ™ > 0.1 -
Overlap Removal e™ — ™ > 0.1 -

Requirements for the 77 system

Number of leptons

4 and only 4 leptons

Trigger matching pr > 25 GeV pr > 20 GeV
AR = /A2 + Af? AR < 0.15 AR < 0.1
Quadruplet formation Minimize the quantity |m%mt —myz|+ |m‘2,e€c,0”d —my|

Leading Z

Highest pr pair satisfying 66 < my, < 116 GeV

Subleading Z

Remaining pair satisfying 66 < my, < 116 GeV

Table 7.2: Event selection, object preselection and post preselection cuts used for the

detection of ZZ candidates.
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7.6 Performance studies using single Z — ee/up events

A direct comparison between data and MC has been performed by selecting single Z
bosons according to the selection criteria of the ZZ — 4¢ analysis. Selected events must
satisfy all the lepton selection requirements and must have two and only two candidate
leptons lying in the mass region [66,116] GeV.

Specifically, once the events pass the trigger object matching, the pair formation
comes next by requiring same flavor opposite sign pairs with an invariant mass within 25
GeV from the Z pole. “Pile-up reweighting” has been applied only to the MC samples
using the official ATLAS tool. Reconstruction and identification efficiency scale factors
are applied to both electrons and muons. Momentum smearing is applied to the leptons
of the MC samples while to the data electrons energy rescaling has been applied. In
order to have a realistic comparison between the data and MC, all available samples
described in Sec [7.2] have been used, appropriately scaled to the data luminosity taking
into account k—factors and filter efficiencies.

The distribution of the number of interactions per bunch crossing in the selected
Z candidates is shown in Figure and the invariant mass of the Z — ¢¢ (where
¢ = e, u) candidate events is presented in Figure where a comparison between data
and the different MC samples is shown. The contribution of each MC sample (starting
from the ZZ contribution and going upwards) is stacked to the next one. The lower
panel of the plot is the ratio between data and MC. The yellow band indicates the total

error:

5Etot = \/(5Estat)2 + (6Esyst)2- (75)

The systematic uncertainty has been calculated event by event and is the sum in
quadrature of all the sources of systematic errors as they are not correlated. For the
sources where there is a contribution from both leptons, the product of the two leptons

is taken into account. This is given from the equation:

2 2
0Bwye = 4| ([ 0R)? + (][ 61)% + (4T)2 + (6£)? (7.6)
=1 =1
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Figure 7.5: Distribution of the number of vertices per bunch crossing of the events passing

the selection criteria of the ZZ analysis.

2
where [] accounts for both leptons, d R is the error of the reconstruction scale factors,
i=1
dI symbolizes the error of the electron identification scale factors (this term is zero for
the case of muons), §7 is the cross section error given from theory equal to 5% and §£

corresponds to the luminosity error 3.7%.

7.7 Background estimation

The main background processes in the detection of the ZZ —4/ analysis are ZQQ
(Q = b,¢), Zqq (where ¢ = u,d,s) and tt. These processes have two prompt leptons
and two QCD background leptons (from charged hadrons faking an electron or a muon
or leptons from heavy flavor decays). The diboson channels WW and W Z containing
two and three prompt leptons plus two and one fake leptons respectively, could also
contribute to 4¢ background contamination. Due to lack of statistics a MC based
background estimate was not possible. A full data-driven background estimate method
is developed for backgrounds which have one or two “fake” leptons (where “fake” lepton

includes photon, pion, kaon, and heavy quark decays to real leptons as well as jets
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Figure 7.6: The invariant mass distributions of same-flavour opposite-sign lepton pairs
selected using the Z — 4/ criteria including the trigger requirement and compared to
simulation after applying all corrections. The various background sources are shown in
different colours. The ratio between data and MC is shown in the lower part of the
histogram; the total uncertainty (statistical plus systematic) is indicated by the shaded
band.

misidentified as leptons).

7.7.1 Methodology

Z 7 signal events contain isolated, prompt leptons from vector-boson decay. Back-
ground events which contain three isolated prompt leptons from vector-boson decay can
contain a fourth lepton from other sources, e.g. muons from in-flight decays of pions
and kaons, heavy-flavor quark (b or ¢) decays, or jets with a leading pion misidentified
as an electron. Leptons produced by a real W or Z may also include cases where the

lepton derives from 7 decay, and in ¢ events the lepton derive from the top decay to
wW.
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While leptons from the decay of Z bosons are primarily isolated, leptons from the
sources mentioned above tend to be spatially correlated with jets. While the majority
of these leptons will fail the isolation requirement, the tails of the jet distributions may
have electrons or muons which satisfy the isolation and identification requirements, and
it is therefore important to estimate the background contribution due to these type of
events. Since MC may not model the tails of jet fragmentation well and lacks sufficient
statistics, data are used to extract estimates for this kind of background.

To estimate the background contribution of four-lepton events in which at least one
lepton does not originate from a Z decay, a sample of events in the data adjacent to the
signal region but dominated by events of this type is identified, by inverting some of the
identification requirements. The background is then estimated by scaling this control
sample by a measured “fake factor” F'F' (n and pr dependent, treated as uncorrelated
in the two variables), which is the ratio of the probability for a jet to satisfy the full
lepton criteria to the probability to satisfy the lepton-like jet criteria.

7.7.1.1 Fake factor calculation for electron objects

The main source of “fake” electrons are mis-identified jets (soft jets) or electrons from
heavy flavor decays. In order to calculate the fake factor, an object identification is
applied by asking the electrons to fail either the “medium” identification or the isolation
requirement. The definitions of the selected electrons and electron-like jets can be found

in Table [7.3l

Selected electrons Electron-like jets

Track isolation < 0.15 | Track isolation > 0.15
and MEDIUM or 'MEDIUM

Table 7.3: Summary of requirements for selected electrons and electron-like jets.

For the extrapolation to the signal region one needs to know the rate at which jets

pass or fail these requirements. The fake factor is defined as

N data _ NMC W+Z
FF. = selected electrons selected electrons (7 7)
€ data _ nMC W+Z ’
electron—like jets electron—Ilike jets
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Figure 7.7: Electrons fake factor, F'F,. Left: Distribution of electron py and 7 for selected
leptons and lepton-like jets; Right: Fake Rate (= F'F).

The calculation of this factor has been done in a sample dominated by jets by collect-
ing all events surviving the photon trigger (“EF_gll_etcut”), which has no electron-
specific identification requirements in order to avoid any biases due to real electron
selection. To suppress the contribution from W — ev and Z — ee, anti-W (Mp < 60
GeV if N, = 1) and anti-Z (M., < 60 GeV if N, = 2) cuts have been applied. The
fake factor (F'F,) is then calculated by subtracting the remaining MC predicted W, Z
contributions and forming the ratio as shown in Figure [7.7] The comparison with MC
samples is shown in Figure|7.§

Due to lack of statistics, the build-in of a two dimensional map was not possible.
In order to resolve the statistics problem a parametrization of the F'F, is carried out

in both electron pr and 7, directly using the histrograms and assuming no correlation
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Figure 7.8: Comparison of the fake factor FF, in data and MC samples; Left: n; Right:
bpr

between the pr and 1 dependence through equation:

FF(pr) x FF(n)

< FF(pr,n) > 78

FF(pr,n) =

where < FF(pr,n) > is the average fake factor in the control samples. It is equivalent
to FF(< pr >), where < pr > is the averaged pr spectrum in the control sample and
is dominated by the lowest pr bin (15-20 GeV).

7.7.1.2 Fake factor calculation for muon objects

The sources of “fake” muons result from heavy flavor decays and 7, K decays in flight.
The fake factor (FR,) is calculated by selecting muons that fail the isolation require-

ment. The definitions of the selected muons and muon-like jets can be found in Table

4l

’ Selected muons ‘ Muon-like jets ‘

’ Track isolation < 0.15 ‘ Track isolation > 0.15 ‘

Table 7.4: Summary of requirements for selected muons and muon-like jets.

To extrapolate to the signal region one needs to know the rate at which jets pass

or fail the track isolation requirement. The fake factor, as in the case of electrons, is
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Figure 7.9: Muons fake factor, F'F),. Left: Distributions of muons in py and 7 for selected
leptons and lepton-like jets; Right: Fake Rate (= F'F).

defined by the equation:

Ndata

MC W+Z

FF — selected muons
W=

Ndata

muon—like jets

selected muons
MC Wiz (7.9)
muon—like jets

FF, is measured in a sample enriched in muons from heavy flavour by collecting

events which survive the single muon trigger (“EF_mul3_MG”) which has no isolation

requirements. To suppress the contribution from W — uv and Z — pup events, an
anti-W cut My < 50 GeV (if N, = 1) and an anti-Z cut M,, < 50GeV (if N, =
2) is applied. The F'F}, is then calculated by subtracting the remaining MC predicted

W and Z contributions and forming the ratio, see Figure [7.9] with comparison to MC

samples in Figure |7.10

An average < F'F,,(pr,n) > as in Equation is also computed for the muons.
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Figure 7.10: Comparison of the fake factor F'F), in data and MC samples; Left: n; Right:
bpr

7.7.2 Background calculation

The fake lepton background contribution to the signal region (four leptons) has contri-
butions from events with two fake leptons I’ plus two true leptons T and events with
one fake lepton plus three true leptons, while the contribution from events with more

than two fake leptons is negligible:

Ny fake = Nrrrr X f X f+ Nrrrpe X f (7.10)

where f is the fraction of fake leptons which are reconstructed as selected leptons). By
denoting the selected leptons as L and the lepton-like jets as J, then the fake factor
(F'F) and the probability (f) of a fake lepton to be found as selected lepton are:

L L
= dFF=— A1
=1 ™ J (7-11)
which when combined give:
f FF
FF = d f= 12
1—7 1+FF (7.12)

The number of events with two selected leptons and two lepton-like jets is given

from the equation:

Nipss = Nrrpe x (1— f)? (7.13)
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where L stands for a lepton which was fake but reconstructed as good lepton. The

number of events with three selected leptons and one lepton-like is given from equation:

Nprrs = Nrrrp x 2. f. (1= f) + Nrrre x (1= f) (7.14)

where the first term stands for the case where one of the two fake leptons is a lepton-like
jet (the factor of 2 is due to combinatorics) while the second term refers to the case
where there is only one fake lepton.

It can be proven that:
Nu¢ fake = Nppps X FF = Nppjy x FF? (7.15)

which is correct under the assumption that L/(L + J) = 1.0 for true leptons. This
is nearly correct, but there is a small contribution from ZZ — 4¢ events which are
reconstructed as LLLJ. By including this contribution the final equation takes the

form:

Nt vackground = Noprg X FF — Nppjg x FF? — Nz a4 (7.16)

7.7.3 Statistical and systematic uncertainties in background estima-
tion

As LLJJ and LLLJ events are found from the data, the statistical uncertainty is the
statistical uncertainty in the F'F' calculation applied to these events. However, if one
observes zero events, a 68% CL upper limit can be set on the expected contribution of
< 1.29 events. In the case of LLJJ for 4, the observed number of events is zero, which
when scaled by FF? (evaluated at the pr bin with the largest fake factor), gives a limit
of < 0.83. While for the 2e2y channel the overall background is negative -0.01340.029.
In this case, a truncated Gaussian limit of <0.016 events is set. The largest difference
in the fake factor distributions between data and simulation is taken as the systematic
uncertainty. This results in an average systematic uncertainty of ~30% for each pr(n)
bin except for the lowest py bin (15-20 GeV), for which the uncertainty is almost 100%.

Table shows the estimated background values for each channel as well as the

individual term contribution in the background calculation.
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’ Component eeee LA eefuis eeee
(+) Nprpg x FF 0.04 + 0.02 0.2740.27  0.05 %+ 0.02 0.36 4 0.27
(=) Nprgs x FF?2 0.03 +0.002 0.00708%  0.0340.01 0.0610:83
(=) ZZ correction  0.00340.000  0.01+0.003 0.02+0.002  0.04 + 0.004
Total 0.017003(stat) 0.3 & 0.3(stat) <0.01 0.3+ 0.3(stat)

Odi(syst)  H0.3(syst) OO (syst) o3 (syst)

Table 7.5: Background estimation in the ZZ — 4¢ channel - Fake estimate in 1023
pb~! of data for the three different signatures. The last column is the overall background

estimate.

7.8 Systematic uncertainties in the cross section measure-

ment

The systematic uncertainties in the cross section measurement result mainly from the
electron and muon object reconstruction and identification. The unfolding of the uncer-

tainties is described in subsections and for electrons and muons respectively.

7.8.1 Electron systematic uncertainties

The electron-related systematic uncertainties in the signal yield and efficiency originate
from the reconstruction and identification efficiencies of electrons, track isolation and
the track parameters dg significance and zg cuts. Their contributions are determined
from MC by varying each systematic source within its associated uncertainty in each

event. Since all electrons contribute to each source, the uncertainty per event is the
result of the electrons’ product (ﬁ SF" where the index i runs to all electrons and
SF€7" is the corresponding scalelzf;ctor with its error). The systematic uncertainty
assigned in each source is the fractional change in the final number of events passing
the selection criteria. Table [7.6] shows the systematic uncertainties from each source.
The uncertainties of the reconstruction and identification efficiency scale factors
(SF) have been provided by the egamma group [16] and they were calculated by using

the T&P method on W and Z events [16].

e Reconstruction and Identification Efficiency: The differences observed in the re-

construction and identification efficiencies between the data and MC are resolved
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by weighting each event with scale factors applied to each electron (ﬁ SF;).
These scale factors are provided by the egamma group. The systematilcz 11111061“—
tainties are then determined by varying the scale factors within their quoted
uncertainties (+£10). The appropriate scale factors of each electron are extracted
from a two dimensional map which is Ep and 7 dependent. The uncertainties
of the n and Er dependent scale factors are added in quadrature to obtain the

combined electron identification uncertainty. Similar procedure is followed for the

extraction of the reconstruction efficiency scale factors.

e Track isolation and track parameters: the single electron efficiency of the isolation,
dy significance and zg cuts are estimated with T&P method on Z — ee events,
where on the probe all electron selection criteria of this analysis were applied
except the dy significance, zy and track isolation of which the efficiency need
to be measured. The variation of the efficiency of each cut between data and
MC is calculated, and a systematic is assigned in bins of pp, taken to be the
sum in quadrature of the variation of the data-MC scale factor from one, and
the statistical uncertainties on the scale factor. The systematic uncertainty is
determined to be in general around 0.1%. The systematic uncertainty of the
event is evaluated by repeating the same procedure as it has been done for the

determination of the identification systematic source.

e Energy Scale: The systematic uncertainties on the energy scale derived from the
2011 data, are used on the MC samples to obtain the associated uncertainty on

the signal yield.

e Energy Smearing: Due to the fact that MC simulation does not reproduce the
observed energy resolution in data, a smearing is applied to it. The systematic
uncertainties associated with the smearing procedure are obtained from the official

tool of ATLAS provided by the egamma performance group.

7.8.2 Muon systematic uncertainties

The systematic uncertainties coming from muon objects are similar to the electrons

and are summarized in Table In specific they are of three types:
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Uncertainty per channel % ‘ eeee ‘ eefft ‘

Energy Scale 0.6 0.4
Energy Smearing <0.1] <0.1

Reconstruction Efficiency 2.8 14
Identification Efficiency 6.0 2.8

Track Isolation 0.3 0.1
do/od, 0.5 0.2
20 0.2 0.1
Total | 67 | 32 |

Table 7.6: Systematic uncertainties of the electron objects entering the ZZ analysis

e Reconstruction efficiency: event yields are computed while varying the recon-
struction scale factors of each muon by +1¢ per event. The values are given by

the muon combined performance studies on 2011 data [17].

e Track isolation and track parameters: the single muon efficiency of the isolation,
dp significance and zp cuts are estimated with Tag&Probe method on Z — up
events, where on the probe all muon selection criteria of this analysis were applied
except the dy significance, zy and track isolation of which the efficiency need
to be measured. The variation of the efficiency of each cut between data and
MC is calculated, and a systematic is assigned in bins of pp, taken to be the
sum in quadrature of the variation of the data-MC scale factor from one and
the statistical uncertainty on the scale factor. The systematic uncertainty is
determined to be in general ~0.1%. The systematic uncertainty per event is the
one resulting from the product of the SF of the four muons after varying them

within their quoted uncertainties.

e pr smearing: event yields are computed while varying the MC muon pr, accord-
ing to the uncertainty on muon pp scale and resolution observed in data. This
smearing uncertainty is estimated separately for the ID and MS tracks. As a con-
servative estimate the absolute value of the maximum variation between lower

and higher pr smearing is taken as the systematic uncertainty.
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Uncertainty per channel (%) | pppp | eepp
Rec. efficiency 2.0 1.0
pr smearing | 1D 0.02 | 0.01
MS 0.05 | 0.02
combination 0.05 | 0.02
Muon isolation 0.1 0.1
do/od, 02 | 0.1
20 0.1 0.1

Total | 20 | 10 |

Table 7.7: Systematic uncertainties of muons entering the ZZ analysis

7.8.3 Summary of systematic uncertainties

A complete summary of the acceptance systematic uncertainties which have been used
in the cross section measurement is shown in Table The trigger efficiency un-
certainty is calculated using the trigger’s working group recommendation by applying
event by event scale factor. The lepton objects used for trigger efficiency scale factor
calculation should satisfy medium identification criteria and pr threshold at 25 GeV for
the electron objects, whereas for muon objects the requirements are “tight” muons with
pr > 20 GeV. The systematics are evaluated by summing in quadrature the statistical

uncertainty and the 1% systematic error of the efficiency.

7.9 Results

The events observed that fulfill the selection criteria of the ZZ analysis are twelve
in total. The 4e and 2e2u final states have two events each and eight events have
been observed in the 4u channel. The MC signal expectation is 8.93 events and the
corresponding background estimation is 0.26 events. The overall signal to background
ratio is ~ 35. A complete list with all the candidates and some important characteristics
of the events can be found in Table A comparison between the observed and
expected number of events is summarized in Table[7.10] Both statistical and systematic
uncertainties are given for all three four-lepton channels. In Appendix [F] one can see
the event displays for all the candidate events. The software used for the creation of

the displays is ATLANTIS, release 09-16-01-08 [18].
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Source % ‘ eeee ‘ jann ‘ eepl ‘ combined
1 reconstruction efficiency - 2.0 1.0 1.2
[ pT smearing - 0.1 < 0.1 < 0.1
w trk isolation - 0.1 0.1 0.1
w do/oq, - 0.2 0.1 0.2
1 20 - 0.1 0.1 0.1
e reconstruction efficiency | 2.8 - 1.4 1.2
e identification efficiency 6.0 - 2.8 24
e energy scale 0.6 - 0.4 0.3
e energy smearing < 0.1

e trk isolation 0.3 - 0.1 0.1
e do/og, 0.5 - 0.2 0.2
e 2o 0.2 - 0.1 0.1
trigger < 0.1

27 — 1Tl 0.3

Total 67| 20 | 33 | 30
PDF 1.3

Parton shower model 1

Luminosity 3.7

Table 7.8: Summary of all relative efficiency uncertainties considered in the cross-section
calculation. Sums in quadrature of all uncertainties and the weighted average of the three

channels in a combined uncertainty are shown.
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Signature Run Number Event Number Luminosity block Myzz .4 [GeV] ‘

4e 183216 75692579 371 270.1
4e 184022 20046902 320 245.2
4 183003 44433120 385 223.2
4 183426 47756740 317 459.9
dp 183391 19834577 303 194.9
4p 182284 91584073 745 286.7
du 182766 5404925 213 241.0
4 182486 33852510 282 208.0
4p 184130 194694606 1304 183.1
4 183003 121099951 723 597.1
2e2u 182747 63217197 281 209.7
2e2y 183462 75344317 798 488.0
Table 7.9: List of ZZ candidates at L = 1.02 fb=!.
Final State eeee jnn eefifs combined
Observed 2 8 2 12
Signal 1.534+0.034 3.034+0.04+ 4.371+0.044 8.934+0.06+
0.10 0.06 0.14 0.27
Background  0.017093 0.340.3+0.3 <0.01%3%  0.340.3704
“oor

Table 7.10: Summary of observed events and expected signal and background contribu-

tions in each of the four lepton and combined channels. The background predictions cover
Z+ X, W+ X, top and other diboson process. The first error is statistical while the second
is systematic. For each channel and each process, the fractional systematic uncertainties

are calculated by combining different sources (Table [7.8) in quadrature and applying it to

the central value to get the final systematic uncertainty. The systematics quoted on the

signal and background yield do not include the uncertainty on the luminosity.
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7.10 Kinematic distributions

Kinematic distributions of the diboson ZZ system are shown in Figure The plot
on the left represents the transverse momentum of the ZZ system and the plot on
the right shows the invariant mass of the four leptons. Figure shows the mass of
the leading Z candidate versus the mass of the subleading Z candidate for data and
predicted signal.

The observed correlation between the transverse momentum of the Z ’s and the
opening angle AR of the two leptons forming the pair, with MC expectations overlayed
is shown in Figure As expected, the two variables are strongly correlated, as
more boosted the Zs are generated, the smaller the angle of the decaying leptons is. A
direct comparison with the wrong combinations can be seen in the histogram on the
right hand of Figure [7.13] Comparing the two histograms one can see that by taking
the wrong combinations no correlation is observed and the distribution is flat. These
variables can be used as discriminant variables for the correct assignment of leptons to
the Zs as well as in studies for background estimation. In these studies due to lack of
statistics no direct usage of this correletion is possible.

The invariant mass and the p:% of the leading and subleading lepton pairs are shown
in Figure The n and pr distributions of the individual leptons can be seen in
Figure [7.15| while Figures|[7.16| and show the 7 and pr distributions of the leptons,
pr ordered.

The shaded band of the above histograms indicates the total uncertainty, statistical
plus systematic. The main sources contributing to the systematic uncertainties are
the error from theory (5%), the luminosity error (3.7%) and the reconstruction and
identification errors (see Table[7.8). The total uncertainty is the sum in quadrature of
the above sources and is given by Equation

Similar kinematic distributions are also provided for each channel separately in the
Appendix [G]

7.11 Signal significance

The ZZ significance estimation of the observed signal has been calculated using a
simple probability based on the background-only hypothesis. The shape of the prior

used for the background nuisance parameter was studied for two cases, with a truncated
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Figure 7.11: (a) Transverse momentum pZZ and (b) invariant mass Mzz of the ZZ
candidates. The points represent the observed data and the histograms show the signal
prediction from simulation. The shaded band on each histogram shows the combined
statistical and systematic uncertainty on the signal prediction. The predicted number of

background events from the data-driven background estimate is indicated on each plot.

Gaussian and a Gamma distribution. The Gamma distribution is preferred, due to its
ability to transit the background probability to zero at zero background yield instead of
artificial truncation. The equation used for the probability extraction has the following

form

Pr(N > Nops; b, ko, 0p) = > | P(N;2)Gala; ky, 0)dz (7.17)
N=Nops 0

where the Poisson function for the number of observed events N is

pNe?
P(N;b) = N (7.18)
the function for the background nuisance parameter is
Ga(z; ky, 6p) = ghe=te=2/0 (7.19)

05T (k)
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prediction from simulation as pink boxes. The red box indicates the signal region defined

by the cuts on the Z masses.
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Figure 7.13: Transverse momentum of the Z candidates versus the angle (AR) of the

leptons forming the pair for (a) the correct combinations and (b) the wrong combinations.
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Figure 7.14: Kinematic distributions of leading and subleading pairs; Invariant mass
of the (a) leading pair (b) subleading pair and transverse momentum p# of (c) leading
pair and (d) subleading pair of the Z pairs. The points represent the observed data
and the histograms show the signal prediction from simulation. The shaded band on
each histogram shows the combined statistical and systematic uncertainty on the signal
prediction. The predicted number of background events from the data-driven background

estimate is indicated on each plot.
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Figure 7.15: Kinematic distributions of the four lepton candidates; (a) n and (b) pr
of leptons. The points represent the observed data and the histograms show the signal
prediction from simulation. The shaded band on each histogram shows the combined
statistical and systematic uncertainty on the signal prediction. The predicted number of

background events from the data-driven background estimate is indicated on each plot.

ky and 6, represent the shape and scale of the gamma function. The two variables are
determined by using the estimated number of background events, bff, so that the
mode (the point of maximum probability) of the gamma function to bbe at the mean
background estimate (b) and the variance to be the same as the variance of truncated
Gaussian which has a mode equal to background estimate (b) and sigma equal to the
uncertainty on the nominal background estimate. In order to include 68.3% of the
area under a truncated Gaussian distribution, the interval [0,b + af ] is considered.
An iteration is done to determine the oy of the properly normalized Gaussian, and the
variance of the truncated Gaussian distribution. A comparison of the two p.d.fs can be
seen in Figure Both priors share the same mode = 0.26 and variance = 0.15.
To take into account the possibility of background fluctuations alone explaining the
observation, one billion pseudo-experiments were performed using the expected number
of background events as the mean value of a Poisson distribution to produce “observed”

events (V) for each pseudo-experiment. The background expectation is drawn from a
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Figure 7.16: Pseudorapidity n distributions of (a) leading (b) subleading (c) third and

(d) fourth lepton. The points represent the observed data and the histograms show the

signal prediction from simulation. The shaded band on each histogram shows the combined

statistical and systematic uncertainty on the signal prediction. The predicted number of

background events from the data-driven background estimate is indicated on each plot.
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Figure 7.17: pr distributions of (a) leading (b) subleading (c) third and (d) fourth lepton.
The points represent the observed data and the histograms show the signal prediction
from simulation. The shaded band on each histogram shows the combined statistical and
systematic uncertainty on the signal prediction. The predicted number of background
events from the data-driven background estimate is indicated on each plot.
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Figure 7.18: The background priors used for the ZZ — 4¢. Both Gamma and Truncated

Gaussian p.d.f share the same mode =0.26 (nominal background estimate) and variance =

0.15 (nominal uncertainty estimate)

Gamma distribution with shape and scale equal to k;, = 1.93 and 6, = 0.28.

With twelve observed ZZ candidate events, the probability for the background to

fluctuate up to the observed number of events in the absence of signal is 1.02 x 1077,

corresponding to a signiﬁcanceﬂ of 5.2 standard deviations for the signal observation.

As a cross-check, the following method is also used:

00 o0

Pr(N > Nops;byof o) = ) /P(N; 2)G(z; b, op)da (7.20)

N=Nobs 0

where P is the Poisson distribution, as defined above, and G is a truncated Gaussian

defined as:

!The probability or else p—value can be converted into a number of standard deviations o of a Gaus-

sian distribution, beyond which the one-sided tail area corresponds to p—value. Thus 50 corresponds

to a p—value of 3-1077.
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1 N2
G(z;b,0p) = Norm X exp [—2 (x b) ] , where

Ob
Norm = /exp [— (x b) ] dz (7.21)
2 op
0

and z is restricted to be non-negative. The determination of the o value is done by

treating the interval [0,b + afl | as covering 68.3 % of the area under the curve of the
truncated Gaussian. This results in o3 = 0.56.
For this construction, the p-value is 1.1 x 1078, corresponding to a significance of

5.6 standard deviations for the signal observation.

7.11.1 Likelihood of features in observation

There are two interesting features of possible concern in the observed signal. One is
the number of observed events in the ppuup channel. The other is the number of high
four-lepton mass observed events. The likelihood of these features is determined from

pseudoexperiments, under the signal plus background hypothesis:

)
PT(N > Nobs;ba O'b,S,O'S) = Z
=N,

/ / P(N; 2+ y)Gala: ky, 0,)Gy: 5, 0,)dyda
N 0 0

obs
(7.22)
where s 4+ o5 represents the expected number of signal events and the other variables
are defined as above.
In the pppp channel, the number of events observed are eight in total, where only
s =3.034+0.07 and b = 0.2675:37 (stat) 7053 (syst) events are expected. The probability
of such an observation under the signal plus background hypothesis is 3.2 %.
To study the likelihood of observing the number of events counted in the high
Z Z-mass region, an integration over the signal, background and data distributions is

performed by taking various lower cut values of the mass (Myy). The results are listed

in Table [T.111
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7.12 Cross section calculation

’ My (GeV) N s b p-value (%) ‘
350 3 0.84+£0.05 negl 5.3
400 3 0.51£0.03 negl 1.6
450 3 0.32+£0.02 negl. 0.5

Table 7.11: Summary of significance studies - Summary of likelihood of observing NV
events with an expected signal (s) and background (b) with errors (stat.4+lum.) for various

lower cut values on M (44).

7.12 Cross section calculation

7.12.1 Definition of the reconstruction efficiency

The total cross section can be calculated by extrapolating the measurement within
the detector acceptance. Due to the theoretical uncertainties on this extrapolation,
one must first calculate the fiducial cross section without the full extrapolation and
therefore with reduced uncertainties.

For the fiducial cross section calculation, a definition of a fiducial volume (see Section
and an efficiency correction term is necessary, in order to perform an extrapolation
from the reconstructed level to the fiducial volume at generator level. In specific, the

following quantity is defined:

Czz—uerp = €trig X €cvent X €lep X Oreco (7.23)

where €44 is the trigger efficiency, €cpens is the efficiency of the event level cuts (like
the primary vertex cut, etc.), €, = ﬁ 6é€p o is the product of the individual effi-
ciencies for the four leptons to pass thze:iepton object selection cuts, and finally ceco
is the reconstruction to generator level fiducial volume correction which also includes
smearing corrections and resolutions. In practice, C'zz can be calculated by applying
the necessary MC wih respect to data corrections to the signal ZZ — £0¢'¢' (such as
smearing, pileup re-weighting, reconstruction and identification scale factors, etc.) and
then finding the ratio of the number of events which pass the reconstruction level cuts

to the number of events which pass the fiducial volume cuts at generator level. Thus,

MC Pass All Cuts % SF

C P Reconstructed ZZ—000'¢"
ZZ—teet MC Fiducial Volume
Generated ZZ—000'¢"

(7.24)
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where the scale factor is understood to be applied on an event-by-event level. The scale
factor (SF) is used to correct for discrepancies in trigger efficiency and reconstruction

efficiency between data and MC, and is defined as

Ega,ta 6data

_ ™™g . “reco

SE = 6MC’ 6MC (725)
tr*]/g reco

With €reco = €lep * €cvent-

This fiducial correction factor needs to be calculated for each ZZ — £0¢'¢ decay
channel separately. It should be noted that this extrapolates from reconstructed level
to truth fiducial level values within the given channel. Branching ratios and detector
acceptance will be needed to combine channels and obtain a total cross-section.

The primary purpose of using the fiducial correction is to correct the reconstructed
level cross-section to a truth level cross-section defined by a fiducial volume roughly
corresponding to the volume of the detector. The reason for this procedure is that this
correction will be less sensitive to purely theoretical uncertainties like PDF. The Cyz
term provides the probability of reconstructing an event, given that all the objects in
the event would have been in the detector and passed our selection level cuts.

Since the selection cuts for electrons and muons are different, the C'zz term cor-
responding to our selection cuts for each ZZ channel is also different. In order to
calculate a combined fiducial cross section, one needs to first perform an additional ex-
trapolation to a common fiducial volume (see Section and then extract a combined
cross section in the common volume.

It should be noted that for truth object selection, final state muons and “dressed”
final state electrons have been used. A “dressed” final state electron has all photons
within AR < 0.1 added to the Lorentz vector of the electron. These photons can be
a product of two different processes, final state radiation (FSR) E| or Bremsstrahlung
radiation &

The ZZ — 77ll with subsequent 77 — ¢'¢/ contamination to the direct decay of
Z7Z — ' is negligible. This is due to the relatively tight Z mass requirement
66 < My, < 116GeV. In the case of Z — 77 — ee, only one candidate out of 7000

survived the selection criteria of the analysis.

'Final State Radiation (FSR) is a photon emmision during the decay of Zs to leptons.
2Bremsstrahlung radiation is an electromagnetic radiation produced by a charged particle when it

interacts with matter.
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7.12.2 Definition of the acceptance

As it has already been noted in the previous sections, the total cross section measure-
ment can be achieved, by correcting the fiducial cross section to full phase space (see
Equation [7.2]). For this extraction one needs a correction factor, called acceptance,
from truth level fiducial volume to the full phase space of truth. This correction is

defined as Az and is calculated by the equation:

MC Fiducial Volume

Generated ZZ— 001"
Azz—ur = — G AL (7.26)

Generated ZZ—000'¢
The acceptance efficiency is calculated from the MCFM [9;19], using the MSTW2008

PDF [20] set and setting the renormalization and factorization scales as ur = pur = uz.
The cross section for on-shell ZZ production according to the NLO calculations is 6.46
pb. Applying the fiducial cuts described above the cross section at NLO is 14.78 fb.

Note that this version of MCFM includes the gluon-gluon contribution to ZZ pro-
duction, as well as the single-resonant diagrams (see Figure . The latter are not
important for on-shell ZZ production, but the inclusion of the gluon-gluon (see Figure
contribution to the total NLO cross section is 6.3%; this fraction is slightly higher,
7.1%, with the fiducial cuts because the Z-bosons from gluon fusion are produced more
centrally than those from the quark-antiquark process [21} 22].

The correction factor uncertainty from the fiducial to the total cross section is esti-
mated by re-evaluating this factor using the CTEQ6.6 PDF [23} 24] set; the resulting
uncertainty is 0.8%. The effect of changing the factorization and renormalization scales
to pr = prp = y/m% + pr(Z)? is 0.1%, and is thus much smaller than the PDF un-
certainty. The uncertainty from CTEQG6.6 after testing 44 eigenvector sets [23; 24] for
computation of the PDF uncertainty is 1.2%. The quadratic sum of the systematic
uncertainty resulting from the comparison between MSTW2008 and CTEQ6.6 PDF
and the systematic uncertainty due to variation of the CTEQ6.6 PDF produces a total
systematic uncertainty of 1.3%.

The acceptance Azyz, is also affected dut to initial state radiation (ISR), final state
radiation (FSR) and underlying event modeling. The evaluation of this systematic
uncertainty has been done by calculating the Az with the MCFM and POWHEG
BOX [25]. The relative difference is found to be at 1% and it is a consequence of the
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Zoly* Zoly* I
Z0y*

20y

o]
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Figure 7.19: Single resonant diagrams for (a)-(b) LO (¢§ — (Z/~*)(Z/~*) — ££¢'¢') and
(¢)-(d) NLO gg — (Z/y*)(Z/~*) — £e0'¢’ with the exchange of Z/v*.

effects due to generators, ISR, FSR, underlying event and PDF. By taking into account
all the systematic sources affecting the Az, the total systematic uncertainty is 1.8%.

The reason for separating the total acceptance this way is that the theoretical
uncertainties will primarily affect Azz_ s and only lead to small uncertainties on

Czz—upr-

7.12.3 Reconstruction and Acceptance Values

Using the definitions for the Czz g and Az z_,pperer respectively, one can calculate
these values by using the signal MC sample. The exact numbers per channel can be
found in Table

Table shows a comparison of fiducial reconstruction efficiency Cyzz between
PyTHIA and MC@QNLO generators. This comparison accounts for the different kine-
matic distributions between LO and NLO processes, different parton shower models,

underlying events and PDF. As can be seen the relative difference is less than 0.5%.
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eeee LU LLLLLL eepp combined
Czz 0.414£0.005£ 0.808+0.004%£ 0.57040.004%= 0.591+0.003+
0.028 0.016 0.019 0.018
Azz 0.507£0.009  0.507£0.009  0.50740.009  0.50740.009

Table 7.12: Correction factor and acceptance corrections per channel. For Cz; the first
uncertainty is statistical and the second systematic. For Az the uncertainty is due to

PDF and parton shower uncertainties.

eeee L LLL eefjs combined
PyTHIA 0.414+0.005 0.8084+0.004 0.570£0.004 0.591£0.003
MC@NLO 0.4124+0.002 0.806+£0.001 0.57740.002 0.594+0.002

Table 7.13: Comparison of the correction factor Czz, between PyTHIA and MC@QNLO.

Only statistical uncertainty is included in the table.

7.12.4 Cross section measurement

A minimum log-likelihood approach has been used to calculate the combined (4e +
441+ 2e2p) cross section. This approach takes into account the Poisson statistics of our
samples as well as the systematic uncertainties. The measurement of the cross-section
is carried out by merging the three channels and then maximizing the profile likelihood
function L with respect to the cross section o.

Two different background priors (Gamma and Truncated Gaussian, see Section

7.11)) have been tested as a bakground nuisance parameters.

7.12.4.1 Fiducial cross section measurement

The profile likelihood function for the fiducial cross section is the product of a Poisson
probability distribution (P), a Gamma distribution function (I') for the background
parameter and a Gaussian distribution function (G) for the remaining nuisance param-

eters (Czz, L).

L(Ua CZZa ba La Aba Aszv ALv N) = P(Ua CdZZ? b/; N)G(C/ZZ7 C’ZZ7 Asz)F(b/; ba Ab)

G(L'; £, Ay)
(7.27)
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The Poisson function for the number of observed events N is

ef(s(a,czz)+b) (5(0, CZZ) + b)N
N ’

where the number of signal events is a function of the cross section and other quanti-

P(o,Cz7,b;N) =

(7.28)

ties such as the integrated luminosity, the correction factor C'z; and the background
estimation. The number of signal events for the fiducial cross section is given by the

equation:

5(Cfducial, Cz2) = OfducialLCz24 (7.29)

where the factor of four accounts for the four different final states (4e, 4u, 2e2u, 2u2e).

The —In L is minimized for computational convenience rather than maximize L.
The corresponding likelihood minimization can be seen in Figure [7.20, where the figure
on the left corresponds to a Gamma p.d.f prior for the background and the figure on
the right refers to a truncated Gaussian p.d.f prior for background.

Two types of uncertainties, statistical and systematic, are associated with the cross
section measurement. The result without any variation in systematic uncertainties in
the fit represents the statistical uncertainty. By including the individual systematic
uncertainties and minimizing each time the —In L one can calculate the systematic

uncertainty in the cross section for each source. The steps are as follows:

1. Find the result of the fit without variation in any systematic uncertainty. The
minimum value of the fit corresponds to the central value of the cross section
while the value of —In L = 0.05 represents the 95% C.L. error of the minimized

value;

2. Repeat the above procedure by considering also the gaussian variation of one of

the systematic sources which affect the result;

3. The systematic uncertainty can then be calculated from the equation: oy =

2 _ 2
Ugauss Ostat-

The statistical uncertainty and the individual systematic uncertainties to the cross
section measurement can be found in Table [7.14] The cross section uncertainty is

larger in the negative side due to a large tail in the background prior. The Gamma
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distribution uncertainty is roughly half of the Gaussian due to a relatively narrower
distribution around the peak (mode) of the distributions. Table summarizes the

fiducial cross section results.

Source ‘ Relative Uncertainties % ‘
Statistiacl Uncer. | 432 -27
Azgy +2.0 -1.2
Cyz +3.8 -2.4
Luminosity +4.7 -2.8
Gaussian Bkg +4.6 -5.0
Gamma Dist Bkg | 2.1 -2.5

Table 7.14: Summary of the relative uncertainties of the cross-section measurement.

& 2T Gamma backgroand prior ] 2 *F Trlincated Gaussian background prior ]
§1 87 - 19.4070% (stap) +0.88 % (syst) +0.89 2 (lumi) b E ?1'87 1 = 19.40 727 (stat) *110’: (syst) _*;'5‘:2 (lumi) b E
216 . 216 3
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Figure 7.20: Fiducial cross-section profile likelihood for (a) Gamma background prior
and (b) truncated Gaussian background prior. The dashed lines show the 95% C.L.

7.12.5 Total cross section measurement

For the calculation of the total cross section, one must append the term G(A, ,; Azz, A4, ,)

to the likelihood to account for the uncertainty on the detector acceptance Azz. The
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’ Background Prior Fiducial cross-section [fb] ‘

Gamma 19.4783 (stat.) 088 (syst.) 1089 (lumi) ‘

Truncated Gaussian 19.4783 (stat.) 152 (syst.) T 23 (lumi) ‘

Table 7.15: Fiducial cross section measurements using Gamma p.d.f background prior
as well as a Truncated Gaussian p.d.f background prior. The systematic uncertainties are
also shown in the table. The Gamma p.d.f is the default for the final result.

L is then taking the form

L(U7 CZZ7 AZZ7 ba Ab7 Asza AAzzu N) == P(Ua C'IZZ) /ZZ7 bl, N)G(C/ZZa CZZ7 Asz)

G(AY i Azz, A4,V b, Ay)
(7.30)

where the signal events are now given by the following equation

S(Utotala sz) = O‘tota1LCZzAzz4BR(ZZ — nglfl) (7.31)

The Azz term accounts for the total volume of the measurement, as well as the
k— factors for the NLO effects. The official results of the ZZ paper [26] published
November 2011 are based on the Gamma distribution function. The total cross section
for each background prior is presented in Table while the minimization of the
likelihood is shown in Figure [7.21]

For sake of comparison and completeness, results of the total ZZ cross section, after
analyzing the full 2011 statistics corresponding to £ = 4.7 fb~! of data, are shown in
Table This measurement confirms the results of the statistically smaller sample
with the first 1 fb~!. The result in also consistent with the NLO Standard Model
total cross section for this process of 6.5f8:g pb. A direct comparison of the fiducial
cross sections is not possible because the fiducial volume has been changed. A detail

description of the analysis on the full 2011 statistics can be found in reference [27].
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7.12 Cross section calculation

~ 2T e e ~ 2 e
oo Gamma background prior 1 o> [ Truncated Gaussian background prior 1
318 +2.74 +0.43 +0.40 P 318 +2.74 +0.54 +0.38 . i
8’1 Gf"" =847 7;,, (stat) 033 (syst) 024 (lumi) pbi 8,1 6:—6 ot = 847 25,5, (stat) oar (syst) o (lumi) pb E
1.4 - 1.45 E
1.2)\ = 1.2} .
1 = 1 -
0.8 - 0.8 -
0.6- = 0.6F =
0.4 - 0.4 -
0.2 = 0.2 B
R = N R N TR N R e N I N
05 6 7 8 9 10 1 13 05 6 7 8 9 10 1 13

(¢ O,
tot tot

(a) (b)

Figure 7.21: Total cross-section profile likelihood at £ = 1.02 fb~! with (a) Gamma
background prior and (b) truncated Gaussian background prior. The dashed lines show
the 95% C.L.

Background Prior Total cross-section [pb] ‘

Gamma 8.471 21 (rmstat) T5:33 (syst) 054 (lumi) ‘

Truncated Gaussian  8.4775 22 (rmstat) )53 (syst) 058 (lumi) ‘

Table 7.16: Total ZZ cross-section measurements corresponding to £ = 1.02 fb~! using
Gamma p.d.f bakground prior as well as a Truncated Gaussian p.d.f background prior.
The systematic uncertainties are also shown in the table. The Gamma p.d.f is the default

for the final result.
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7. MEASUREMENT OF THE ZZ PRODUCTION CROSS SECTION AT
VS =7 TEV WITH THE ATLAS DETECTOR

’ Background Prior Total cross-section [pb] ‘

Gamma 7.241508 (rmstat) T9-38 (syst) + 0.3(lumi) ‘

Truncated Gaussian  7.2475:08 (stat) 7040 (syst) & 0.3(lumi) ‘

Table 7.17: Total ZZ cross-section measurements corresponding to £ = 4.7 fb~! using
Gamma p.d.f bakground prior as well as a Truncated Gaussian p.d.f background prior.
The systematic uncertainties are also shown in the table. The Gamma p.d.f is the default

for the final result.

7.13 Summary

A measurement of the ZZ production cross section with the ATLAS detector at /s =
7 TeV has been performed using electrons and muons in the final state. In a dataset
with an integrated luminosity of ~ 1 fb~! a total of twelve candidates are observed
with a background expectation of 0.3 £ 0.3(stat) fg:g(syst), corresponding to a signal
significance of 5.2¢0. The Standard Model expectation for the number of signal events
is 8.9 £+ 0.1(stat) £+ 0.3(syst). The fiducial and total cross sections were determined to
be

. 0.9 0.9 :
Oy - = 194783 (stat) )7 (syst) 105 (lumi) fb

oy = 85727 (stat) T03 (syst) £0.3 (lumi) pb.

The result agrees within error with the analysis performed on the full 2011 sample

corresponding to £ = 4.7 fb~! of data. The total cross section has been found to be:
ot = 7.2%03 (stat) fg:g (syst) £0.3 (lumi) pb.

Both cross section measurements are statistically consistent with the SM total cross
section equal to 6.510-3 pb which is calculated with MC@NLO [28] MC generator with
parton density function set CTEQG6.6.
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..Higgs particle, the joker in particle physics...

Chapter 8

Searches for new physics with 4

charged leptons in the final state

This chapter describes the work for the Randal-Sundrum Graviton (RS Graviton) and
doubly charged Higgs (HT*HTT) searches. The selection criteria used in the analysis
are based on the ones used for the ZZ production cross section measurement described
in detail in the previous chapter. Limits in their production cross section have been

extracted after analyzing 1 fb~! of data.

8.1 Introduction

This chapter discusses the methodology followed for the searches of new physics with
four leptons in the final state. The two searches are HT¥+*HTF — (+¢+(T¢T and
G — ZZ — (40~ t0~ where ¢ = e,u. The H¥**HTT corresponds to a non-ZZ
search since the final states must not contain an opposite-sign same-flavor pairs with
invariant mass 66< My, <116 GeV, while in the searches for a Graviton the final
states must include two opposite-sign same-flavor pairs, each one lying in the mass
region 66< My <116 GeV (ZZ resonance search). The principle of the data-driven
background technique utilized to estimate the background in the two searches is the
same as in the ZZ analysis but the control regions used to extrapolate the background
to signal region are different. The method used for the extraction of limits and the

results are also presented.
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8.2 Datasamples and event reconstruction

8.2 Datasamples and event reconstruction

The data sample used for the two searches correspond to proton-proton collisions that
were taken between February and July 2011 at /s = 7 TeV at the LHC and it is the
same as in ZZ — 4{ analysis (see Section . These analyses also use the same trigger
and object reconstruction and identification algorithms|7.5.1]as in the previous chapter.

In addition to the MC samples described in Section[7.2.2] the following MC samples
have also been used. The RS G* signal events are generated via gluon-gluon fusion (see
Figure with PyTHIA [3] using MRST LO* [4] parton distribution functions for
ma+ = 350 and 500 - 1500 GeV in steps 250 GeV steps. All samples assume the
dimensionless coupling parameter k/Mp; = 0.1. The doubly charged Higgs bosons
are generated using MADGRAPH [2] showered and hadronized in PyTniA [3]. All the
samples are simulated with the full ATLAS detector simulation [5}; [6].

The BR of the H** can be 100% to one lepton flavor (e,u,7) or 100% to eu
or equally decaying to all lepton flavors [I]. As a benchmark scenario the branching
fractions have been selected to be equal between all lepton flavors, also including the

lepton flavor violation cases.
o 1/9 H¥* — ete®

1/9 HEE _>M:N:M:I:

1/9 H** — 737+

2/9 H** — eyt

2/9 H¥* — e*r™*
° 2/9 H¥* — s

where the factor of 2 in the last three channels is due to the combinatorics.

8.3 Event selection

The selection criteria used in the analyses have been discussed in great detail in Section

so the discussion here is concentrated in the differences between the two analysis.

e Events must contain >4 leptons.
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8. SEARCHES FOR NEW PHYSICS WITH 4 CHARGED LEPTONS IN
THE FINAL STATE

Process  Generator Events Mg [GeV] 0gingiet [PD]  Tdoublet[PD] Um-plet[pb]‘

H**HTF MapGraprH 90000 100 0.15 0.17 0.40
H**HFF MapGrarH 80973 150 0.033 0.039 0.089
H**HFF  MapGrapra 90000 200 0.10 0.012 0.027
H**HTF MapGraprH 90000 300 0.0017 0.0021 0.0045

Table 8.1: MC samples used in the four charged lepton searches. Depending on the model,
the doubly-charged Higgs can be a member of a singlet, doublet or triplet symmetry group
[1]; doublet or triplet models are sometimes classified as Right- or Left-handed production

[7], respectively.

e Events are sorted into the following categories depending on the combinations of

pairs that can be formed (where ¢, = e, j1):

two OS-SF pairs: (£(F0+('F;

one OS-SF pair: (=(F¢' (' (where ('{ is either SS or OF);
— no OS-SF pairs, >1 OS-OF: (=¢'F¢*¢* (where £** is SS or OF);

four SS leptons with any flavors: ¢+¢+¢+¢*;

The above categorization helps to separate ZZ candidate events from the events
dominated by fake leptons (see Section . In the channels with two OS-SF pairs
or four SS leptons, ambiguities are resolved by choosing the solution (quadruplet) that
results in the smaller value of |m£€mt —myz| + |mz,e€c,°"d — myg|, as with the ZZ — 4¢
analysis. In all categories, a primary pair is considered to be the one closest to the Z

pole.

8.4 Background estimation

The primary source giving four leptons in the final state is the ZZ production, which
has been simulated with PYTHIA generator, as in the case of the ZZ — 4/ analysis
The background contribution due to three true leptons plus one fake lepton or
two true leptons and two fake objects is expected to be small and has been calculated
according to the methodology described in Section

In the cases, where the control regions from which the background estimate is ex-

trapolated (LLLJ, LLJJ) contain zero events, a 68% C.L upper limit on the mean

140



8.5 Background validation

Process 4e 4pu 2e2

ZZ MC 1.25+0.08+£0.06 2.49+0.14+0.14 3.54+0.15+£0.11
Fake 0015007 T002  0.25%088£0.20  0.0075.08 000
Total ~ 1.264+0.08£0.06 2.7470%89 +0.25 3.541508 +0-10
Data 2 6 1

Table 8.2: Observed events and expected background contributions (ZZ and fake lepton)
inside the ZZ control region in £ = 1.02 fb~!, for events with two OS-SF pairs lying in the
mass region Mye [66,116] GeV while the invariant mass of the four lepton system must be
My < 300 GeV. The first quoted uncertainty is statistical and the second systematic.
of a Poisson of zero events has been set. This corresponds to N = 0.00féjgg events.
The background is then calculated by multiplying the lepton fake factor “FF” in the
lowest ppr bin - containing the largest “FF” (for example FR=0.8) - with the value
0.00:%:38 (O.OOfé:(Q)g x 0.8 = 0.00fé:gg). When multiple categories are combined, this
technique is applied to the combined category, rather than adding the individual cat-
egories in quadrature. The systematic error in such cases is evaluated using the fake

factor uncertainty in the lowest pr bin (see Section [7.7.3]).

8.5 Background validation

The modeling of the ZZ and non-ZZ SM backgrounds is verified by using two data
subsamples. The validation of the ZZ background has been done in sample containing
two OS and SF pairs both within the mass window 66 < My, < 116 GeV. To be
orthogonal with the signal region for the graviton search, the invariant mass of the
Z 7 system is required to be Mzz < 300 GeV. These selections result to an “almost
pure” sample of ZZ events because there is a small contribution from background
sources discussed in Section A comparison between the SM ZZ expectation and
the observation in the ZZ control region shows agreement within limited statistics and
Poisson fluctuations (see Table , indicating satisfactory modeling of ZZ production.

Requiring fewer than two OS-SF pairs inside the ZZ mass window (66< My <116
GeV for both pairs and Myy <300 GeV) rejects almost all of the SM ZZ production, so
this sample can be used to validate the fake lepton background estimate. This region is

still orthogonal to the non-ZZ and G — ZZ signal regions. The results can be found in
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8. SEARCHES FOR NEW PHYSICS WITH 4 CHARGED LEPTONS IN

THE FINAL STATE

Process eTe (*(¢* T et T (R

Z7Z MC 0.07 £ 0.01£ 0.08 £ 0.01£ 0.00 £ 0.00£ 0.00 £ 0.00£
0.01 0.01 0.00 0.00

Fakes  0.00%900 “od0  0.00%500 *odg  0.00%550 *ogs  0.00%508 “5ido

Total  0.07%557 557 0.08%507 *007  0.00%550 0d6  0.00%566 660

Data 0 0 0 0

Table 8.3: Observed and expected background contributions inside the fake lepton control
region for £ = 1.02 fb~!, for events with fewer than two OS SF pairs. Both pairs are
required to have My, in the region [66,116] GeV. Pairs labelled as ¢*¢* are either OF or
SS. Both pairs are required to lie in the mass region Mye [66,116] GeV and the invariant
mass of the four lepton system must be My, < 300 GeV. The first quoted uncertainty is
statistical and the second systematic.

Table and shows a reasonable agreement between expectation from the fake lepton

model and observation.

8.6 Statistical Interpretation

A single bin counting experiment has been used in order to set a 95% CL upper limit for
new physics processes. The log-likelihood ratio (Q) test [8] is utilized as a test statistic
to discriminate signal-like outcomes from background-like outcomes. Essentially, @ is
the ratio of probability density functions for a given experimental observation (Nps) for
two alteranative hypotheses. The first hypothesis, called test-hypothesis, corresponds
to the presence of signal (S) plus background (B) events for the description of the
observation while the second one is called null-hypothesis and attempts to explain the
data in the absence of signal events (or else only with the expected background).

The @ is a function of the expected signal events S and it is given by the equation:

L(Ngs|B+S)  P(Ngs|S + B) S N. _g
g = 1 + — obse 81
L(Nobs’B) P(Nobs’B) ( ) ( )

Q(S) = 2

The log-likelihood ratio (-In @), is then taking the form:

—IHQ(S) =95- Nobs hl(l + E)

- (8.2)

142



8.6 Statistical Interpretation

3 — T T I —
g I —sB toy datasets i
%0.05 — —— B toy datasets _]
> | — test statistics on data a
3 F ]
90.04 — .
o - ]
o B .
0.03— B ]
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0.01— .
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Figure 8.1: Example of a Log-Likelihood Ratio. The signal plus background corresponds
to the blue color while the background only hypothesis is represented by the red color. The
black line shows the test statistic result on the observed events. The arrows indicate the
regions corresponding to the variables CLg,1 — CLp,CLsyp,1 — CLgs4B.

which shows that the likelihood ratio test is based on counting weighted events with
all events having the same weight (In(1 + S/B)), since the examination is based on a
single channel counting experiment [9].

An example of a log-likelihood ratio test is shown in Figure As it has already
been noted, in order to quantify the agreement between data and signal plus background
hypothesis (blue-line) or background only hypothesis (red-line), one has to generate
(using pseudoexperiments) the expected probability distributions of the test statistic
in the two hypothesis (for example: Ngu:q = Ng + Np and Ngutq = Np) as shown in
Figure The black line is the result of the test statistic on data (observed events).
The arrows indicate the regions corresponding to the confidence of CLg+p, 1 —CLgy B,
CLg and 1 — CLgp.

The confidence level for excluding the possibility of signal presence (graviton or

doubly charged Higgs) plus background hypothesis is:

0 dP
CLsrn=Porn(-Q= -Qu) = [ S5%2dmq (3.3)
—InQups HQ
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8. SEARCHES FOR NEW PHYSICS WITH 4 CHARGED LEPTONS IN
THE FINAL STATE

where dPg,p/dIn @ is the probability distribution function of the test statistic for the
test-hypothesis.
The confidence level for the background only hypothesis is calculated from the

integral:

CLp=Pol-wQ@=-wQu) = [ amg (3.4)

—In Qops dln Q

with dPp/d1n @ being the probability density for the null-hypothesis. C'Lp expresses
the probability to get a result less compatible with the B only hypothesis than with the
observed one (discovery potential). The confidence level 1-C'L g measures the confidence
for the background hypothesis, also called p—value.

The confidence level 1-C'Lg p can also be used to provide exclusion limits (Frequen-
tist method [10]), but it is not recommended because if there is downward fluctuation
of the background and the signal is absent in observation, the exclusion limits would
be so strong that even zero signal events would be excluded at confidence levels higher
than 95% [9; 11]. In order to be conservative with the limits on gravitons and doubly
charged Higgs bosons, the Modified Frequentist confidence level C'Lg [11] is preferred
for the limit extraction. The C'Lg is calculated by the ratio of Equations [8.3] and

_ CLsyp

Le¢ = .
CLg CLs (8.5)

and provides protection against a downward fluctuation of the observed data by pro-

ducing more conservative limits than 1 — C'Lgy g in the regions where the experiment
has no sensitivity to the production of new particles. The observed upper limit at 95%
CL can then be extracted from the integration of the In @) distributions from — In Qps
to infinity. Exclusion can be done only if the ratio between the two integrals is less

than 0.05 (CLg < 0.05). So, the 95% CL limit is defined as the value of S for which:

P(—InQ > —In Qups|S + B)

L:
O = P nQ > —1nQualB)

=0.05 (8.6)

The upper limit on signal events .S, can be calculated by varying the expected sig-
nal S so the C'Lg value is equal to 0.05 (95% CL). The exclusion at 95% CL means that
the probability to observe more events than seen in the data with the test-hypothesis
normalized to the probability of the null-hypothesis is less than 5%. Any model giving
S > Syp is excluded with 95% CL, while for S < Sy, no exclusion is possible. It is
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8.6 Statistical Interpretation

worth mentioning the special case where the observed number of events is equal to zero

(Nops = 0). In that case the C'Lg can be calculated analytically. It can be proved that

e(S+B)
CLs = el = S=—In(CLg) (8.7)

By setting the CLg = 0.05 one can find:
Sup = —In(0.05) ~ 3 (8.8)

As can be seen, the exclusion limit cannot be stronger than 3 events in the C'Lg

method, regardless of the expected background.

8.6.1 Pseudoexperiment generation for doubly charged Higgs bosons
and RS Graviton

The prescription used for the pseudo-experiment generation is based on the following

sequence:

e Draw a random number pifqr from the fake leptons background p.d.f, which
is defined by a bifurcated Gaussian truncated at zero, since the expected back-
ground cannot be negative. For non-ZZ search the Bifurcated Gauss is defined
as Bif.Gauss(u = 0.61, 0je5y = 0.61, 0yigne = 1.55) and for the G searches Bif.
Gauss(pu = 0.02, opeftr = 0.02, origne = 1.27). The 0yc4 and opigne values are

calculated as the quadratic sum of the statistical and systematic errors;

e Draw a random number puzz from the ZZ background p.d.f which is described
by a Gaussian. For non-ZZ search it is defined as G(u = 0.1, 0 = 0.014) and for
G searches is G(p = 1.85, 0 = 0.14);

e Draw a random number from a Poisson distribution whose mean is the addition
of the random numbers picked from the fake and ZZ background sources P(u =

Tfake +727)-

Figure [8.2] and shows the models used in pseudoexperiments generation based
in the SM hypothesis for non-ZZ and G search respectively.
The performance of the analysis is described by the median expected upper limits

at 95% CL and the 68% and 95% errors at these values. This value is based on the

145



8. SEARCHES FOR NEW PHYSICS WITH 4 CHARGED LEPTONS IN

THE FINAL STATE

o
w

Probabigty density
B
SRR

o
N

Az

o N
’éf (w=p 4 N

0 2 6
N

‘events

8 10
in SM bkg PEs

y derglty

I

Probabilit

0.02}

0.01

Bifur.G(u =yt )

take' et Cright

4 6 7 8 9 10
N Fake bkg

‘events

o
o

Probability density
o
'S

o
1%

0.2]

0.1

44 Gl =1,,,0)

0

1 2 3 4 5 6 7 8 _9 10
N0 ZZ bkg

‘events

Figure 8.2: Distributions of the pseudo-experiments in the non-ZZ search. Left: Pois-

son distribution of the number of events in background only pseudoexperiments; Middle:
Bifurcated Gauss for the fake background; Right: Gauss for the ZZ background.
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son distribution of the number of events in background only pseudoexperiments; Middle:
Bifurcated Gauss for the fake background; Right: Gauss for the ZZ background.
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8.7 Limit extraction for new physics beyond the ZZ channel

background only hypothesis and is calculated by replacing In Qs with In@Qp. This
requires once again to generate pseudoexperiments according to the null-hypothesis and
for each value of the test statistic In Qg a new Syp’ is calculated. This procedure leads
to a distribution of expected signal upper limits at 95% CL. The resulting distribution

is then used for the following measures:

e median: The median of a distribution with a continuous random variable is de-
fined as the value m such that the probability is at least 50% that a randomly
chosen point on the function will be < m and the probability is at least 50% that

a randomly chosen point on the function will be > m;

e +10: The range of pseudoexperiments which contain 68% of the pseudoexperi-

ments (21% and 79% quantiles);

e +20: The range of pseudoexperiments which contain 95% of the pseudoexperi-

ments (2.5% and 97.5% quantiles).

8.7 Limit extraction for new physics beyond the ZZ chan-

nel

8.7.1 Searches for Doubly charged Higgs

One can search for processes beyond the SM ZZ channel by examining four lepton
events where the first dilepton pair is not an OS SF pair with its invariant mass lying
in the region My, € [66,116] GeV. The total number of expected and observed events
after the Z veto is shown in Table In total 0.7753(stat.) 152 (syst.) background

events are expected from SM processes while no events are observed.
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V1

Process Total ete ete” Tt ete utu~ utpTete”
727 0.10£0.01 £0.01 0.02+0.00+£0.00 0.03+0.01 £0.00 0.01+£0.00+0.00 0.01+£0.00+0.01
Fakes 0.611120 4091 (01 +£0.01+£0.01  0.001% 97 0.005 308 070 0.005308 908
Total Bkg  0.717325 091 0.024+0.01£0.01  0.03793 +0-70 0.011553 +0.18 0.01+£0.01+0.01
H;B% 1.2740.04+0.03 0.05+0.01+0.01 0.09+0.01+0.01 0.13+0.01+0.01 0.16+0.01+0.01
Data 0 0 0 0 0

Process ete Ul urpT el eteTor 4 same-sign

Z7 0.01 £0.00£0.00 0.014+0.00£0.00 0.0040.00=+0.00 0.01£0.01+0.00

Fakes 0615067 £0.51  0.00%507 F505  0.00%500 Togo  0-005568 666

Total Bkg  0.610%) +0.51  0.027103 +075 0.0055:93 T0.00 0.0155 051000

HEE 0.3040.024£0.02  0.37+£0.0240.02  0.18£0.0140.01  0.000.000.00

Data 0 0 0 0

Table 8.4: Observed and expected background events in £ = 1.02 fb~!, after final selection for the non-ZZ search, which requires
that the first dilepton pair is not an opposite-sign same-flavor pair with invariant mass Myse [66,116] GeV. Pairs labeled as £¢ are
either opposite-flavor or same-sign; Also shown for comparison is the expected H** yield for a singlet model with Mpy=+ = 200

GeV (o = 10 fb). The first quoted uncertainty is statistical; the second systematic.
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8.7 Limit extraction for new physics beyond the ZZ channel

’ Mpy++ [GeV] Fiducial Acceptance [%] non-ZZ selection efficiency [%)] ‘

100 7 62
150 12 66
200 16 67
300 22 67

Table 8.5: Acceptance and selection efficiencies in the non-ZZ seaches. The relative
statistical and systematic uncertainties on the selection efficiency have been calculated to

be 1% and 5% respectively.

Figure shows the mass of the first dilepton pair of events passing the selection

criteria of the analysis.

8.7.2 Limits on doubly charged Higgs production

As described in Section the method used for the limit extraction is the C'Lg with
a single bin counting experiment, accounting for systematic uncertainties on the back-
ground estimate, signal acceptance and luminosity. The observation of zero events
leads to an upper limit on the number of events from new physics sources of Ny < 3.0
events at 95% C.L. The median expected upper limit on the number of events from
new phenomena sources is Ny < 4.1 events at 95% C.L.

These results can be translated into a limit on the production cross section for new
physics processes by defining a fiducial region at parton level, containing events with
four charged leptons (e or ) each with pr > 15 GeV and lying in n < 2.5. These
events must not contain OS SF pairs with invariant mass (M) in the region [66,116]
GeV. The efficiency of the non-ZZ search, within this fiducial region, is calculated for
a benchmark model production of doubly-charged Higgs bosons. The most important
source of systematic uncertainty is the lepton reconstruction efficiency. Table [8.5] sum-
marizes the fiducial acceptance and selection efficiencies in the non-ZZ searches for
four different H** mass values (100, 150, 200 and 300 GeV). The relative statistical
and systematic uncertainties on the selection efficiency inside the fiducial region are
1% and 5% respectively. The small variation in the efficiency values between the low
mass and high mass Higgs results from the fact that the higher mass events are more

central.
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ATLAS Preliminary [ L1021 * Data

--- Uncertainty

[zz

— H++H"

—_
o

Events / 2 GeV

102
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First Dilepton Pair Mass [GeV]

Figure 8.4: Distribution of the first dilepton pair mass for all categories. The fake lepton
background is not shown. A hypothetical HTTH~~ distribution is overlaid using the
singlet model (blue line), with Mg++ = 200 GeV. Events inside the window My, € [66,116]
GeV indicated by the vertical black lines serve as a control region; the non-ZZ search
region rejects opposite-sign same-flavor events in this window. Overflow events are shown
in the highest mass bin.

The limit on the number of events Ny < 3 can be converted into limits on the

production cross section of doubly charged Higgs bosons by using the equation:

Ny - 3.0
Enon—zz XL 0.62 x 1.02fb—1

where €0, 77 is the smallest measured efficiency from Table|8.5(and £ is the integrated

o4¢ fid < =4.7tb (8.9)

luminosity.

This limit can then be extrapolated on the total doubly-charged Higgs bosons pro-
duction cross section by dividing the result of Equation [8.9 with the fiducial acceptance
(Table for each Higgs mass. Figureshows the behavior of the exclusion curve on
the total production cross section of doubly charged Higgses as a function of the Higgs
masses. The black points represent the observed limit and the red points the expected
ones. The green and yellow zones show the + 1,2 ¢ regions from pseudoexperiments

drawn from the SM hypothesis. The dashed lines correspond to the theoretical pre-
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Figure 8.5: Observed 95% C.L. limits on H*+H~~ production, using the four lepton
fiducial cross section upper limit, and the fraction of the produced events which fall into the
fiducial region. The median expected result and +1, 20 regions from pseudo experiments
drawn from the SM hypothesis are shown; the observed limit corresponds to Ny,s = 0,
which lies on the -1o and -2¢0 lines. Three theoretical predictions are also drawn, which
depend on whether the doubly-charged Higgs is a member of a singlet, doublet or triplet

symmetry group.

dictions which depend on whether the doubly charged Higgs is a member of a singlet,
doublet or triplet of SU(2)r.

8.7.3 Graviton searches

In this subsection a discussion on the searches for an RS graviton decaying to ZZ in
the full leptonic channel is described (G — ZZ — 4/). The selection criteria applied to
the data are the same as in the case of the ZZ production cross section measurement
except from the fact that, in that case the signal region starts for Mzz; > 300 GeV.
Figure shows the invariant mass of the 4¢ candidates in the full mass (M) range.
The expected signal yield for different graviton masses, the expected background and

the number of observed events for Mzz > 300 GeV are summarized on Table In
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total, 1.8773 91 1575 background events are expected from SM processes.

8.7.4 Limits on Gravitons

As in the case of the doubly charged Higgs production, limits have been set using
the C'Ls method with a single bin counting experiment, accounting for systematic
uncertainties on the background estimate and signal acceptance. The median expected
upper limit on the number of events from a new source is Nzz < 5.7 events at 95%
C.L. The observation of three events leads to an upper limit of Nzz < 5.7 events at
95% C.L.

In these studies, the fiducial region at parton level is defined by four charged leptons
(¢ = e, n) each with pr > 15 GeV and |n| < 2.5 which form two OS SF pairs with their
invariant mass (M, My ) lying in the mass region [66, 116] GeV. In addition the in-
variant mass of the 4¢ system must be greater than My, >300 GeV. Table shows the
fiducial acceptance and selection efficiencies for different hypothetical graviton masses.
According to the definition of the fiducial region described above, the efficiency of the
G — ZZ selection is almost independent of the graviton mass for the RS graviton
benchmark model. By using the following equation, one can calculate the limit on the

fiducial cross section:

fid Nzz 5.7
Ozz < = -1
c27 x BF(ZZ — 40) x £ 0.61 x 0.010 x L.02rmfb

=0.92pb (8.10)

The above value can then be easily extrapolated to the total phase space (o(pp —
G) x BF(G — ZZ)) by dividing with the acceptance of each graviton mass. Figure

shows the observed and expected upper limits on the graviton searches.
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Figure 8.6: Invariant mass distribution of the 4¢ before applying the mass cut My, > 300
GeV. Three different mass distributions (0.5, 1.0 and 1.5 TeV) of gravitons are overlaid.
The blue dashed line shows the variation of the SM ZZ background (+10) according to the

leptons’ systematic uncertainties.
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Process Total

77 1.85 4 0.11 & 0.09

Fakes 0.0Qfé:g?fg:gg

Total Bkg 187050 Fo0

Data 3

G (350 GeV) 714344

G (500 GeV) 1240.540.6

G (750 GeV)  1.5040.0840.07

G (1000 GeV)  0.2740.0240.01

G (1250 GeV)  0.06640.004+0.003

G (1500 GeV)  0.0194:0.00140.001
Process ete"ete” ;ﬁ'u‘;ﬁ,u_ 6+6_u+u_ ;ﬁ,u‘e“‘e‘
ZZ 0.32 + 0.03 + 0.01 0.63 + 0.04 + 0.03 0.53 + 0.04 + 0.03 0.37 + 0.03 + 0.02
Fakes 0.001355 %9%, 0.00% 308 000 0.00F303+0-15 0.02 4 0.02 + 0.02
Total Bkg 0.3270: 051003 0.63505 1003 0.54703 +0.70 0.39+0.04-£0.03
Data 0 2 1 0
G (350 GeV) 124141 2342+1 2042+1 164141
G (500 GeV) 2.140.2+40.1 4.0+0.340.2 3.240.2+0.2 2.340.2+40.1
G (750 GeV) 0.30-£0.02+0.01 0.46+0.030.01 0.430.03£0.01 0.260.02-0.01
G (1000 GeV) 0.6+0.05+0.05 0.85:0.060.05 0.860.06-£0.06 0.4340.04-£0.05
G (1250 GeV)  0.013%0.001+0.001 0.020-£0.00140.001 0.024-0.00240.001 0.009-£0.00140.001
G (1500 GeV)  0.004140.0003+0.0002  0.005640.0004+0.0002  0.0070-£0.000540.0003  0.0026-0.0002--0.0002
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Table 8.6: Expected backgrounds and observed events in £ = 1.02 fb~!, after final selection for the graviton search My, > 300GeV.
Also shown are expected yields for G — ZZ samples for a coupling of k/M,, = 0.1. The first quoted uncertainty is statistical and

the second systematic.



8.8 Conclusions

’ Mc¢ [GeV] Fiducial Acceptance (%] Selection efficiency [%)] ‘

350 27 61
500 28 63
750 31 66
1000 32 66
1250 33 67
1500 35 66

Table 8.7: Acceptance and selection efficiencies for different hypothetical graviton masses.

The lowest selection efficiency (61%) is used to set limits on all mass points.

8.8 Conclusions

The first exclusion limits on doubly charged Higgses and RS Graviton production at
Vs = 7 TeV using 1fb~! of data have been established. For doubly charged Higgs, we
expect 0.7753(stat.) T2 (syst.) events and observe zero. This leads us to set fiducial
cross section limit on four lepton production at 4.7 fb. For a RS Graviton, the expected
events from SM processes are 1.9759(stat.)*0{(syst.) and the observation is 3. With a
coupling of k/M,y, = 0.1, the observed limit on graviton production is 0.92 pb and the

lower limit of the Graviton mass is Mg > 575 GeV.
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Figure 8.7: Expected and observed 95% C.L. limits for G — ZZ using the ZZ fiducial
cross section upper limit and the fiducial acceptance. The median expected result and
the 10 and +2¢ from pseudoexperiments drawn from the SM hypothesis are shown; the

observed limit corresponds to N,ps = 3. The leading-order theoretical prediction is also
shown.
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Chapter 9

Summary and conclusions

This thesis presented a wide range of particle physics aspects including detector re-
lated issues, production cross section measurements of Standard Model processes and
searches for new physics, by analyzing the data of proton-proton collisions at /s = 7
TeV recorded by the ATLAS detector during 2011.

One important component of the ATLAS detector is the Muon Spectrometer, re-
sponsible for muon identification and measurement of their position and momenta.
The CSC, is one of the four sub-detection systems of the Muon Spectrometer employed
to cover the forward region of ATLAS, a region characterized by high counting rates.
Studies carried out in this thesis have shown that the CSCs play an important role
in physics processes involving multiple muons in the final state, in particular to the
Z 7 — 4p channel, where a significant fraction of events has at least one muon falling
outside the Inner Detector’s acceptance and has a track in the Muon Spectrometer.
In order to reduce background contribution due to high track activity, the position of
muons should be known with high accuracy. This thesis presented a detailed study for
improvement of the hit position and peaking time resolution of the CSCs with 0.6%
and 0.4% relative errors respectively. The resulting C' + + algorithms have been imple-
mented in the ATLAS software and are used from the off-detector electronics of CSCs
for the selection of single clusters.

This thesis has also contributed to the first Z inclusive cross section measurement
at /s = 7 TeV, by analyzing the very early data recorded by the ATLAS detector. The

Z — {/ cross section measurement is used as a standard candle for detector performance
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assessment as well as for tuning of theoretical predictions at the new energy regime.

The cross sections have been found to be:

old, = 0.33+0.04(stat) + 0.03 (syst) =+ 0.04 (lumi) nb
ot = 0.7540.09 (stat) £ 0.08 (syst) £0.08 (lumi) nb.

and are in agreement with the SM NNLO predictions of 0.9640.05 nb.

The Z inclusive measurement and the analysis of the first data delivered from
LHC mediate to reach the main goal of this thesis which was the ZZ production cross
section measurement. This is a physics channel of major importance beacuse the good
understanding of the ZZ — 4¢ process can reveal the Standard Model Higgs boson
through the decaying channel H — ZZ — 4/, since it constitutes the irreducible
background process in the Higgs searches. This thesis studied the ZZ — 4¢ process and
completed the analysis for 1 fb~!. The fiducial and total cross section were determined

to be:

0N i = 194703 (stat)T02 (syst) T4 (lumi) fb
oy = 85727 (stat) T03 (syst) £0.3 (lumi) pb.

and are statistically consistent with the SM NLO total cross section of 6.5f8:§’ pb.

Based on the selection criteria of the ZZ analysis at /s = 7 TeV, the studies were
further extended in order to search for doubly charged Higgses as well as for a Randal-
Sundrum Graviton, processes which share the same final states with ZZ — 4. In the
former, an upper limit on the fiducial cross section of four lepton production has been
set at 4.7 fb and in the graviton case, an upper limit on the production cross section
of ZZ pairs from high mass sources was established, within the fiducial region, at 0.92
pb. The observed and expected 95% C.L. lower limit on the mass of the graviton is
Mg > 575 GeV.

Several contributions of the present thesis were of major importance for the analysis
that followed on ZZ with the full statistics of 2011, where some of them could be
utilized in the 2012 data analysis, where higher statistics will be available. For example,

the forward muons at n > 2.5 were included in the analysis of the full 2011 dataset
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by increasing the statistics by 6%. Finally, issues like ambiguities in combinatorial
same-flavor four-lepton events during pair formations could be reliably resolved using

suggestions of the current thesis.
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.Simulation is an asset for scientists to recreate nature’s

behavior...

Appendix A

Monte Carlo studies of the
Z7Z* — 40 production at /s = 10
TeV

This chapter describes the analysis for the detection of ZZ — 44 candidates at /s =
10 TeV using fully simulated MC events. This analysis has been performed along the

plans of ATLAS for Computing System Commissioning (CSC).

A.1 Introduction

The current chapter studies the observation potential of ZZ® diboson production
through the four lepton final states at /s = 10 TeV of proton-proton collisions. The
reconstruction and identification effieciencies of leptons are discussed and the kinematic
distributions of the 4¢ system are shown. The results from different selection criteria
applied to the analysis are compared and the expected number of signal and background

events at 1 fb~! is also shown.

A.2 Datasamples

The MC samples used in these studies correspond to the MCO08 production campaign.
LO generators have been used for all the processes except ¢t where a NLO generator

has been employed. A full list of the samples is presented in Table
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A.3 Object reconstruction

MCID ‘ Process Generator Events ‘ €flter ‘ o [pb] ‘
109292 | ZZ — 4He—0+0~ PYTHIA 195723 1 0.103
106050 Z — ee inclusive PyTHIA 4982718 0.96 1143.96
106051 | Z — pp inclusive PyTHIA 5000000 | 0.96 | 1143.96
109400 ZeebbNp0 ALPGEN/JiMMY | 100000 0.003 12.22
109401 ZeebbNpl ALPGEN/JiMMY | 50000 | 0.0104 | 4.947
109405 ZppbbNpPO ALPGEN/JiMMY | 100000 | 0.0049 | 12.28
109406 ZppubbNpl ALPGEN/JiMMY | 50000 | 0.0123 | 4.924
109341 tt MCQ@NLO 98280 0.0109 373.6

Table A.1: List of MC samples used for the studies at /s = 10 TeV -

A.3 Object reconstruction

A.3.1 Electrons

The electron objects used in the analysis have been reconstructed with the standard

egamma algorithm described in Section [6.3.2

A.3.2 Muons

The ATLAS muon identification and reconstruction algorithms take advantage of mul-
tiple sub-detector technologies which provide complementary approaches and cover

pseudorapidities up to 2.7 [3].

e “standalone”: The stand-alone muon reconstruction is based entirely on muon-
spectrometer information, independently of whether or not the muon-spectrometer
track is also reconstructed in the inner detector. The muon reconstruction is ini-
tiated locally in a muon chamber by a search for straight line track segments
in the bending plane. Hits in the precision chambers are used and the segment
candidates are required to point to the centre of ATLAS. When available, the
hit coordinate ¢ in the non-bending plane measured by the trigger detectors is
associated to the segment. Two or more track segments in different muon stations
are combined to form a muon track candidate using three-dimensional tracking
in the magnetic field. The track parameters (pr, 7, ¢, transverse and longitudi-

nal distances of closest approach to the primary vertex) obtained from the muon
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spectrometer track fit are extrapolated to the interaction point taking into ac-
count both multiple scattering and energy loss in the calorimeters. For the latter,
the reconstruction utilises either a parameterisation or actual measurements of
calorimeter energy losses, together with a parameterisation of energy loss in the
inert material. The average muon energy loss in the calorimeters is 3 GeV. The
stand-alone muon reconstruction algorithms use the least-squares formalism to fit
tracks in the muon spectrometer, with most material effects directly integrated

into the x? function.

e “combined”: The combined muon reconstruction associates a stand-alone muon-
spectrometer track to an inner-detector track. The association is performed using
a x>-test, defined from the difference between the respective track parameters
weighted by their combined covariance matrices. The parameters are evaluated at
the point of closest approach to the beam axis. The combined track parameters
are derived either from a statistical combination of the two tracks or from a
refit of the full track. To validate the results presented in this paper, these
two independent reconstruction chains were exercised and good agreement was
observed. The results presented here are based on the statistical combination of

muon-spectrometer and inner-detector measurement.

e “Segment tagged (ST) muon”: In contrast to the above approaches the recon-
struction of ST muon is based in an inner detector track. A track in the ID is
identified as a muon if the track extrapolated to the MS is associated with straight

track segments in the precision muon chambers.

A.4 Selection Criteria

The selection criteria of the analysis have been built to account for three final states,
4e, 4 and 2e2y and the optimization has been done by considering high pr and isolated
leptons.

The analysis starts with the preselection cuts of electrons and muons. The selected
electrons must be reconstructed with the standard electron finding algorithm described
in Section Their pp threshold is at 6 GeV and they must lie in the pseudorapidity

region |n| < 2.5. The muon objects must be combined or standalone reconstructed with
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the respective algorithms explained in the previous Section.The pr cut used is the same
as for electrons and the 7 cut extends up to 2.7 for the inclusion of muons reconstructed
in the region 2.5 < |n| < 2.7. All track fits as well as the matching of the associated
MS and ID tracks should have x2/ nd]ﬂ < 15.

In the first stage, the selected leptons are used to create same flavor opposite charge
pairs and in the second stage, the created pairs are used for the quadruplet formation.
All the leptons of the candidate quadruplets must be separated, so a cut on the angle
(AR > 0.2) among them is applied. In addition, each pair of the quadruplet is required
to have at least one lepton with pr > 20 GeV. In the case of the 4e (2e2u) signature,

three different sets of identification requirements have been examined:
e four “loose” electrons (two “loose” electrons);

e the two hardest electrons with the highest pr are required to be “loose” and
the sub-leading leptons must be “medium” (the hardest must be “loose” and the

sub-leading “medium”);
e four “medium” electrons (two “medium” electrons).

In the case of the 4u and 2e2y signature, all the muons must be isolated around a
cone of radius AR = 0.4 by requiring the py sum inside that cone to be smaller than
20% of the candidate’s muon transverse momentum.

An additional cut on the number of the candidate quadruplets has been applied, in
order to reduce the background contribution from Zgq processes, where two energetic
leptons result from Z decays accompanied by leptons in heavy quark jets, typically jets
from b and ¢ quarks or leptons in light quark jets or jets misidentification. Studies have
shown than the leptons from the Zqq processes have small opening angles with respect
to each other, allowing so to the formation of only one possible solution (quadruplet).
The other solution is rejected due to the AR > 0.2 cut. On the contrary, leptons
resulting from dibosons have large opening angles and form two quadrupltets. The cut
on quadruplets is strongly correlated with the mass cut, the final cut of the analysis,
where the primary lepton pair is required to be on-mass-shell lying in the mass region

70 < My <110 GeV and the other one to be off-mass-shell, My > 20 GeV.

Lendf” is the number of degrees of freedom
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Electrons Muons

|

Standard electrons Combined Track or Standalone Track for |n| >2.5

x?/DoF < 15 on match
pr > 6 GeV, |n| <2.5 pr > 6 GeV, |n| <2.7

Event Selection

Create same flavor opposite charge pairs with AR > 0.2

At least one lepton in each pair with pr > 20 GeV

i

Z Pt
Loose ID requirements to all electrons IsoConed( = ;:rnlw < 0.2
T

Medium ID to softers

Number of candidate quadruplets per event > 1

70 < Mz, < 110 GeV, Mz, > 20 GeV

Table A.2: ZZ — 4( selection criteria at /s = 10 TeV - Selection criteria used for
the detection of ZZ candidates at /s = 10 TeV.

A.5 Trigger requirement

In order to find the most suitable trigger for the analysis, single lepton and dilepton
trigger chains have been applied as the final cut of the analysis. All triggers applied
are illustrated in Table The “L1, L2, EF” represent the level of the trigger (see
Section , “EM, e, mu” refer to the kind of the trigger object where “EM” stands
for electromagnetic cluster, “e” for electrons and “mu” for muons. The numbers declare
the pr cut of the corresponding trigger object which means that the event is triggered if
the trigger object has pr greater than this value. The letter “i” means that the trigger
object must be isolated and “loose, medium, tight” correspond to the identification
requirements applied to the trigger object (see Section .

The efficiencies shown in Table represent the fraction of events that pass the
specific chain. As can be seen, the efficiency of all the trigger chains is greater than 99%
except tight di-electron trigger and di-muon trigger with a pr cut at 20 GeV, where the
efficiency drops to 95% and 91% respectively. The single lepton trigger chains L1_EM18
- L2_e20_loose - EF _€20_loose and L1 _MU20 - L2 mu20 - EF_mu20, which are closer
to the analysis, have also been used to match the trigger object with the leptons one

which passed the selection criteria of the analysis. This is done in order to calculate
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the single electron and muon trigger efficiencies which have been found to be 94% and

92% for electron and muon respectively.

A.6 Tag and probe method

The Tag and Probe method is a data-driven method used for the calculation of the
reconstruction and idetification efficiencies of leptons. The principle of operation is
based on the kinematic and dynamic correlation of the leptons resulting from Z decays.
The “tag” lepton is detected by using the full detector information applying tight
criteria. Then, by taking advantage of the Z mass constraint a list of “probe” objects

is selected in order to calulcate the reconstruction and identification efficiencies [I} [2].

A.6.1 Reconstruction and identification efficiencies of electrons

For the case of the electron objects the cuts corresponding to the “tag” electron make
use of the ID and the electromagnetic calorimeter. Specifically, they must be recon-
structed with the standard electron algorithm and they must fulfill the tight identifi-
cation criteria described in Section Their pr should be greater than 25 GeV and
they must lie in the pseudorapidity region || < 2.5. Finally, the event must pass a
certain trigger requirement and the tag electron must be the one which fired the trigger.
For that reason a AR = \/m < 0.2 matching is applied between the tag and
the triggered object.

The “probe” electron collection are electromagnetic clusters which are selected by
utilizing the invariant mass correlation of the probe with the “tag” electron. The series
of the cuts for both the tag electron and the probe object are illustrated in Table
5.

The reconstruction efficiencies are then calculated from the ratio of the number of
clusters which correspond to reconstructed electrons to the number of selected clusters
as shown in the following equation:

i

N
g; = —recodlectrons j — 1 2 . nbins (A1)

i
selected probes

where ¢; stands for the efficiency calculation in each bin of pp,n and ¢.
In order to compare the T&P efficiency results with the efficiency computed using

MC-truth information, the electromagnetic clusters with pr > 20 GeV and |n| < 2.5
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L1 L2 EF Events pass (%)
Single electron trigger chains
EM13 | el5_medium | el5_medium 99.95
EM13I | elbi_medium | el5i_medium 99.90
EM18 e20_loose e20_loose 99.97
EM18I e20i_loose e20i_loose 99.92
Di-electron trigger chains
2EM7 2el12_tight 2el12_tight 94.47
2EM13 | 2el5_medium | 2el5_medium 99.82
2EM18 2e20_loose 2e20_loose 99.39
Single muon trigger chains
MU11 mulb mulb 99.69
MU11 mulbi_loose mulbi_loose 99.55
MU20 mu20 mu20 99.55
MU20 mu20i_loose mu20i_loose 99.42
Di-muon trigger chians
2MU10 2mul0 2mul0 99.08
2MU20 2mu20 2mu20 91.57

Table A.3: Efficiencies of various trigger chains for ZZ* — 4fanalysis.. The first column
corresponds to L1, second column to L2 and third column to EF (see Section . The
last column shows the percentage of events passing the full trigger chain. The “loose,
medium and tight” shows the kind of identification requirements applied to the trigger
objects and the “i” denotes if an isolation cut has been applied to the trigger object. The

[1PN2

number in front of the letters “¢” and “mu” shows the py cut of each trigger.
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A.6 Tag and probe method

Tag selection criteria Probe selection criteria
Cut ‘ Value Cut ‘ Value
Author lor3 Probe type e/m cluster
n] <25 I <25
pr > 20 GeV || A = dtag — Pprove > /2
ID requirement Tight AM < 30 GeV
Trigger L1 L1_EM18
Trigger L2 L2_e20_loose
Trigger EF EF _e20_loose

Table A.4: Series of selection criteria applied on the “tag” and the “probe” electrons.
The A¢ and AM cuts of the probe electron are with respect to the “tag” electron.

were first matched to generated “true” electrons, after which we obtain the number of

fully reconstructed electrons. The ratio

N, , ,
6;\40 _ reco electrons i=1, 2, ..., nbins (AQ)

Neluster truth matched
provides the electron reconstruction efficiency with respect to the electron cluster iden-
tification.

For the MC based results the ZZ — 4e fully simulated samples were used as a
clean and enriched electron sample with similar properties to the Z — ee. The same
comparison was repeated using MC-truth information of the Z — ee fully simulated
samples. The relative differences (calculated from Equation in both cases Z —

ee & ZZ — 4e are in excellent agreement < 1%.

1 TP — MG

B Nbins i—1 MCZ

RD

(A.3)

where TP are the Tag&Probe results and M C correspond to the MC-truth efficiencies.
Figure[A.T|shows the results of both methods. In red color the Tag&Probe method’s
results and in black color the MC-truth efficiencies.
Following the same logic, one can calculate the “loose”, “medium” and “tight” (see
Section [6.3.2]) identification efficiencies of electrons as a function of electrons pr,n and

¢, as shown in equation In this case the denominator of the ratio corresponds to
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Figure A.1: Electron reconstruction efficiencies versus pr (left), n (middle) and ¢ (right)
at /s = 10 TeV.

3’ T T T T T T T 3‘ T T T T T T T T T 3‘ T T T T T T ™3
c c c
8 g - A s 1 — 2 1 A—A—A -
] ] 8
3 3 =4 3
a a a
ry 0.9 - r 0.9 - 00.9— -
0 0 0
o o =3
o o o
- - -
0.8 -1 0.8 - 0.8 -
-+ T&P ] -+ T&P -+ T&P ]
0.7 -1 0.7 - 0.7 -
-4 MC truth ] -+ MC truth -4 MC truth
06k S=10TeV 1 06l ¥s=10TeV h 06l ¥s=10TeV h
0. IETE PR FEETE FEETE FEETE FAR T FETT PR 103 1 1 M 1 " 05 1 1 1 il 1 1 1
20 30 40 50 60 70 80 100 05 1 15 2 25 ) 2 10 1 2 3
p_ [MeV] i ¢

Figure A.2: Loose electron identification efficiencies versus pr (left), n (middle) and ¢
(right) at /s = 10 TeV.

the reconstructed electrons matched with probes and the numerator is the number of

electrons passing the specific identification requirement.

7
Nel identi fied
)
el reco

€= i=1, 2, ..., nbins (A4)

Figures [A4] show the different identification efficiencies as a function of
pr,n and phi. As can be seen from the plots, there is a good agreement between the
two methods and this is also confirmed from the relative differences which are of the

order < 1%.
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Figure A.4: Tight electron identification efficiencies versus pr (left), n (middle) and ¢
(right) at /s = 10 TeV.
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Tag selection criteria Probe selection criteria
Cut Value Cut Value
Type Combined muon Probe type ID track
Trigger requirement EF_mu20 pr > 5GeV
pr > 20 GeV n <24
I <25 do < 1.0 mm
Track isolation < 4.5 GeV Track isolation < 1.6 GeV
do < 1.0 mm Az = zéag - zgmbe < 0.5 mm
Aqb — ¢tag _ d)probe > 71'/2
AM = |Mgystem — Mz| | <12 GeV

Table A.5: Series of selection criteria applied on the “tag” and the “probe” muons. The

A¢ and AM cuts of the probe muon are with respect to the “tag” one

A.6.2 Reconstruction efficiencies of muons

A similar procedure can be followed for the case of muons [6]. The tag muons are
required to be combined muons and also to be the ones that fired the trigger. This can
be achieved with a AR matching between the tag muon and the triggered object. The
trigger chain used in the current analysis is the EF_mu20 and the value of the trigger
object matching was AR < 0.02. The pr cut on the tag is determined from the trigger
requirement and in that case was greater than 20 GeV. Since the tag is required to
be combined, it must lie in the pseudorapidity region n < 2.5. In addition, the tag
is required to originate from the primary interaction vertex. For that reason a cut on
the transverse impact parameter, dy, is applied. Finally, it must be track isolated. In
that case, the track isolation is defined as the sum of the transverse momenta of the
ID tracks in a cone of radius AR < 0.3 around the tag muon.

Once the tag muon is selected, the probe selection starts by checking the inner
detector track collection for tracks with opposite charge, ppr > 5 GeV and |n| < 2.5.
In order to reduce the combinatorial problem, the probe is required to come from the
same primary vertex as the tag muon by applying a longitudinal (z9) and transverse
impact parameter cut. Also it must be track isolated. Finally, a cut on the difference of
their azimuthal angle (A¢) [6] as well as on the invariant mass of the system is applied.

A complete list of the series of the cuts for the tag muons and the probes can be
seen in Table [A.5]
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Figure A.5: Muon reconstruction efficiencies versus pr (left), n (middle) and ¢ (right) at
Vs =10 TeV.

The reconstruction efficieny of the MS can then be calculated from Equation
The numerator corresponds to the selected tracks which have been matched (AR <
0.005) with a reconstructed combined muon and the denominator is the number of the
total probes. In order to have a deeper understanding of how the efficiency behaves, it
has been calculated as a function of pr,n and ¢.

€ = M i=1, 2, ..., nbins (A.5)
Nclected probes

To understand the systematics of the method, a comparison was made of the effi-
ciency results of the T&P method with the efficiency using MC-truth information. The
ratio between the fully reconstructed combined muons and the “true” muons from the
MC, matched to an ID track (AR < 0.005) was computed.

Figure compares the results of the two methods. The red points correspond
to the T&P method and the black points refer to MC-truth efficiencies. The excellent

agreement is also validated from the relative differences which are < 1%.

A.7 Background

A detailed explanation of the background processes that contribute to the ZZ — 44
analysis and the data-driven technique developed to estimate the background for the
cross section exraction at /s = 7 TeV is described in Section For the sake of
completeness, a short description of the background processes that contribute in the

Z7Z — 40 analysis follows:
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e 7 + Jets: Production of a Z boson in association with two jets. The main source
of background in the electron channel is the contamination of light jets faking an
electron. This source can be eliminated by applying tight electron identification
requirements. In the muon channel the main background is the Zbb process where

B mesons decay semileptonically to muons.

e {t: Another source of background in the ZZ — 4/ channel is the production of
tt — WW0bb. The leptons resulting from W decays can mimic the leptons from
Z decays, since they are high pr and isolated leptons. In combination with the
leptons from the semi-leptonic decays of the b— quarks they can lead to 4¢ final
states. The production of ¢¢ will be dominant in the LHC due to its large cross
section, but this cross section becomes smaller when one multiplies it with the
corresponding branching franctions of the W and b to decay leptonically. As a

consequence a very small number is expected to contribute to the background.

e WZ: The W Z diboson production could also contribute as a background in the
analysis but due to its small cross section, it can be considered as a secondary

source, at least for the first few inverse femtobarns.

A.8 Results

The number of events surviving the selection criteria of the analysis, for the signal
and the background processes Z + Jets, Zbb and tt are summarized in Table
For the signatures involving electrons 4e (2e2u), three different electron identification
requirements have been examined. The first case corresponds to four “loose” electrons
(two loose electrons), the second one corresponds to two (one) “loose” electrons and
the two (one) sub-leading electrons are required to be “medium” and in the last case
the four electrons are required to fulfill the “medium” requirements.

As can be seen, the best option is the requirement of 4 “medium” electrons, in
order to get rid of the Z 4+ Jets background. The four “loose” and two “loose” - two
“medium” cases produce similar results for the signal. The small fraction of events
which are rejected in the four “medium” case is mostly a contribution of ZZ* events
with an invariant mass of the Z* < 70 GeV. The 4u final state provides a very clean

signature with negligible background contribution. The absence of Z + Jets — 4pu
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and tt — 4u processes is due to a lack of MC statistics, but still their contribution to
the background is expected to be very small. The 2e2u signature has the most events
because the branching ratio is double.

The expected numbers of signal events for the three different cases, starting from
the loose criteria and moving to the tighter ones are 10.66 £ 0.08, 10.30 + 0.10 and
8.96 £+ 0.11. The corresponding numbers for the total background are 94.08 + 5.68,
17.86 + 2.86 and 0.31 + 0.28.

Expected number of events at /s = 10 TeV
Identification requirement

Process 4 Loose 2 Loose 2 Medium | 4 Medium
Z7* — 4e 2.29 4+ 0.02 2.13 £ 0.03 1.54 + 0.03
Z7* — 4p 3.19 + 0.03
Z7* — 2e2u 5.18 +£ 0.03 4.98 £ 0.04 4.23 £ 0.05
Total signal 10.66 + 0.08 10.30 + 0.10 8.96 + 0.11
Z + Jets — 4de 43.30 + 2.64 5.93 + 1.14 -
Z + Jets — 2e2u | 48.79 £ 2.94 11.21 + 1.57 0.22 4+ 0.22
Zbb — 4e 0.23 + 0.02 0.09 £ 0.01 0.02 £ 0.01
Zbb — 4 0.004 + 0.003
Zbb — 2e2pu 0.27 £ 0.02 0.13 £ 0.02 0.03 £ 0.01
tt — 4de 0.87 £ 0.03 0.25 £ 0.01 -
tt — 2e2p 0.62 £ 0.03 0.25 £+ 0.01 0.04 £ 0.04
Total background | 94.08 + 5.68 17.86 + 2.86 0.31 £ 0.28

Table A.6: Numbers of events surviving the selection criteria of the analysis for the signal
and the different background processes. All the numbers are normalized at £ = 1 fb~!.

The uncertainties provided for each number correspond to the statistical error.

Figures and refer to the 4e final state with the two loose-two medium
requirement. The first one shows the invariant mass distributions of the first (Z;) and
second (Z3) pair and the other one shows the invariant mass of the 4e system. Similar
distributions for the 2e2y channel are illustrated in Figures and These plots
show how the signal is dominated from the Z + Jets background due to the inability of
the “loose” identification requirements to reject jets faking electrons. The tf and Zbb

contributions are significant in the low mass region. The invariant mass distributions
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Figure A.6: Invariant mass distributions of Z; (left) and Z, (right) of the 4e channel at
Vs =10 TeV.

of the 4u final state are presented in Figures and As it can be observed, this

signature is almost background free, with a small contribution of the Zbb process.

A.9 Summary

A study of the diboson production channel ZZ* — 4¢ (where ¢ = e, u) has been
presented at /s = 10 TeV using fully simulated MC events. Trigger studies have
shown high efficiencies (>99%) for both single lepton and di-lepton trigger chains. Dif-
ferent electron identification requirements have been tested and the best significance
(N, signal / \/W) can be achieved by requiring four medium electrons. The ex-
pected number of signal events at L = 1 fb~! is 8.96 & 0.11 and the estimated number
of background events (based on MC) is 0.31 £ 0.28. The application of the Tag&Probe
method has shown that a 2% systematic uncertainty on the lepton reconstruction and

identification efficiencies is expected.
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Figure A.7: Invariant mass distributions of the 4e system at /s = 10 TeV.
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Figure A.8: Invariant mass distributions of Z; (left) and Z5 (right) of the 4y channel at
Vs =10 TeV.
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Figure A.9: Invariant mass distributions of the 4 system at /s = 10 TeV.

— e

> ] >
[} 1 [} 5 -
Sas Wzz— 2e2y S h Wzz- 2e21
3 B z- 2e/2p 3 s | Bz- 2e/2u
g, Zbb 3 § i Zbb
w L[ o LI
P 3 4]
Ldt=1f" 3 - Ldt=11b
\s=10TeV 3 o \s =10 TeV
= 1 ]
E C 1 AT .
50 100 150 200 250 _ 300 %~ 50 100 150 200 250 _ 300
M, [GeV] M, [GeV]

Figure A.10: Invariant mass distributions of Z; (left) and Zs (right) of the 2e2u channel
at /5 = 10 TeV.
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Figure A.11: Invariant mass distributions of the 2e2u system at /s = 10 TeV.
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Appendix B

Historical retrospective of

Particle Physics

The most powerful building blocks and discoveries in the particle physics are summa-

rized below.

e 1895. The electron is discovered by J. J. Thomson after experimenting in the

Cavedish Laboratory at Cambridge University;
e 1896. The X rays are discovered by the German physicist W. C. Roentgen;

e 1899. Ernest Rutherford discovers the a-particles and in 1907 he proves, with
Thomas Royds, that these particles are helium (He) ions;

e 1910. Rutherford successfully proposes an atom model which describes the mass
of the atom as mostly concentrated in a small area centrally located and with a
positive charge, the so called nucleus, whereas negatively charged electrons move

in circular orbits around the nucleus;
e 1932. James Chadwick discovers the neutron;
e 1932. The positron is discovered by Carl D. Anderson;

e 1937. J. C. Street and E. C. Stevenson discover the existence of muon in a cloud

chamber;

e 1947 - 1961. A series of particles - mesons and baryons - are discovered;
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e 1960. Sheldon Glashow unifies the electromagnetic and weak interactions into

one interaction, the electroweak interaction;

e 1963. Gell-Mann Murray and George Zweig independently assume the existence

of up, down and strange quarks;

e 1965. O. W. Greenberg, M. Y. Han, and Yoichiro Nambu introduce the color
charge as a property of the quarks;

e 1967. Steven Weinberg and Abdus Salam separately incorporate the Higgs mech-
anism into Glashow’s electroweak theory. Their model predicts the existence of
a neutral, weakly interacting boson as well as an additional massive boson called

the Higgs boson.

e 1968. Experiments at the Stanford Linear Accelerator Center (SLAC) provide

evidence of quarks;

e 1970. The GIM mechanism is introduced by the Sheldon Glashow, John Iliopou-

los, and Luciano Maiani;

e 1973. Harald Fritzsch and Murray Gell-Mann propose the quantum field theory

of strong interactions, Quantum Chromodynamics (QCD);

e 1973. David Politzer, David Gross, and Frank Wilczek discover the asymptotic

freedom of the strong interactions;

e 1974 A fourth quark is discovered, the charm quark. Two different experiments,
one in the SLAC and the other at the Brookhaven National Laboratory (BNL)

discovered the J meson consisting of a charm and an anticharm quark;
e 1975. Martin Lewis Perl and his colleagues discover the 7 lepton;

e 1977. A fifth quark, the bottom or beauty quark is discovered by a team of
physicists, led by Leon M. Lederman at Fermilab. In specific the T meson has

been detected which is a bound state of the bottom quark and its antiquark.

e 1979. Evidence for gluon radiation from quarks in the DESY laboratory in Ham-
burg.
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1983. Experiments at CERN led by Carlo Rubbia and Simon van der Meer using

the Super Proton Synchotron accelerator discover the W and Z bosons.

1989. Experiments at CERN and SLAC measure the lifetime of the Z boson and
they show that the number of light neutrino types is 3.

1995. The top quark is discovered by the CDF and DO experiments at Fermilab.

2000. After eleven years, the Large Electron Positron (LEP) accelerator at CERN

ceases to operate.

2003. The experiments at LEP, ALEPH, DELPHI, L3 and OPAL publish their
combined results for the SM Higgs boson, putting a lower bound in its mass at

114.4 GeV/c? at the 95% confidence level (CL).

2006. The CDF experiment at Tevatron makes the first measurement of By oscil-

lations, and observes two types of 3 baryon.

2007. The CpF and D@ experiments at Tevatron reported direct observation of
the ”Cascade B” (Z, baryon).

2010. The LHC starts to operate succesully at /s = 7 TeV.

2010. The ATLAS experiment at CERN observes a centrality-dependent dijet
asymmetry in Pb — Pb collisions which may point to an interpretation in terms

of strong jet energy loss in a hot, dense medium.

2011. The CDF collaboration announces the discovery of a possible new particle
after a new non-Higgs particle appeared in their data. However, an independent

analysis from the DO collaboration did not observe anything.

2011. The TEVATRON stops operation on 30 September after 28 years of successful

running.

2012. The CpF and D@ experiments exclude a SM Higgs boson in the mass range
156 to 177 GeV.
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e 2012. The ATLAS experiment at CERN excludes a wide range of Higgs masses at
95% CL between 110.0 GeV and 117.5 GeV, 118.5 GeV and 122.5 GeV, and 129
GeV to 539 GeV, leaving a small window in the mass range 122.5 GeV to 129

GeV where an excess of events is observed around my ~ 126 GeV.

e 2012. The CwMms experiment at CERN excludes a SM Higgs boson in the mass
range 127 to 600 GeV at 95% CL with a most probable value of a Higgs mass at
124 GeV.
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Appendix C

Monte Carlo samples

C.1 Monte Carlo samples used in the ZZ — 4/ production

Ccross section measurement

MCID Process Generator Events k-factor eger  o[pb]
107650 ZeeNp0 ALPGEN/JIMMY 6612265 1.25 1.0 668.3
107651 ZeeNpl ALPGEN/JIMMY 1333745 1.25 1.0 134.4
107652 ZeeNp2 ALPGEN/JIMMY 404873 1.25 1.0 40.5
107653 ZeeNp3 ALPGEN/JIMMY 109942 1.25 1.0 11.2
107654 ZeeNp4 ALPGEN/JIMMY 29992 1.25 1.0 2.9
107655 ZeeNpbd ALPGEN/JIMMY 8992 1.25 1.00 0.8
107660 Z upuNpO ALPGEN/JIMMY 6619010 1.25 1.0 668.7
107661 ZppuNpl ALPGEN/JIMMY 1334723 1.25 1.0 134.1
107662 Z upuNp2 ALPGEN/JiMMY 403886 1.25 1.0 40.3
107663 Z upuNp3 ALPGEN/JIMMY 109954 1.25 1.0 11.2
107664 ZuuNpd ALPGEN/JIMMY 29978 1.25 1.0 2.8
107665 Z upuNpb ALPGEN/JIMMY 9993 1.25 1.0 0.8
107670 Z71TNp0 ALPGEN/JIMMY 6608784 1.25 1.0 668.4
107671 Z1TNpl ALPGEN/JIMMY 1327672 1.25 1.0 134.8
107672 ZT1TNp2 ALPGEN/JIMMY 403864 1.25 1.0 40.4
107673 ZTTNp3 ALPGEN/JIMMY 109947 1.25 1.0 11.3
107674 Z1TNDp4 ALPGEN/JIMMY 29977 1.25 1.0 2.8
107675 ZTTNDD ALPGEN/JIMMY 9999 1.25 1.0 0.8
109300 ZeebbNp0 ALPGEN/JIMMY 149971 1.25 1.0 6.6
109301 ZeebbNpl ALPGEN/JIMMY 99977 1.25 1.0 2.5
109302 ZeebbNp2 ALPGEN/JIMMY 38985 1.25 1.0 0.9
109303 ZeebbNp3 ALPGEN/JIMMY 9990 1.25 1.0 0.4
109305 Z ppubbNpO ALPGEN/JIMMY 149971 1.25 1.0 6.6

Continued on next page
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C. MONTE CARLO SAMPLES

Table C.1 — continued from previous page

MCID Process Generator Events k-factor eger  o[pb]
109306 Z upbbNpl ALPGEN/JIMMY 109962 1.25 1.0 2.5
109307 Z upsbbNp2 ALPGEN/JIMMY 39980 1.25 1.0 0.9
109308 Z upubbNp3 ALPGEN/JIMMY 9994 1.25 1.0 0.4
109380 ZeebbNp0 3¢ ALPGEN/JIMMY 199948 1.25 0.09 6.6
109381 ZeebbNpl 3¢ ALPGEN/JIMMY 99975 1.25 0.14 2.5
109382 ZeebbNp2 3¢ ALPGEN/JIMMY 39986 1.25 0.16 0.9
109383 ZeebbNp3 3¢ ALPGEN/JIMMY 19987 1.25 0.19 0.4
109385 Z ppbbNpO 3¢ ALPGEN/JIMMY 199948 1.25 0.09 6.6
109386 Z uubbNpl 34 ALPGEN/JIMMY 99975 1.25 0.14 2.5
109387 Z pupbbNp2 3¢ ALPGEN/JIMMY 39982 1.25 0.16 0.9
109388 Z upbbNp3 3¢ ALPGEN/JIMMY 19988 1.25 0.2 0.4
116250  ZeeNpO M10to40 ALPGEN/JIMMY 999859 1.22 1.0  3055.2
116251  ZeeNpl M10to40 ALPGEN/JIMMY 299940 1.22 1.0 84.9
116252  ZeeNp2 M10to40 ALPGEN/JiMMY 499880 1.22 1.0 41.4
116253  ZeeNp3 M10to40 ALPGEN/JiMMY 149940 1.22 1.0 8.4
116254  ZeeNp4 M10to40 ALPGEN/JIMMY 39973 1.22 1.0 1.9
116255  ZeeNp5 M10to40  ALPGEN/JIMMY 9995 1.22 1.0 0.5
116260 ZupuNp0O M10tod0 ALPGEN/JIMMY 999869 1.22 1.0  3054.9
116261  ZpupuNpl M10tod0 ALPGEN/JIMMY 299890 1.22 1.0 84.9
116262 ZupuNp2 M10tod0 ALPGEN/JiMMY 499864 1.22 1.0 41.5
116263  ZupuNp3 M10tod0 ALPGEN/JIMMY 149939 1.22 1.0 8.4
116264 ZpupuNp4 M10tod0 ALPGEN/JIMMY 39988 1.22 1.0 1.9
116265  ZupuNpb5 M10to4d0  ALPGEN/JIMMY 9996 1.22 1.0 0.5
116270  Z77Np0O M10to40 ALPGEN/JIMMY 959877 1.22 1.0 3055.1
116271  Z77Npl M10to40 ALPGEN/JIMMY 296945 1.22 1.0 84.9
116272  Z77Np2 M10to40 ALPGEN/JiMMY 498804 1.22 1.0 41.5
116273  Z77Np3 M10to40 ALPGEN/JiMMY 149953 1.22 1.0 8.4
116274  Z77Np4 M10to40 ALPGEN/JIMMY 39980 1.22 1.0 1.9
116275  Z7TNpb M10to4d0 ALPGEN/JIMMY 9995 1.22 1.0 0.5

Table C.1: MC samples used to model Z+X, including Z+jets and Drell-Yan samples.

The corresponding cross-sections, generator names, generator level filter efficiencies, k-

factor and total numbers of events are shown in this table. NpX (X=0...5) in the process

name refers to the number of additional partons in the final state.

MCID Process Generator Events k-factor eger  o[pb]
107680 WevNp0 ALPGEN 2072731 1.2 1.0 6921.6
107681 WerNpl ALPGEN 632500 1.2 1.0 1304.3

Continued on next page
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C.1 Monte Carlo samples used in the ZZ — 4/ production cross section
measurement

Table C.2 — continued from previous page

MCID Process Generator Events k-factor eger  o[pb]
107682 WerNp2 ALPGEN 3768265 1.2 1.0 378.3
107683 WevNp3 ALPGEN 1009641 1.2 1.0 101.4
107684 WevNp4 ALPGEN 249869 1.2 1.0 25.9
107685 WevNpb ALPGEN 69953 1.2 1.0 7.0
107690 W uvNpO ALPGEN 3467000 1.2 1.0 6919.6
107691 W uvNpl ALPGEN 642000 1.2 1.0 1304.2
107692 W uvNp2 ALPGEN 3768893 1.2 1.0 377.8
107693 W uvNp3 ALPGEN 1009589 1.2 1.0 101.88
107694 W uvNp4 ALPGEN 254879 1.2 1.0 25.8
107695 W uvNpb ALPGEN 69958 1.2 1.0 6.9
107700 WrvNp0O ALPGEN 3259564 1.2 1.0 6918.6
107701 WrvNpl ALPGEN 2496467 1.2 1.0 1303.2
107702 WrvNp2 ALPGEN 3764804 1.2 1.0 378.2
107703 WrvNp3 ALPGEN 1008514 1.2 1.0 101.5
107704 WrvNp4 ALPGEN 248864 1.2 1.0 25.6
107705 WruvNp5 ALPGEN 64950 1.2 1.0 7.0

Table C.2: MC samples used to model W inclusive processes. The corresponding cross-
sections, generator names, generator level filter efficiencies and total numbers of events are
shown in this table. NpX (X=0...5) in the process name refers to the number of additional

partons in the final state.

MCID Process Generator Events k-factor eqe, o[pb]
106001 AW (e) PyTHIA,MG 49998 1.75 1.0 28.00
106002 AW () PyTHiA,MG 49995  1.75 1.0 28.00
106003 YW+ (1) PyTHIA,MG 46996 1.75 1.0 25.40
108288 AW (e) Pyraia,MG 49995  1.83 1.0 18.53
108289 YW~ () PyTHIA MG 49996 1.83 1.0 18.62
108290 AW () Pyruia,MG 49996  1.83 1.0 16.80
108323 vZ (ee PyTHIA, MG 49997 1.41 1.0 9.63
108324 v(Z ) PyTHIA,MG 49995 1.41 1.0 9.63
108325 ’Y(ZTT) PyTHIA, MG 49997 1.41 0.15 9.41
105941 W+Z —tvil MC@NLO 24995 1.0 1.0 0.16
105971 W=Z —tvil MC@NLO 99972 1.0 1.0 0.09
106024 W+Z — Tvll MC@NLO 24994 1.0 1.0 0.08
106027 W=7 — vl MC@NLO 24997 1.0 1.0 0.04
105940 W+Z —lvqq MC@QNLO 24989 1.0 1.0 1.69

Continued on next page
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C. MONTE CARLO SAMPLES

Table C.4 — continued from previous page

MCID Process Generator Events k-factor egqer o[pb]
105970 W=7 —lvqq MC@NLO 24993 1.0 1.0 0.91
105942 W+Z —qqtl MC@NLO 24992 1.0 1.0 0.50
105972 W=Z —qqll MC@NLO 99968 1.0 1.0 0.27
106025 W+Z —tvrr MC@NLO 24992 1.0 1.0 0.08
106028 W=Z —tvrr MC@NLO 24993 1.0 1.0 0.04
106026 WtZ — rvrr MC@NLO 24990 1.0 1.0 0.04
106029 W=Z = tvrt MC@NLO 24941 1.0 1.0 0.02
113190 W+Z —qqrt MC@NLO 24987 1.0 1.0 0.25
113191 W=Z —qqrt MC@NLO 24989 1.0 1.0 0.14
105921  gq =W W~ —eevv  MCQNLO 149972 1.0 1.0 0.50
105921  qq =W W~ —eevv MC@NLO 49988 1.0 1.0 0.50
105922  qq =W W~ —euvr  MCQ@QNLO 49987 1.0 1.0 0.50
105922  qq -WTW ™~ —euvv MC@NLO 149973 1.0 1.0 0.50
105923  qq =WTW ™~ —ervvr ~ MCQNLO 198943 1.0 1.0 0.50
105924 qq —-WtW~— puvvy  MCQ@QNLO 149964 1.0 1.0 0.50
105924 qq —=WTW~— puvry  MCQ@QNLO 49992 1.0 1.0 0.50
105925 qq =WTW~— pevyr  MC@QNLO 49990 1.0 1.0 0.50
105925 qq =WTW~— pevv  MCQ@NLO 149971 1.0 1.0 0.50
105926 qq =WTW~— urvv  MCQNLO 198957 1.0 1.0 0.50
105927 qq —=WTW~— r7vv MCQ@NLO 198952 1.0 1.0 0.50
105928 qq =WtW~— revv  MCQNLO 198962 1.0 1.0 0.50
105929 qq =WTW~— ruvvy  MC@NLO 198954 1.0 1.0 0.50
106011  gg =WTW ™~ —eevv gg2ww 9998 1.0 0.99 0.01
106012  gg =W W~ —euvv gg2ww 9999 1.0 0.99 0.01
106013 g9 =WTW ™~ —ervv gg2uw 9997 1.0 0.92 0.01
106014 g9 =WTW ™= puvv gg2ww 9998 1.0 0.99 0.01
106015 gg —=WTW ™ — pevv gg2ww 9998 1.0 0.99 0.01
106016 gg —=WTW~— prvv gg2ww 9997 1.0 093 0.01
106017 g9 =WtW~— 77110 gg2ww 9998 1.0 0.33  0.01
106018 gg =WTW ™~ — tevv gg2uw 9997 1.0 0.92 0.01
106019 gg =WTW ™ — Tuvv gg2ww 9998 1.0 0.93 0.01

Table C.4: MC samples used to model diboson processes, including WW, W~ and Z~.

The corresponding cross-sections, generator names, generator level filter efficiencies and

total numbers of events are shown in the table.
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C.1 Monte Carlo samples used in the ZZ — 4/ production cross section
measurement

MCID Process Generator Events k-factor eger 0 [pb]
105200 tt MCQ@QNLO 999332 1.0 0.56  164.6
108340  t-channel— e MCQ@NLO 9996 1.0 1.0 7.2
108341  t-channel—» p  MC@NLO 9994 1.0 1.0 7.2
108342  t-channel— v MCQNLO 9995 1.0 1.0 7.1
108343  s-channel— e MCQNLO 9992 1.0 1.0 0.5
108344  s-channel— p MC@NLO 9991 1.0 1.0 0.5
108345  s-channel—» 7 MC@NLO 9997 1.0 1.0 0.5
108346 Wt MCQ@NLO 59960 1.0 1.0 13.1
105757 bbee p10p10X  PyTHIAB 297118 1.0 0.9 2727.0
105758  bbee ;410e10X  PyTHIAB 796391 1.0 0.9 3963.0
105759  bbeec €10e10X  PyYTHIAB 290326 1.0 1072 3068.0

Table C.3: Top quark and dijet MC samples - MC samples used to model top
(including ¢t and single top) and dijet backgrounds. The corresponding cross-sections,
generator names, generator level filter efficiencies and total numbers of events are shown
in the table. (Only in the 105759 sample the filter cuts have been applied, thus the small
filter efficiency).
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Appendix D

Mis-assignment studies in the
Z 7 — 4¢ channel

Consider the simple case where after the application of all the selection criteria of the
analysis there are four same flavor leptons, two positively and two negatively charged
ones (¢] 05 ¢3¢;) which result from ZZ decays. With these 4 leptons one can form two

possible solutions:
o U1l 0T0;
o U0 0TEy

In these cases one must be careful in the final selection since the wrong assignment of
leptons to the Z pair can lead to crucial systematic errors in the background estimation
as well as to introduce bias in the invariant mass distribution of the pairs. In order
to eliminate the systematic errors due to wrong assignment of leptons to the Zs the

following methods have been tested:

e Method 1: Select the pair closest to the Z pole;
It is the most common method used so far. The resulting mis-assignment per-
centage is ~ 6% and ~ 17% for the ZZ and ZZ* cases respectively. The invariant
mass of the correct and wrong combinations of the 4e and 4y cases are shown in
the figures and [D.2] respectively. The upper histograms show the correct com-
bination of leptons while the other two histograms show the wrong combination.
From these distributions one can see the resulting bias in the wrong combinations

(solution 2) of the first and second pair around the Z pole.
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Solution 1: First Pair Solution 1: Second Pair
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Figure D.1: Mis-assignment Method 1 ZZ — 4e - Invariant mass distributions of
the four pairs. The upper plots refer to the first solution (by selecting the ones which are

closest to the Z pole) and the histograms below to the second solution (remaining pairs).
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D. MIS-ASSIGNMENT STUDIES IN THE ZZ — 4¢ CHANNEL

Solution 1: First Pair
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Figure D.2: Mis-assignment study Method 1 ZZ — 4p - Invariant mass distributions

of the four pairs. The upper plots refer to the first solution and the histograms below to

the second solution.
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e Random selection of the final solution;
The resulting mis-assignment percentage is ~ 23% and ~ 31% for ZZ and ZZ*
respectively. Figures and show the invariant mass distributions for the

correct and wrong combinations for the two different signatures 4e and 4pu.

Solution 1: First Pair Solution 1: Second Pair
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Figure D.3: Mis-assignment study ZZ — 4e, Method 2 - Invariant mass distribu-
tions of the four pairs. Random Selection. The upper plots refer to the first solution and

the histograms below to the second solution.

e Extract probabilities from Breit-Wigner parton distribution function (PDF) for
the pairs lying in the mass region 66 < My < 116 GeV.
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D. MIS-ASSIGNMENT STUDIES IN THE ZZ — 4¢ CHANNEL

Solution 1: First Pair Solution 1: Second Pair
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Figure D.4: Mis-assignment study ZZ — 4u, Method 2 - Invariant mass distribu-
tions of the four pairs. The upper plots refer to the first solution and the histograms below

to the second solution.
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— For two Zs on shell the combination with the highest product probability is

chosen;

— For one Z on shell the combination which includes the closest pair to the Z

pole is selected;
— If both solutions are present in the event then the one with two Zs on-shell

is kept.

The mis-assignment probability of this method is ~ 2% for both Zs on shell and
and ~ 16% if one Z is off-shell. Similar invariant mass distributions with the
previous methods can be found in figures and As can be seen from the
figures with the probability method one can avoid the bias in the invariant mass

distributions.

e Select the combination with the lower value of the sum of |My+,~ — Mz|.
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D. MIS-ASSIGNMENT STUDIES IN THE ZZ — 4¢ CHANNEL

Solution 1: First Pair
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Figure D.5: Mis-assignment study ZZ — 4e, Method 4 - Invariant mass distribu-

tions of the four pairs. Probabilities (BW) but without mass cut. The upper plots refer to

the first solution and the histograms below to the second solution.
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Solution 1: First Pair Solution 1: Second Pair
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Figure D.6: Mis-assignment study ZZ — 4e, Method 4 - Invariant mass distribu-
tions of the four pairs. Probabilities (BW) but without mass cut. The upper plots refer to
the first solution and the histograms below to the second solution.
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Appendix E

Comparison between the
selection criteria used in the

Z 7 — 4¢ analysis and the searches
for H - Z7" — 440

Table lists the event selection requirements used by the ZZ — 4/ analysis (Section
, and the searches for a Standard Model Higgs boson done by the Higgs working

group]l] for the same final states: ete~ete™, ptu~putu~, ete ptpu™ and ptp—ete .

Requirement

47 — 40

H—Z27%) - 4

Event selection:
1. Good Run Lists

2. Event cleaning

3. Vertex
4. Trigger

Same GRL for all chan-
nels

LAr noise warning flag
not set

vertex with >= 3 tracks
e EF mul8 MG or
EF_mu40_MSonly;

e: EF_e20 medium

Separate GRLs for each
channel
same

Same

same

Object Selection:
5. w: type

“loose” STACO muons

“loose” STACO muons
(“author=6 or 7”)

Continued on next page

! ATLAS-CONF-2011-131
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Table E.1 — continued from previous page

Requirement 77 — 4 H— ZZ% - 4
or, TightMuons for
MUID muons

6. p: cosmic removal no requirement only keep muons with
|do| < 1 mm

7. p: pr and 7 pr > 15 GeV, n| <25 pp>7GeV, |n| <25

8. w: ID hits as in Sec same

9. u: 2o zp < 10 mm same

10. p: dy do/o(dp) < 10 if u is among the 2 low-
est pr leptons and
M(40) < 190 GeV: ask
do/o(dy) < 3.5

11. p: track iso Ypr(AR < 0.2) < 15%  same

12. p: calo iso not applied calo iso (AR < 0.2) <
30%

13. e: type “medium” electrons, same

author=1 or 3
14. e: quality (OQ AND 1444==0) same
15. e: Ep and n Er > 15 GeV, |n| < Er>T7GeV, |n| <247
247

But, exclude electrons
with Epr < 15 GeV
in crack region (1.37 <
’nCluster‘ < 152)

16. e: zg zo < 10 mm same

17. e: dy do/o(do) < 10 if e is among the 2 low-
est pr leptons and
M(4¢) < 190 GeV: ask
do/o‘(do) <6

18. e: track iso Ypr(AR < 0.2) < 15%  same

19. e: calo iso not applied calo iso (AR < 0.2) <
30%

20. e: overlap removal a) remove e if AR < 0.1 a) remove e if same ID

from p;
b) remove lowest Er e

if AR < 0.1 from an-
other e

track as p

a) same condition, but
instead of AR

use “same ID track”

40 selection:
21. Trigger matching

at least 1 lepton with
pr > 20 GeV (u)

e or p: no matching,

just

Continued on next page
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E. COMPARISON BETWEEN THE SELECTION CRITERIA USED IN

THE ZZ — 4¢ ANALYSIS AND THE SEARCHES FOR H — ZZ* — 4

Table E.1 — continued from previous page

Requirement

27 — 44

H— Z27%) - 44

22. Lepton topology

23. Number of leptons

25. Lepton Pairing

24. Quadruplet formation

26. Dilepton kinematics

or Er > 25 GeV (e),
matched (AR < 0.1) to

trigger object
no requirement

exactly 4 leptons
exactly 2 pairs of:

Opposite Sign (OS),

Same Flavour (SF) lep-
tons

pairing with minimum

Y(| Mg — Mz| + | M3z4 —
Mz|)

both Zs on-shell:

|Mge — Mz| < 25 GeV

ask for 2 ¢’s with pp >
20 GeV

AR > 0.1 from each
other lepton in event
(check this after e over-
lap removal)

4 or more leptons

> 2 pairs of OS SF lep-
tons;

a) If > 4 leptons, choose
1 quadruple

as explained in “lepton
pairing”

b) For 2e2u, 2u2e :
M., > 15 GeV and

M, > 15 GeV
1% pair (¢1/3): has the
min|Mis — Myl
274 pair (f304): has

highest pr(¢304)

among remaining pairs
one 7 on-shell, other
can be Z*:

‘Mglb — Mz‘ < 15 GeV
i [Mpge,| < 115 GeV

Table E.1: Comparison of selection requirements between SM ZZ — 4¢ and H —
ZZ™) — 40 analyses.

In general, the selection criteria of the ZZ — 4¢ analysis are more uniform across
the four final states. The kinematic cuts of the leptons are also relatively high, since
the analysis has been built for two Zs on-shell. Compared to the Higgs analysis which
requires only one of the Z’s to be on-shell, the kinematic cuts has been relaxed for two
of the leptons, down to 7 GeV. Going through the items in Table a comprehensive

explanation for each choice follows:
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8-9.
10.

11.

12.

13-14.
15.

16.
17.

. In order to have uniformity with the other SM EW analyses (WW, W Z) a common

GRL has been used with the other groups. The disadvantage of this GRL results
from the fact that it covers all the physics objects (electrons, muons, jets etc.) and
gives 1.024 fb~! everywhere, while the Higgs group uses explicit GRLs for each
object (electrons and muons) and depending on the final state they use different
GRLs. This increases the luminosotity from 1.04 to 1.21 fb~!, depending on the

channel.

. Same in both analyses.

Redundant cut in the ZZ — 4f analysis, since all muons are required to be
consistent with the primary vertex by applying a dy significance cut to all leptons
(see items 10).

The Higgs group allows the second Z to be off-shell, so it needs lower pr leptons
than in the ZZ — 4¢ analysis where both Zs are required to be on-shell.
Standard selections recommented from the Muon Performance Group.

For a uniform approach for all leptons, like the rest of the SM EW groups. For
the muons this is a quite loose cut. This loose cut (< 10) guarantees to stay away
from mis-modeled regions close to zero.

This track isolation requirement preserved ~ 97% of the ZZ signal, while rejecting
all bkg events. Used by Higgs group as well. Opening the cone was rejecting
signal. The cut value is close to the efficiency plateau for this requirement (see
Section 77).

Calorimetric isolation requirement only harm an already clean ZZ signal, so no
calorimetric isolation has been applied in the ZZ — 4/ analysis.

Same in both analyses.

Same comment as for muons above for the kinematic cuts. Concerning the use of
the electrons in the transition regions: there are scale factors for Er > 15 GeV
electrons everywhere. In addition, the performance studies (on the Z inclusive
samples) done for the ZZ — 4/ analysis show that there is no any evidence for
the crack electrons deteriorating the data to MC comparisons.

Same in both analyses.

A uniform approach to all leptons has been decided, like in rest of SM EW

groups. The cut is loose for the muons, but rejects some electrons which radiate
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E. COMPARISON BETWEEN THE SELECTION CRITERIA USED IN
THE ZZ — 4¢ ANALYSIS AND THE SEARCHES FOR H — ZZ* — 4

Bremsstrahlung radiationﬂ In fact, this cut rejects one 2e2pu candidate in the
Z 7 — 44 analysis, which is preserved by the Higgs group’s selection.

18-19. Same discussion as in items 11 and 12, above. For the calorimetric isolation of
electrons, it is worth to note that by applying a cut similar to the one used by
the other SM EW groups, defined as the E7 sum in a cone of radius AR = 0.2 to
be smaller that 4 GeV, would reject ~ 20% of ZZ — 4e signal events. According
to these results the decision was to do not apply any calorimetric isolation.

20. Suggestion of implementing the search for a nearby related “lepton” is different
in the two groups, but otherwise this is a standard requirement.

21. In the ZZ — 4f analysis an explicit trigger matching of one of the four candi-
date leptons to facilitate the trigger efficiency estimates is done. The higher Ep
threshold for the electrons guarantees that electrons is on the efficiency plateau.

22. Such a cut on the lepton separation is not applied in the ZZ — 4/ analysis, in
accordance with rest of SM EW groups. A study on this has shown that this cut
makes no difference in any case.

23-24. Having 4 leptons fixes the quadruple and avoids the cases of combinatorics. Al-
though, only a very small fraction of signal events (~ 1%) contains more than
four leptons.

25. The method used from the ZZ analysis |D| for the pairing minimizes the biases in
the dilepton mass distributions and also reduces the mis-assignment to ~ 1.5%,
compared to ~ 6% of the algorithm used by the Higgs analysis.

26. In the ZZ analysis both Zs are required to be on-shell, so a wider mass cut around
the Z mass is afforded compared to the Higgs group (£25 GeV for ZZ vs. +15
GeV in the Higgs analysis).

Table summarizes the event yields of the two analyses: expected (from ZZ (*)
signal and background) and observed events. The Higgs group selection for ZZ* pro-
duction yields about 60% more events than the ZZ selections (an expected yield of
14.17 events vs. 8.93 events). Keep in mind that part of this increase comes from the
use of an integrated luminosity of up to 20% higher for the Higgs analysis, depending
on the 4¢ channel.

!The bremsstrahlung radiation is electromagnetic radiation produced by a charged particle when

it interacts with matter (atomic nucleus).
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Final State eeee JLLLLLL eefft

Observed:
Z7 2 8
H — 722X 2 10
expected ZZ:
Z7Z 1.5340.03+ 0.10 3.03+0.04+0.06 4.3740.04=+ 0.14
H — 722X 2.4340.41 5.3440.71 6.4040.81
expected Bkg:
ZZ 0.0170 03 (stat) 1507 (syst)  0.340.3(stat)£0.3(syst)  <0.017003(stat)
H— Z7®) 0.19+0.06 0.04+0.01 0.2340.07

Table E.2: Comparison of selection requirements between SM ZZ — 4¢ and H —
ZZ") — 40 analyses. Summary of observed events and expected signal (ZZ(*)) and

background contributions in the four lepton channels.
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Appendix F

Event Displays of the 277 — 4]

candidates

Figures F.10] [F.11] [F.12]display all

the events considered in the ZZ — 4l analysis: ZZ — ete ete™, ZZ — puTpu pp~

and ZZ — eTe put .

In the top right part of each figure the identifier of each event (Run Number and
Event Number) is shown. In the top left part the transverse view of the detector
(X —Y) is shown, where only the central detector systems (‘barrel’ part) are shown.
Moving away from the collision point at the centre, a particle can go through the inner
detector tracker, the electromagnetic calorimeter (shown as the light-green ring), the
hadronic calorimeter (brick red ring) and the muon system (in blue) which surrounds
everything.

Energy depositions in the endcap calorimeters do not show up in this view. The
energy /momentum of the lepton is indicated as a bar starting from the outer radius of
the hadronic calorimeter and going outwards; the height of the bar is proportional to
the energy /momentum of the lepton. In the bottom part, we show the p— Z projection,
where all main detector systems are visible (barrel and end-cap regions).

In each plot, the lepton pairings are indicated with a colour code: each Z candidate
is formed by the leptons with the same colour (red and green). All the event displays
have been produced with Atlantis software release 09-16-01-08 [18].
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F. EVENT DISPLAYS OF THE ZZ — 4L CANDIDATES

ATLAS 2011-06-25 00:30:15 CEST sourcexmlForAndreas/JiveXML_184022_20046902 run:184022 ev:20046902 lumiBlock:320 Atlantis

JATLAS

A EXPERIMENT

Run Number: 184022, Event Number: 20046902
Date: 2011-06-25 00:30:15 CEST

Figure F.2: Event display of the ZZ — eeee candidate event (RunNumber 184022, Event Number 20046902). One Z candidate
has a mass of 99.8 GeVand a pr of 72.5 GeV; it is formed by two electrons (in red) with pr, 7, ¢ of 43.8 GeV, -0.16, 0.31 rad and
73.2 GeV, 0.52, 2.20 rad, respectively. The other Z candidate has a mass of 92.1 GeVand a pr of 71.0 GeV; it is formed by two
electrons (in green) with pr, 1, ¢ of 90.0 GeV, 0.87, -1.61 rad and 19.7 GeV, -0.02, 1.29 rad, respectively. The four lepton system
has a mass of 245.2 GeVand a pr of 1.5 GeV. Inner detector tracks with a transverse momentum pp larger than 1 GeVare displayed
as blue helices.
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F. EVENT DISPLAYS OF THE ZZ — 4L CANDIDATES

ATLAS 2011-06-02 05:36:28 CEST source:jiveXML_183003_44433120 run:183003 ev:44433120 lumiBlock:385 Atlantis

JATLAS
A EXPERIMENT

Run Number: 183003, Event Number: 44433120
Date: 2011-06-02 05:36:28 CEST

Figure F.4: Event display of a ZZ — pupp candidate event (Run Number 183003, Event Number 44433120). One Z candidate
has a mass of 101.1 GeVand a pr of 66.9 GeV, and it is formed by two muons (in green) with pr, 1, ¢ of 25.3 GeV, 2.35, 1.34 rad
and 91.4 GeV, 1.68, -2.01 rad, respectively. The other Z candidate has a mass of 93.5 GeVand a pr of 35.7 GeVand it is formed by
two muons (in red) with pr, 7, ¢ of 61.7 GeV, 1.46, 0.56 rad and 38.4 GeV, 1.43, -3.14 rad, respectively. The four lepton system has
a mass of 223.2 GeVand a pr of 31.7 GeV. Inner detector tracks with a transverse momentum pp larger than 1 GeV are displayed
as blue helices.
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F. EVENT DISPLAYS OF THE ZZ — 4L CANDIDATES

ATLAS 2011-06-12 02:13:31 CEST sourcexmlForAndreas/JiveXML_183391 19834577 run:183391 ev:19834577 lumiBlock:303 Atlantis

A EXPERIMENT

Run Number: 183391, Event Number: 19834577
Date: 2011-06-12 02:13:31 CEST

Figure F.6: Event display of a ZZ — pupp candidate event (Run Number 183391, Event Number 19834577). One Z candidate
has a mass of 94.3 GeVand a pr of 77.7 GeV, and it is formed by two muons (in red) with pr, 7, ¢ of 51.0 GeV, 1.23, 1.15 rad and
54.7 GeV, 2.34, -0.34 rad, respectively. The other Z candidate has a mass of 77.9 GeVand a pr of 47.5 GeVand it is formed by two
muons (in green) with pr, n, ¢ of 44.3 GeV, 2.12, 0.90 rad and 46.5 GeV, 1.95, 2.94 rad, respectively. The four lepton system has a
mass of 194.9 GeVand a pr of 90.2 GeV. Inner detector tracks with a transverse momentum pr larger than 1 GeV are displayed as
blue helices.
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F. EVENT DISPLAYS OF THE ZZ — 4L CANDIDATES

JATLAS

JA EXPERIMENT

Run Number: 182766, Event Number: 5404925
Date: 2011-05-29 03:42:38 CEST

Figure F.8: Event display of a ZZ — puup candidate event (Run Number 182766, Event Number 5404925). One Z candidate has
a mass of 90.3 GeVand a pr of 78.1 GeV, and it is formed by two muons (in red) with pr, 7, ¢ of 38.7 GeV, -1.42, -2.56 rad and
76.9 GeV, -0.89, -0.77 rad, respectively. The other Z candidate has a mass of 85.0 GeVand a pr of 77.9 GeVand it is formed by two
muons (in green) with pr, 7, ¢ of 49.0 GeV, -1.40, 0.89 rad and 65.6 GeV, -1.63, 2.56 rad, respectively. The four lepton system has
a mass of 241.0 GeVand a pr of 1.0 GeV. Inner detector tracks with a transverse momentum pr larger than 1 GeV are displayed as
blue helices.
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F. EVENT DISPLAYS OF THE ZZ — 4L CANDIDATES

ATLAS 2011-06-27 20:35:50 CEST source:xmlForAndreas/JiveXML_184130_194694606 run:184130 ev:194694606 lumiBlock:1304 Atlantis

JA EXPERIMENT

Run Number: 184130, Event Number: 194694606

Date: 2011-06-27 20:35:50 CEST

Figure F.10: Event display of a ZZ — ppupup candidate event (Run Number 184130, Event Number 194694606). One Z candidate
has a mass of 77.4 GeVand a pr of 38.1 GeV, and it is formed by two muons (in red) with pr, 1, ¢ of 61.5 GeV, -0.85, 0.57 rad and
24.4 GeV, -1.05, -2.79 rad, respectively. The other Z candidate has a mass of 93.0 GeVand a py of 27.1 GeVand it is formed by two
muons (in green) with pr, 7, ¢ of 55.2 GeV, -0.75, 2.86 rad and 41.6 GeV, -0.79, -0.77 rad, respectively. The four lepton system has
a mass of 183.1 GeVand a pr of 12.3 GeV. Inner detector tracks with a transverse momentum pr larger than 1 GeV are displayed
as blue helices.
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F. EVENT DISPLAYS OF THE ZZ — 4L CANDIDATES

ATLAS

A EXPERIMENT

Run Number: 183462, Event Number: 75344317
Date: 2011-06-14 14:00:27 CEST

Figure F.12: Event display of a ZZ — eeup candidate event (Run Number 183462, Event Number 75344317). One Z candidate
has a mass of 92.2 GeVand a pr of 169.9 GeV, and it is formed by two electrons (in green) with pr, 1, ¢ of 48.1 GeV, -2.31, 0.23
rad and 136.7 GeV, -1.63, -0.70 rad, respectively. The other Z candidate has a mass of 87.4 GeVand a pr of 169.8 GeVand it is
formed by two muons (in red) with pr, 1, ¢ of 31.4 GeV, -0.22, 1.70 rad and 159.1 GeV, -0.40, 3.02 rad, respectively. The four
lepton system has a mass of 488.0 GeVand a pr of 27.7 GeV. Inner detector tracks with a transverse momentum pr larger than 1
GeV are displayed as blue helices.
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Appendix G

Kinematic distributions of the
/ / — 4l candidates

G.1 Kinematic Distributions of the 77 — 4e¢ channel

Events / ZOwGeV
©w [ S
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0 50

Figure G.1: (a) Transverse momentum p4Z and (b) invariant mass Mz of the ZZ — 4e
candidates. The points represent the observed data and the histograms show the signal
prediction from simulation.

statistical and systematic uncertainty on the signal prediction. The predicted number of
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The shaded band on each histogram shows the combined

background events from the data-driven background estimate is indicated on the plot.
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G. KINEMATIC DISTRIBUTIONS OF THE ZZ — 4L CANDIDATES
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Figure G.2: Invariant mass of (a) leading pair (b) subleading pair and transverse momen-
tum pZ of (c) leading pair and (d) subleading pair of the ee pairs. The points represent
the observed data and the histograms show the signal prediction from simulation. The
shaded band on each histogram shows the combined statistical and systematic uncertainty
on the signal prediction. The predicted number of background events from the data-driven
background estimate is indicated on the plot.
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G.1 Kinematic Distributions of the ZZ — 4e channel
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Figure G.3: (a) n and (b) pr of the final electrons. The points represent the observed
data and the histograms show the signal prediction from simulation. The shaded band on
each histogram shows the combined statistical and systematic uncertainty on the signal
prediction. The predicted number of background events from the data-driven background

estimate is indicated on the plot.
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G.2 Kinematic Distributions of the ZZ — 41 channel
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Figure G.4: (a) Transverse momentum p%Z and (b) invariant mass Mzz of the ZZ — 4u
candidates. The points represent the observed data and the histograms show the signal
prediction from simulation. The shaded band on each histogram shows the combined
statistical and systematic uncertainty on the signal prediction. The predicted number of

background events from the data-driven background estimate is indicated on the plot.
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G.3 Kinematic Distributions of the ZZ — 2¢2u channel
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Figure G.5: Invariant mass of (a) leading pair (b) subleading pair and transverse momen-
tum pZ of (c) leading pair and (d) subleading pair of the pu pairs. The points represent
the observed data and the histograms show the signal prediction from simulation. The
shaded band on each histogram shows the combined statistical and systematic uncertainty
on the signal prediction. The predicted number of background events from the data-driven
background estimate is indicated on the plot.
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Figure G.6: (a) n and (b) pr of the final muons. The points represent the observed
data and the histograms show the signal prediction from simulation. The shaded band on
each histogram shows the combined statistical and systematic uncertainty on the signal
prediction. The predicted number of background events from the data-driven background

estimate is indicated on the plot.
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G.3 Kinematic Distributions of the ZZ — 2¢2u channel
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Figure G.7: (a) Transverse momentum p%Z and (b) invariant mass Mzz of the ZZ —
2e2y candidates. The points represent the observed data and the histograms show the
signal prediction from simulation. The shaded band on each histogram shows the combined
statistical and systematic uncertainty on the signal prediction. The predicted number of

background events from the data-driven background estimate is indicated on the plot.
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Figure G.8: Invariant mass of (a) leading pair (b) subleading pair and transverse mo-
mentum pZ of (c) leading pair and (d) subleading pair of the Il pairs. The points represent
the observed data and the histograms show the signal prediction from simulation. The
shaded band on each histogram shows the combined statistical and systematic uncertainty
on the signal prediction. The predicted number of background events from the data-driven
background estimate is indicated on the plot.
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Figure G.9: (a) n and (b) pr of the final 2e2u single leptons. The points represent
the observed data and the histograms show the signal prediction from simulation. The
shaded band on each histogram shows the combined statistical and systematic uncertainty
on the signal prediction. The predicted number of background events from the data-driven
background estimate is indicated on the plot.
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