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ABSTRACT
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SEARCH FOR NEW PARTICLES DECAYING TO DIJET AT
v/s = 13 TeV PROTON-PROTON COLLISIONS WITH DATA
SCOUTING TECHNIQUE AT CMS
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CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES
DEPARTMENT OF PHYSICS

Supervisor : Prof.Dr. isa DUMANOGLU
Co-Supervisor : Assoc.Prof.Dr. Sertag OZTURK
Year: 2018, Page: 170

Jury : Prof.Dr. isa DUMANOGLU

: Prof.Dr. Aysel KAYIS TOPAKSU

: Prof.Dr. Sefa ERTURK

: Prof.Dr. Eda ESKUT

. Asst.Prof.Dr. Evrim Ersin KANGAL

A search for narrow dijet resonances and a measurement of the dijet
invariant mass spectra are presented in this thesis. The dijet mass data are
compared to the QCD predictions from PHYTIA. The data from proton-proton
collisions at center-of-mass energy of 13 TeV corresponding to an integrated
luminosity of 1.9 fb™, recorded with the CMS detector at the Large Hadron
Collider (LHC) in 2015. It is required that the pseudorapidity separation of the two
leading jets are measured with the CMS detector to satisfy |Anjj| < 1.3 with each
jet inside the region n;; < 2.5. No significant excesses are observed in data. Also,
since there is no evidence for dijet resonances, the upper limits on the resonance
cross section at 95% Confidence Level are obtained for gluon-gluon, quark-gluon
and quark-quark.

Keywords: LHC, CMS, Jets, QCD, Excited Quark, Dijet, Resonance Mass



0z

DOKTORA TEZi

CMS'DE VERI TARAMA TEKNIGI ILE /s = 13 TeV
PROTON-PROTON CARPISMALARINDA iKI-JET'E BOZUNAN YENI
PARCACIKLARIN ARASTIRILMASI

Serdal DAMARSECKIN

CUKUROVA UNIVERSITESI
FEN BILIMLERI ENSTITUSU
FiziK ANABILiM DALI

Danisman : Prof.Dr. isa DUMANOGLU
ikinci Danisman : Dog.Dr. Sertag OZTURK
Yil: 2018, Sayfa: 170

Juiri : Prof.Dr. isa DUMANOGLU
: Prof.Dr. Aysel KAYIS TOPAKSU

: Prof.Dr. Sefa ERTURK
: Prof.Dr. Eda ESKUT
: Yrd. Dog. Dr. Evrim Ersin KANGAL

Bu tezde iki-jet degismez kitle spektrumu 6l¢iimi ve dar iki jet rezonansi
icin arastrmalar sunulmustur. iki-jet kiitle verileri PYTHIA’dan gelen QCD
ongorisi ile kiyaslanmistir. 1.9 fb™ hk toplam isinhga karsihik gelen ve kitle
merkezi enerjisi 13 TeV olan proton-proton carpismasindan gelen veri, 2015
yilinda Biylk Hadron Carpistiricisi’nda CMS detektori ile alinmistir. CMS
detektoru tarafindan 6lgllmekte olan iki ana jet arasindaki pseudorapidite farkinin,
her bir jetin n;; <25 bolgesinde bulunmas: kaydyla, |An;;| < 1.3 olmast
gerekmektedir. Verilerde belirgin bir asirilik gorilmemektedir. Ayrica iki-jet
resonanslarinin varhigina dair herhangi bir kanit olmadigindan gluon-gluon, quark-
quark ve quark-gluon icin % 95 guvenirlilik dizeyindeki rezonans tesir Kkesiti icin
tst limitler elde edilmistir.

Anahtar Kelimeler: BHC, CMS, Jetler, KRD, Uyarilmis Kuark, ki Jet,
Resonans Kutlesi.



EXTENDED SUMMARY

High Energy Physics investigate what is the main structure of the matter
and how these fundamental particles interact with each other. Many experimental
and theoretical studies have been conducted to find answers such questions and
these long term studies have led to the formation of a basic theory, which is also
called as “Standard Model (SM)”, which have been successfully tested and aims to
explain the properties and interactions of the building blocks of the matter.

High Energy Physics is the popular science of this century, which aims to
understand the characteristics of the forces governing the interactions of the matter
and the energy, the nature of space and time, the properties and the interactions of
the subatomic particles. It is not possible to observe subatomic particles by using
the low energies. Therefore, high energies are needed to investigate the elementary
particles and their interactions. Particle colliders are needed for the collision of the
particles at high energies and detectors are needed to understand the properties of
the particles.

The Large Hadron Collider (LHC) is the world most powerful and the
largest particle accelerator, based at the European particle physics laboratory
CERN, built in between Switzerland and France borders. The LHC offers the
opportunity to regenerate the conditions existed within a billionth of a second after
Big Bang. These conditions are recreated by colliding beams of protons or lead
ions at the velocities very close to the speed of light.

The SM, which has consistent estimates for all experimental data, is not a
perfect theory, like all other theories, despite it has been developed to describe the
basic particles and the interactions between them. Since, there are some questions
that this model cannot answer such as dark matter, dark energy, neutrino masses,
matter and anti-matter asymmetry. In addition, it does not include general
relativity. In order to find answers to these questions, new physics investigations

beyond the SM tested by LHC in CERN is suggested. There are theories trying to
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address these questions and they predicted the existence of very short-lived
particles, generally called as “resonance”. In this thesis study, the new particles
decaying to two-jets and predicted by the theories beyond the SM were
investigated. These new particles were searched in dijet mass distribution. If a dijet
resonance exists, it is expected to emerge as a bump in this dijet mass spectrum.

Our study is model-independent due to not being used or depent on any
theoretical model. Additionally, the search is sensitive to any resonance creating
two-jet, and the analysis technique is robust and simple.

The LHC experiment was restarted, after a long shutdown period between
the end of 2012 and the summer of 2015. While the protons were collided with 7
TeV center of mass energy in 2012, collision with about twice energy (13 TeV)
was achieved in 2015. Especially for high mass resonances, we will see that this
energy increase corresponds much larger cross sections.

The results obtained from the data with a total luminosity of 1.9 fo=! and
collected in the CMS experiments in 2015 are presented.

This thesis presents a brief introduction to the SM reminding the elements
of Quantum Chromodynamics and its effects on experimental measurements of
hadronic interactions. The physics elements of proton-proton interactions in hadron
colliders are also introduced.

As it is mentioned above, there are several models such as excited quark,
E¢ diquark, axigluon, Randall-Sundrum graviton, string resonance, etc. that predict
dijet resonances in the accessible mass region for LHC collisions. The results of
CMS dijet analysis presented in this thesis are compared with the expectations of
some theoretical models.

A section of the study is devoted to the definition of the detector. The LHC
experiment introduced and the Compact Muon Solenoid detector is explained with
various sub-detectors.

The main actors of the dijet analysis are hadronic jets. The jets are

composite objects and therefore are not uniquely defined. For this reason, the
v



reconstruction of the jets and the procedure for calibrating of the jets energies were
also explained in this study.

The main thema of this thesis is searching for dijet resonance using LHC
run 2 data from proton-proton collisions with centre-of-mass energy 13 TeV. The
QCD prediction from PYTHIA is compared to the measured dijet mass
distribution. The observed dijet mass spectrum is fitted by a smooth function to
search the dijet resonances. Since there is no evidence of the presence of dijet
resonances, the upper limits of the cross-section at the 95% Confidence Level are
set.

The description of this analysis, in which the dijet resonance study was
conducted, is explained in the last three sections. Data and simulation samples,
selection criteria of the data and data quality checks are described in detail in those
sections. As a result of these studies, if a dijet resonance exists it will be manifested
as a bump in the dijet mass spectrum.

In this thesis, there is also a section where we define the signal models and
the fit to data to estimate the background. The fit represents generally a test of

smoothness of the dijet mass spectrum and it is the basis of the analysis.






GENISLETILMIS OZET

Yiksek enerji fizigi, maddenin en temel yapisinin neler oldugunu ve bu
temel parcaciklarin birbirleriyle nasil etkilestigini arastimaktadir. Bu aragtirmalara
yanit bulmak icin bircok deneysel ve kuramsal caligmalar yapilmis ve bircogu
yillar siren bu caligmalar basariyla test edilen ve maddenin yap: taslarinin
ozelliklerini ve etkilesimlerini aciklamay: amaclayan ve ayn: zamanda “Standart
Model (SM)” olarak da adlandirilan temel bir kuramin olugmasina yol agmistir.

Yuksek enerji fizigi, uzayin ve zamanin dogasini, maddenin ve enerjinin
etkilesimini yoneten guglerin 6zelliklerini ve atom alt1 pargaciklarin 6zelliklerini ve
etkilesimlerini anlamay1 amaglamayan bu yizyilin populer bilim dahdir. Atom alti
parcaciklar: disik enerjiler kullanilarak gozlemlemek mimkiin degildir. Bundan
dolay1, temel parcaciklari ve bunlarin etkilesimlerini arastirmak igin yiksek
enerjilere ihtiya¢ duyulmaktadir. Parcaciklar: yiksek enerjilerde carpistirmak icin
pargacik carpistiricilarina  ve parcaciklarin - ozelliklerini  anlamak igin ise
detektorlere ihtiyag vardir.

Biyuk Hadron Carpistiricis: (BHC), isvicre ile Fransa sinirlar igerisinde
kurulan ve Avrupa parcacik fizigi laboratuari CERN'de insa edilen dinyanin en
biylk ve en giclu parcacik hizlandiricisi Unvanina sahiptir. Blyik patlamadan
sonra, milyarda bir saniye iginde var olan kosullar1 Uretme firsati sunan BHC’de
151k hizina ¢ok yakin hizlarda protonlarin veya kursun iyonlarinin ¢arpistiriimast ile
bu kosullar yeniden olusturulmaktadir.

Tum deneysel veriler icin tutarli tahminlere sahip olan SM, temel
parcaciklari ve bu temel parcaciklar arasindaki etkilesimleri tamimlamak icin
gelistirilmis olmasina ragmen, elbette her teori gibi, SM de mikemmel bir teori
degildir. Clnki bu modelin; karanlik madde, karanlik enerji, nétrino kitleleri,
madde ve anti-madde asimetrisi gibi yanitlayamadigi bazi sorular vardir. Bununla
birlikte, genel goreliligi de icermez. Yamtlanamayan sorular bu sekilde devam

ederken ¢ozum icin CERN'deki BHC tarafindan test edilen SM &tesi yeni fizik
\1



arastirmalari 6nerilmektedir. Bu sorular: ele almaya calisan kuramlar vardir ve
genellikle “rezonans” denilen gok kisa omirlii pargaciklarin varligint dngorarler.
Bu tezde, SM otesi kuramlar tarafindan ongorulen ve iki jet’e bozunan yeni
parcaciklar arastirilmistir. Bu yeni parcaciklar, ikijet kitle dagilimi iginde arandk.
Eger iki-jet rezonansi mevcut ise, bu iki-jet kitle spektrumunda bir tepe olarak
ortaya ¢gikmasi beklenir.

Herhangi bir teorik modele bagli kalinmadigi ya da kullanilmadig: igin
calismamiz model bagimsizdir. Ancak bir ¢ift jeti olusturan herhangi bir rezonansa
duyarli, saglam ve basit bir analitik teknige sahibiz.

2012 yilimin sonundan 2015 yilinin yazina kadar gegen uzun bir kapanma
sirecinden sonra BHC deneyi yeniden baslatildi. 2012'de protonlar 7 TeV kitle
merkezi enerjiyle ¢arpistirihirken, 2015 yilinda bu enerjinin yaklasik iki kati enerji
(13 TeV) ile carpistiriima saglandi. Ozellikle yiiksek kiitle rezonans icin, bu enerji
artistnin gok daha buiyuk tesir kesitlerine karsilik geldigini gorecegiz.

2015 yilinda CMS deneylerinde toplanan ve toplam isinlihigr 1.9 fo~1 olan
veriler ile elde edilen sonuglar burada sunulmustur.

Bu tez, Kuantum Kromodinamiginin unsurlarint ve hadronik etkilesimlerin
deneysel olcumleri Uzerine olan etkilerini hatirlatan SM’e kisa bir giris
sunmaktadir. Hadron carpistincilarindaki  proton-proton etkilesiminin  fizik
elemanlar: da tanitiimaktadir.

Yukarida da bahsettigimiz gibi, BHC carpigsmalari icin erisilebilen kitle
bdlgesinde iki-jet rezonanslarint éngoren; uyarilmis kuark, E¢ ciftkuark, axigluon,
Randall-Sundrum graviton, sicim rezonans vb. gibi birkag model bulunmaktadir.
Bu tezde sunalacak CMS iki-jet analiz sonuglari bazi kuramsal modellerin
beklentileri ile karsilastiriimaktadir.

CGalismanmin bir bolimi detektoriin tanimina ayrilmigtir. Burada BHC
deneyi tanitilmis ve Kompakt Miion Solenoid detektoril gesitli alt detektorleriyle

birlikte anlatilmustir.
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iki-jet analizinin ana aktorleri hadronik jetlerdir. Jetler ise kompozit
nesnelerdir ve bu nedenle essiz bir sekilde tanimlanmamaktadirlar. Bu nedenle bu
calismada jetlerin yeniden yapilandiriimasi ve jetlerin enerjilerinin kalibre edilme
proseduirii Gizerinde de durulmustur.

Bu tezin ana konusu, BHC’de kitle merkezi enerjisi 13 TeV olan proton-
proton carpismalarinda BHC veri 2 kullanilarak iki-jet rezonans arastirmasi
yapmaktir. PYTHIA’dan gelen QCD o6ngorust olgllen iki-jet katle dagilimi ile
kiyaslanmaktadir. 1ki-jet resonanslarim arastirmak icin 6lcilen iki-jet kitle
dagilimi diiz bir fonksiyon ile bagdastiriimaktadir. iki-jet resonanslarinin varhgina
dair herhangi bir kanit olmadig: igin de iki-jet rezonans g¢alismalarinda 95% lik
guvenirlik seviyesindeki tesir kesitlerinin (st limitleri hesaplanmaktadir.

iki-jet rezonans arastirmasinin yapildigi bu analizin tarifi, son ii¢ bélime
ayrilmis olup, bunlar; veri ve simiilasyon ornekleri, verilerin segim kriterleri ve
veri kalite kontrolleri adi altinda detayl: bir sekilde anlatiimaktadirlar. Yapilan bu
caligmalar neticesinde eger bir iki-jet rezonansi mevcut ise bu iki-jet kutle
spektrumunda bir tepe olarak karsimiza ¢ikacaktir.

Bu tezde arka plant tahmin etmek icin sinyal modellerini ve verilere
uyumu tamimladigimiz bir bolim de mevcuttur. Fit, temel olarak gézlenen iki-jet
kitle spektrumunun dizgunlugiinii gosteren bir testtir ve analizin de temelini

olusturmaktadir.






ACKNOWLEDGMENTS

| would like to thank my supervisor isa Dumanoglu for being my model of a
brilliant scientist. Thank him for his great encouragement, advice and endless support
throughout my studies. It was a great opportunity for me to have him as a supervisor.

| would also like to thank my co-supervisor Serta¢c Oztirk for his great
encouragement and advice during my graduate studies. He has always showed me the best
ways for my carrier. It was a great chance for me to have him as a second supervisor.

| owe a great debt of gratitude to Robert M. Harris for his extraordinary support
and guidance throughout the thesis work. He has shared his knowledge and all his
experiences with me during my PhD period.

| thank all of the members of the Dijet Resonance Team for their help and
friendship, especially Ayse Bat, Giulia D’Imperio and David Sheffield.

I would like to express my thanks to Cukurova University High Energy Physics
group, Aysel Kayis Topaksu, Giilsen Onengiit, Eda Eskut and Ayse Polatoz.

| am also grateful to Shuichi Kunori who has shared all his knowledge and
experince with me. | have learned a lot of things about HCAL from him.

I wish to thank my dear friends and colleagues Sk. Noor Alam, Ashpreet Kaur
Duggal, Ziyafer Gizem Portakal, Sibel Akca, Emine Girpinar, Yal¢in Giler, Caglar
Zorbilmez and Cafer Bayar for their support and contributions to keep my morale and
motivation high.

I would like to thank Turkish Atomic Energy Agency, TAEK, for supporting me
during the visiting period in CERN (project code: 2014TAEK(CERN)A5.H6.F2-12). Also,
I want to thank a lot the Research Funding Projects Unit in Cukurova University for their
support to this PhD Thesis under the project number FDK-2015-2655.

My deepest thanks go to my beloved wife Esra Esaf Damarseckin for her love,
support and encouragement which made this journey possible, and my adorable daughters
Tugce Naz and Dilara Damarseckin for making everything more meaningful and more
beautiful in my life. Without their support and encouragement, it would be hard to pursue

my graduate abroad.

Xl



CONTENTS PAGE

ABSTRACT ..o e ettt e et ettt re e I
(7T I
EXTENDED SUMMARY ....ootiiiiiiie ettt s neanens i
GENISLETILMIS OZET ...ttt an s VII
ACKNOWLEDGMENTS ...ttt XI
CONTENTS .ottt sttt resa et e nens XlI
LIST OF TABLES ...ttt st XVI
LIST OF FIGURES. ........c.oot ittt st XVII
ABBREVIATIONS ... .ottt nnens XXVI
1. INTRODUCTION ....coiiiiiieiieisiisiese sttt sttt st st s eneans 1
1.1. Theoretical MOtIVAtION ..........cocveiieieciece e 3
1.1.1. The Standard MOdEel...........ccocivieiiiiiiiieiecee e 3

1.1.2. Quantum ChromodyNamIiCS ..........ccurererierierisinisese e seesee s 6
1.1.2.1. The Quantum Chromodynamics Lagrangian ............c.cccceevenee. 7

1.1.2.2. The Running Coupling Constant..............c.ccocvvverenenieneennnenn 11

1.1.2.3. Parton Disribution FUNCLIONS............cceoereviveiine e 16

1.1.3. Jet Production in a Hadron Collision .........c..cccocvvivviiiviiniin i, 17

1.1.4. TWO-Jet Cross SECHION .....ecveeeiieciesie e 19

1.1.5. Dijet Resonances MOCEIS.........ccoviirireieieieisee e 22
1.1.5.1. EXCited QUAIKS ....cceouieiiiiiiic e 24

1.1.5.2. Eg DIQUArKS.....ecviiticiiiie ettt 27

L.1.5.3. AXIGIUONS ..ottt 28

1.1.5.4. COlOONS ..ottt 29

1.1.5.5. Color OcCtet SCAlArS.........cceoreriiiriiieee s 30

1156, W and Z' ..o 31

1.1.5.7. Randall-Sundrum Gravitons..........cccceveviesiveresnsneeseseesie e 31

1.1.5.8. String RESONANCES .......cvvvveriiiririiiieieieeseee e 33



1.1.5.9. Benchmark MOGEIS.........cocooieiieeeee e eeeee e 34

1.2, EXperimental APPAratUS .........cccooeriereireniniesieseesieee s 35
121 CERN ..ottt et ae e tre e e 35
1.2.2. The Large Hadron Collider..........cccoovevieiieiieiiiieiccece e 36
1.2.3. The Compact Muon Solenoid ............ccccceviiiiiiiiieiic e 46

1.2.3.1. The CMS Coordinate Frame ..........ccccovcerereinrinienesiese e, 50
1.2.3.2. The TrACKET .....ecviiviieieiee et 53
1.2.3.2.(1). The Pixel Detectors........ccocevveveeieveseeiese e 55
1.2.3.2.(2). The Silicon Strip Detectors.........cccccevvevveieieennnn. 56
1.2.3.3. The CalOrimeters .......cccouviiireieseierieeeeee e 57
1.2.3.3.(1). The Electromagnetic Calorimeter.............c..c........ 59
1.2.3.3.(2). The Hadronic Calorimeter ............ccoceevevvevervenenn, 62
1.2.3.4. S0len0id Magnet.........cccvviiiiiiienieeese e 66
1.2.3.5. The MUON SYSEEM ....c.ooviiiiiiiiiiriiienieiee e 68
1.2.3.6. The Data Acquisition and Trigger SyStem .........cc.ccocerervennen. 69
1.2.3.6.(1). The LeVel-1 Trigger......cocureneieieieineseseneens 71
1.2.3.6.(2). The High Level Trigger......ccccooveverninienenenenn 72
1.2.3.7. The Software and COMPULING.......ccceovevriririnereeeeeeie 73
2. MATERIAL AND METHOD.........coiii it 77

2.1. Jet Reconstruction at CIMIS ..........ccooveiieieie e 77
2.1.1. Theoretical BaCKground............cooeieiiinininine e 77
2.1.2. Coordinate Systems and the Kinematics...........cccoceevveiievienecieieennn, 78
2.1.3. Jet Types at CIMS .......ooo i 81

2.1.3.1. Calorimeter JEtS......coueiviviereseriereieeee e 81
2.1.3.2. Jet-PIUS-TraCk JEtS......c.covviiiiiriiieieeeie e 83
2.1.3.3. TraCK JEtS....cveieieieieice et 83
2.1.3.4. Particle Flow Jets and Reconstruction..........cccceovevevriereennen. 83
2.1.4. Jet Clustering Algorithms .........cccoccoviiiiii i 85
2.1.4.1. Iterative Cone Algorithm.........ccccooiiiiiiiiiece e 87

X1



2.1.4.2. Seedless Infrared Stable Cone Algorithm ..........ccccooeveniennne. 87

2.1.4.3. Anti-k AlQOItNM.....cooiiiiiice e 89
2.1.5. Jet Energy Calibration............ccocvviiininiieiisiee e 92
2.1.5.1 Corrections from Simulation..........c.cccevevviieve v 94
2.1.5.1.(1). Level 1 Offset COITections..........c.ccoeververveivnnnnnns 94

2.1.5.1.(2). Level 2 Relative (n dependence) and Level 3
Absolute (pr dependence) Corrections................. 95
2.1.5.2. Corrections from Data...........cccccevvieereveeiieneseeiese e 97
2.2. Data Sample and Selection Criteria.........ccocevviriniieniieieisesi e 100
2.2.1. Dataset and Trigger Selection ..........cccccvvvveveieevic s, 100
2.2.2. Monte Carlo SIMUIAtIoN .........ccccvie e 104
2.2.2.0. SIgNAL....cciiiiieieee e 104
2.2.2.2. Background ...........ccccoeiiiiiiccicec e 105
2.2.3. SEleCtiON CIILEIIA. .. ..eiveverierierieiesie et seeeee et neeneas 109
2.2.3.1. Jets Selection and Wide Jet Algorithm..............cccoveiinenn, 109
2.2.3.2. EVENt SEIECTION....c.cevviiiiiiiie e 112
2.2.4. HLT to Reco Calibration...........ccocovvvereieienisiseseseseseeseseeiens 113
2.2.5. Data QUality STUTIES ......cceiieiiiiiie e 118
2.2.5.1. Comparisons between Data and Simulated Events ............. 119
2.2.5.2. Time and Pile-up EffeCtS.........cccoovviininiiiieienene 123
2.2.5.3. Cross Section Stability ...........ccoceveveiniiiiieeee 125
3. RESULTS AND DISCUSSIONS .....oooiiiieiienieriesie et 127
3.1. Search for Dijet RESONANCES.........coviverieieieisese e 127
3.1.1. Signal and Background Model...........ccccceovviiininiieneneceeee 127
3.1.2. Dijet MasS and Fit........ccccooveiiiiriniiinieieeesese s 131
31,3  RESUIS ...t 135
3.1.3.1. Limit Setting Procedure...........cccoevrieiniininineneseeees 135
3.1.3.2. Significance of Local Excesses in Data..........cccccceeeveiuennns 137
3.1.3.3. Systematic UNncertainties .........cccovevveveiieevecesiie e seeie e 139

XV



3.1.3.3.(1). Jet Energy Scale.........ccccovvvriniiiniieieeee 139

3.1.3.3.(2). Jet Energy ResolUtion .............ccocerererveieinnninnn 140

3.1.3.3.(3). Background Parametrization.............c.cc.ceruvrennne. 140

3.1.3.3.(4). Trigger TUMM-0N ......ccccvveveiicie e 141

3.1.3.3.(5). LUMINOSILY ....cvecvieiiiiici e 141

T 1 S £ SRR 141

4. CONCLUSIONS ... .ottt ens 145
REFERENGCES ........o oottt 147
CURRICULUM VITAE ..ottt naenens 155
APPENDICES. ..ottt sttt st neens 156

XV



LIST OF TABLES PAGE

Table 1.1.
Table 1.2.

Table 1.3.

Table 1.4.
Table 1.5.
Table 1.6.
Table 1.7.

Table 1.8.
Table 2.1.
Table 2.2.
Table 2.3.
Table 2.4.

Table 2.5.

Table 2.6.
Table 2.7.
Table 2.8.
Table 2.9.
Table 2.10.

The gauge bosons of the SM........ccooiiii s 5
Color representation of nine possible states (singlet, octet) for

0| 1UTo ] OSSR 7
Matrix element for the various constituent quark-quark, quark-

gluon, and gluon-gluon (2—2) SUDPrOCESSES ......cceevevreieereeriecie e 21
Summary of resonances considered in this study. .........c.ccoceeeiennnnne 24
Branching ratios for u™ and d™. ........ccccccoevieviiiiicceceee e, 26
ACCEIEIAtING STEPS ...vevviveeiieiieie sttt 40

Comparison between the LHC design and achived parameters in
2012, 2015, and 2016 respectively.(IP1 is ATLAS and IP5 is

(0117 ) SRS 42
Design parameters of the LHC..........ccccooiiieiieii e 43
Threshold values of Calorimeter cell.............ccooeiiviiiiiinciccice 82
Scouting sub-dataset and their integrated luminosity ....................... 100
Trigger paths for different run periods...........cccocveveviiieiievciecennns 102

The MC dataset for dijet resonances in RunllSpringl5 with
NUMDETS OF BVENLES ... 106
The MC dataset for QCD multijet background in
RunlISpringl5 with cross sections, numbers of events, and

equivalent integrated luminosities generated with PYTHIAS,

tUNe CUETPBMIL. ..ot 108
Dataset containing HLT jets and RECO jetS ......ccccceevvivvivevvivinenn. 114
The triggers available in the Parking Scouting Monitor dataset....... 114
Jet energy corrections applied on RECO jets and HLT jets.............. 115
EVENE SEIECLION ......oveieicic e 115
Parameter values obtained from fit. ..........ccoovviiiiinice 118

XVI



Table 3.1.

Observed upper limits at the 95% CL on ¢ B A for resonances
decaying to qg, gqg, and gg final states as a function of the

FESONANCE MASS......ciiiiiiii

XVII



LIST OF FIGURES

Figure 1.1.
Figure 1.2.
Figure 1.3.
Figure 1.4.
Figure 1.5a.

Figure 1.5b.
Figure 1.6.
Figure 1.7.

Figure 1.8.

Figure 1.9.
Figure 1.10.

Figure 1.11.
Figure 1.12.

PAGE
A bump in the dijet mass SPECIIUM .........ccceverriririninese e 2
The particles in the standard model.............ccccooeveiiiiiiiiieiccecee 5
QCD Feynman rUIES........ccccveieieecce et 10
Measured values of a, (1) against the values of [t .......ccccovevernnnne. 13

Summary of measurements of a; as a function of the energy
scale Q. The respective degree of QCD perturbation theory
used in the extraction of a, is indicated in brackets (NLO: next
to leading order; NNLO: next-to-next-to leading order; res
NNLO: NNLO matched with resumed next-to-leading logs;
N3LO: NeXt-to-NNLO).....ccoiiiicieicece e
Summary of Values of g(M2)........ccccvureerviererieeieieeieeeeeeeseas
Description of the jet production in hadron collision......................
An illustration figure for proton made of valence quarks,
gluons and Sea QUAIKS..........coveiveiriiiie e
The parton distribution functions from the HERAPDF 1.0 at
Q=10 GeV? for gluons (g), sea quarks (S), the up valance
quarks (u,) and the down valance quarks (d,). The gluon and
sea quarks distributions are scaled down by a factor 20...................
Schematic view of a hard scattering process..........cceveveveseeviesveannns
Feynman diagrams which contribute to jet production.
(a) Leading order (LO) diagrams, (b) next-to-leading order
(NLO) diagrams with virtual gluon loops, (c) NLO diagrams
with initial state radiation (ISR) and final state radiation (FSR)......
Feynman diagram of dijet resonance..........cccocvvveievieiiecvcse e,
The Large Hadron Collider (LHC) at CERN in Geneva, at

border of France and SWitzerland ..........cccooveoeiee e

XVIII



Figure 1.13.
Figure 1.14.
Figure 1.15.
Figure 1.16.
Figure 1.17.

Figure 1.18.

Figure 1.19.
Figure 1.20.

Figure 1.21.
Figure 1.22.
Figure 1.23.
Figure 1.24.
Figure 1.25.
Figure 1.26.

Figure 1.27a.

Figure 1.27b.

Figure 1.28.

A schematic view of LHC Project with its detectors
CERN LHC COIlISION......cciiiiiiiiciie et

Overview of the Accelerator chain

Picture of super-conducting dipole magnets installed at LHC

Hadronic cross sections and event rates for different physics

processes as a function of the centre-of-mass energy /s at
Proton-proton COMNAETS........ccoiiiiiiieici s
Cumulative luminosity versus day delivered to CMS during

stable beams for pp COlliSIONS .......cccccevveviiiiie i,
A full view of Inner structure of the CMS detector..............cccevunee
Transverse slide of the CMS detector and particles traces in

different subdetectors

The CMS coordinate SYStEM ........ccveeeiieieeieie et
Pseudorapidity values illustrate on a polar plot...........ccccccevvenenee
Schematic cross section through the CMS tracker

Geometrical layout of the Pixel detector..........cccocveveiiiieieieciiennas
Longitudinal view of the silicon strip tracker (one quarter)
Location of the ECAL and the HCAL detectors in and around

the CMS magnet

The ECAL in a 3D view with candidate Higgs boson decaying
into two photons (large green tOWENS) .......cocovevverinerenenieseseeenes
A geometric view of one quarter of the ECAL in the
10NGItUINGl SECTION ... s
Different contributions to the energy resolution of the ECAL

Lors1 (o] {10001 (=] TR TR

XIX



Figure 1.29.

Figure 1.30.

Figure 1.31.
Figure 1.32.
Figure 1.33.
Figure 1.34.
Figure 1.35.
Figure 1.36.
Figure 1.37.
Figure 1.38.

Figure 2.1.
Figure 2.2.
Figure 2.3.
Figure 2.4.

Figure 2.5.

Longitudinal view of one quarter of the detector in the m-
plane, showing the positions of the HCAL parts: hadron barrel
(HB), hadron outer (HO), hadron endcap (HE) and hadron
forward (HF) .....ooeiec e 63

a) CMS HF Calorimeter production wedges, b)  segmentation

and size INCrease iN HF ... 65
The cross sectional view of the HF calorimeter.............ccccovcvvieinene 66
The CMS superconducting Magnet..........ccccveeevveevienienieevesesie e 67
The Layout of the CMS muon SyStem.........c.cccevvvevinenieciececie e 70
A transverse view of the CMS barrel muon DT chambers............... 70
CMS trigger and DAQ SYSIEM ...c.vevviciiiieiie ettt 71
Level-1 Trigger architeCture........cccoveveiieicie e 72
The CMS Application Framework with modules ...............ccccene.ee. 74
The data flow between CMS Computing Centers..........cc.ccocerernenns 76
EVOIULION OF @ JEL.....eiiiiicce e 79
Sketch of calorimeter towers used for jet clustering .............cccueuee. 82
Observed dijet event in the CMS calorimeters.........c.coceeveevivenenne. 82

Infrared safety (top): adding a soft gluon not changing the jet
clustering results, Collinear safety (bottom): splitting one
parton into two collinear partons not changing the jet clustering
FESUIES . 86
Configuration illustrating one of the IR unsafety problems of
the midpoint jet algorithm (R= 1); (left) the stable cones
(ellipses) found in the midpoint algorithm; (right) with the
addition of an arbitrarily soft seed particle (red wavy line)

being found an extra stable CONE. .........cccevevieveci e 88

XX



Figure 2.6.

Figure 2.7.
Figure 2.8.

Figure 2.9.

Figure 2.10.

Figure 2.11.

Figure 2.12.

Figure 2.13.

Figure 2.14.

Some initial circular enclosure (a); moving the circle in a
random direction until some enclosed or external point touches
the edge of the circle (b); pivoting the circle around the edge
point until a second point touches the edge (c); all circles
defined by pairs of edge points leading to the same circular
L1 a 1o (oL (=N (o ) SRR
A flow chart for the k4 algorithm ..o

Ilustration the behaviors of different jet algorithms at parton

Simulated pile-up offset before (Left) and after (Right) L1-
Fastjet corrections for CHS with PF ak4 jets in the barrel
(i [= L A AT A S
L2 Relative jet energy correction (left) and L3 absolute jet
energy correction (right) as a function of pseudorapidity ..............
Corrected jet response for anti-k; jets with CHS and R = 0.4
VEISUS JBE D weeveeiiiiiciiste sttt
The response of the < pr /p, > (left) and MPF response (right)
as a function of photon p; from data and MC for PF jets..............
Variable binning, Left: The m[}*“distributions of events in the
data passing the full dijet event selection plus the trigger
selection (all events are required to pass at least the LIHT150
prescaled, monitoring trigger), Right: Trigger turn-on of
Wide

HT450 as a function of m;;*“® (The reference trigger used is

T <10) FOT OO

XXI



Figure 2.15.

Figure 2.16.
Figure 2.17.
Figure 2.18.

Figure 2.19.

Figure 2.20.

Figure 2.21.

Figure 2.22.

1 GeV binning, Left: The m]‘/}-’i‘iedistributions of events in data
passing the full dijet event selection plus the trigger selection
(all events are required to pass at least the LIHT150 prescaled,
monitoring trigger), Right: Trigger turn-on of HT450 as a
function of m¥'@¢ (The reference trigger used is LIHT150) .......
Wide jets are made by combining PF jets ..o iccicienne,
m;; bias as a function of m;; for different triggers ........................
Distribution of the invariant mass bias in function of the

invariant mass (The polynomial logarithmic fit is shown in red

m;; bias as a function of the invariant mass after the residual
MMjj COIECHIONS ...oovviviiiciic e
Left: The An (difference in pseudorapidity) between the two
final wide jets and Right: the cos(8*) (q is the angle between
beam axis and the dijet system) at the center-of-mass frame of
the event for data (points) and simulated (continuous
histogram) events, along with their ratios (bottom plots) after
all SEIECHION CIILENIA. ...vvevieeiiieeieeee e
Left: The angle between the two final wide-jets of the event,
A®, Right: The dijet mass of the two final wide-jets of the
event, after all applied selection criteria, for data (points) and
simulated (continuous histogram) events, along with their
ratios (DOttom PIOLS) ......ccvcvviiiiiciccecc e
The n (left), and @ (right) of the two leading wide-jets after all
applied selection criteria, for data (points) and simulated

(continuous histogram) events, along with their ratios (bottom

XXII

121



Figure 2.23.

Figure 2.24.

Figure 2.25.

Figure 2.26.

Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.
Figure 3.5.
Figure 3.6.

The dijet mass (left), cos(6*) (middle) and Ad (right)

distributions after all applied selection criteria as a function of

The jet charged (left) and neutral hadron (right) energy
fractions after all applied selection criteria as a function of time...124
The jet pr (left), n (middle), and @ (right) energy fractions
after all applied selection criteria as a function of time.................. 125
Stability of the dijet cross section as a function of time, after all
applied seleCtion Crteria.........c..cceviiieeieie e 125
Dijet mass shapes for the gg—G—gg, qq—G—qg, qg—q —qg
resonance models for 750 GeV mass, reconstructed with wide
jets (The integral of the shapes has been normalized to unity) ......128
Dijet mass shapes for different high mass points for the
09—G—gg, qq—G—qq, qg—q —qg models reconstructed with

wide jets (The integral of the shapes has been normalized to

Comparison of signal shapes to mass distributions from the

wide jets produced from wide generator jets, and partons for

gg—G—gg (top left), qg—~q —qg (top right), and qq—G-qq

(DOTEOIM) .. 130
Dijet Mass CroSS SECLION ........ccuevriririnieriesieieee e 132
Dijet mass cross section plot for the PAS. .........cccooviiiiiiinciennns 134

Significance scan as a function of the resonance mass for qq

(top left), gg (top right) and gg (bottom) resonances ..................... 138

XX



Figure 3.7.

Figure 3.8.

The observed 95% CL upper limits on ¢ B A for dijet
resonances of the gluon-gluon, quark-gluon, and quark-quark,
compared to theoretical predictions for string resonances,
scalar diquarks, excited quarks, axigluons, colorons, color octet
scalars S8, new gauge bosons W' and Z’ and RS gravitons...........
The observed 95% CL upper limits on ¢ B A for resonances
decaying into quark quark (top left), quark gluon (top right),
and gluon gluon (bottom left) final states and for RS Gravitons
(bottom right) (The limits are shown as points connected by
solid curves. The expected limits (dot-dashed blue curves) and
their 1 and 2¢ standard deviations (shaded bands), predicted

cross sections for various resonance models are also shown)........

XXIV






ABBREVIATIONS

ALICE
ATLAS
BSM
CDF
CERN
CL
CMS
CTEQ
DAQ
ECAL
FSR
HCAL
HB
HE
HF
HLT
ISR
JES
JER
LEP
LHC
LHCb
LO
MC
NLO
PDF

: A Large lon Collider Experiment: Angstrom
: A Toroidal LHC Apparatus

: Beyond the Standard Model

: Collider Detector at Fermilab

: Conceil Europeenne pour la Recherche Nucleaire
: Confidence Level

: Compact Muon Solenoid

: Coordinated Theoretical-Experimental project on QCD
. Data AcQusition

: Electromagnetic CALorimeter

: Final State Radiation

: Hadronic CALorimeter

: Hadronic Barrel

: Hadronic Endcap

: Hadronic Forward

: High Level Trigger

- Initial State Radiation

: Jet Energy Scale

: Jet Energy Resolution

: Large Electron Positron Collider

: Large Hadron Collider

: Large Hadron Collider Beauty Experiment

: Leading Order

: Monte Carlo

: Next-to-Leading Order

: Parton Density Function

XXVI



RPC
QCD
SM
SPS
SST
TEC
TIB
TID
TOB

: Resistive Plate Chambers

: Quantum Chromo Dynamics
: Standard Model

: Super Proton Synchrotron

: Silicon Strip Tracker
:Tracker End Caps

:Tracker Inner Barrel
:Tracker Inner Disks

:Tracker Outer Barrel

XXVII



1. INTRODUCTION Serdal DAMARSECKIN

1. INTRODUCTION

High energy physics searches the ultimate answers of these two questions:

@ What are the most basic elements of the matter?

@ How are they interacting with each other?

In order to answer these questions both theoretical and experimental
studies have been carried out. These studies have led to a basic theory called the
“Standard Model (SM)”, which has been successfully tested for the last 30 years.
This model has consistent predictions almost for all experimental data and has been
developed to describe the basic particles and interactions between them. Of course,
like every theory, SM also is not a perfect theory. Because there are some questions
that this model can not answer such as the predominance of matter over antimatter
and the origin of the dark matter. However, it also does not include the general
relativity. In order to find answers to these questions, the existence of new physics
beyond the SM was suggested. Their prediction has been tested at Large Hadron
Collider (LHC) since it has built at CERN near Geneva.

There are several models to find answer to these questions and they predict
very short-lived particles called the “resonance” at the TeV scale. In this thesis
narrow resonances which are predicted by the theories beyond the SM and decay to
a pair of quarks or pair of gluons or quark and gluons, have been investigated. The
decay products will appear as a pair of back-to-back hadronic jets in the transverse
plane. If these new narrow resonance particles, which are searched in the dijet
mass distribution, exists then they will emerge as a bump in the dijet mass

spectrum as shown in Fig.1.1 below.
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Figure 1.1. A bump in the dijet mass spectrum

Our study is model independent, since we don't assume any theoretical
model. But we have a robust and simple analytical technique that is sensitive to any
resonance consist of a pair of jets. The LHC run was restarted in summer 2015 at
the 13 TeV center of mass energy after a long shutdown at the end of 2012. In
2012, the protons were colliding at 7 TeV center-of-mass energy. Especially for
high mass resonances, we will see that this energy increase corresponds to much
larger cross sections.

The results obtained from the 1.9 fb~! data collected in the CMS
experiments in 2015 are presented here.

The theoretical motivation behind of this analysis will be explained in
detail in this Chapter. The Standard Model (SM) jet production, Quantum
Chromodynamics (QCD) and two-jet resonance models will be introduced. The
physics elements of the proton-proton interaction in hadron colliders have also
been introduced. Also, the description of the experimental apparatus is given in this
Chapter. The LHC, the Compact Muon Solenoid (CMS) experiment and all the
sub-detectors of CMS are introduced in this section.

Hadronic jets are one of the most important elements of dijet analysis. As

known, jets are composite objects, and thus they are not fully identifiable.
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Recognizing this, in the next Chapter, Chapter 2, in the CMS experiment, jet
reconstruction methods are given for calibrating the jet energy.

The dijet resonance study of proton-proton collisions at 13 TeV center-of-
mass energy is the subject of this thesis and the analysis process is divided into 3
parts. These parts are given in Chapter 2 as data and simulation examples, selection
criteria and quality controls.

Finally, in Chapter 3, signal models and the fit to data for the estimation of
the background will be defined. Then, search for new particles, the results and their

statistical interpretation will be presented.

1.1. Theoretical Motivation

The theoretical motivation behind of this analysis will be explained in
detail in this chapter. This chapter also includes the general and/or specific
information about the SM jet production, QCD and two-jet resonance models. The
physics elements of the proton-proton interaction in hadron colliders have also

been introduced in this chapter.

1.1.1. The Standard Model

The SM is the most extensive theory to describe the properties and
interactions of all elementary particles which have been discovered until now.
According to the SM, these interactions are weak, strong and electromagnetic
forces. Although in nature there are four fundamental forces, gravitational
interaction is not described in the SM. It is the weakest of the four interactions for
this subject; therefore it is important only for the macroscopic objects. The strong
force is responsible for binding of nuclei. The gluons are the force carriers of this
strong interaction. The electromagnetic force is the force which exists between all
particles which have an electric charge. The photon is the force carriers particle for

electromagnetic interaction. The weak force is described as responsible for the
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radioactive decay of subatomic particles. This interaction takes place by the
absorption or emission of the W* and Z° bosons.

Generally, the SM consists of quarks, leptons called fermions and force
carrying bosons. Fermions have spin -1/2 and obey both to the Pauli Exclusion
Principle and to the Fermi-Dirac statistic in particle physics. The SM includes 12
fermions; 6 quarks (u, d, s, ¢, b, t) and 6 leptons (e, W, T, Ve, vy, V) and there is an
anti-particle of each fermion. Looking at their weight, up (u), down (d), strange (s)
quarks are light and charm (c), bottom (b), top (t) quarks are heavy. Fig. 1.2 shows
the particle information of the SM. As shown in Fig. 1.2 e, i and t (three leptons)
have negative electric charge and their anti-particles have positive charge. The
other three leptons, their neutrinos, are chargeless and pointed out by the symbol v;
Ve, Vy and vq.

The SM is a gauge invariant quantum field theory based on the symmetry
group SU(3)c < SU(2). x U(1)y, with the colour group SU(3)c for the strong
interaction described by the QCD and with SU(2). xU(1)y for the electroweak
interaction described by Electroweak Theory and spontaneously broken by the

Higgs mechanism. Table 1.1 shows the gauge bosons of the Standard Model.
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Figure 1.2.The particles in the standard model

(https://en.wikipedia.org/wiki/Standard Model#/media/File:Standard

Model_of Elementary Particles.svg)

The masses, charges, and spins of particles can be seen in the table (Table

1.1).

Table 1.1. The gauge bosons of the SM

Gauge Bosons(Force Carrier) | Charge | Spin | Mass (GeV/c?)
Gluon (g, Strong) 0 1 0
Photon (y, Electromagnetic) 0 1 0
W* (Weak) +1 1 80.423+0.039
Z° (Weak) 0 1 | 91.1876+0.0021
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1.1.2. Quantum Chromodynamics

One of the cornerstones of the SM is QCD (Ellis, 1996, Narrison, 2004)
and it is a quantum field theory which describes the strong interaction between
quarks and gluons through color charges under SU(3)c transformations. Also, the
QCD theory is a renormalizable non-Abelian gauge theory of SU(3)c symmetry
group (Salam, 2011). According to QCD theory, there are three color charges
which are called red (r), green (g) and blue (b) and form a triplet under SU(3)c and
both quarks and gluons have color charge which can have these three degrees of
freedom. The color charges are represented as by three-component column vector

as following:

1 0 0
Red = (0) Green = (1) Blue = (0) (1.2
0 0 1

In nature, however, they exist only color neutral states of quark configurations: qq
and qggq which are called mesons and baryons respectively and they are both
referred to as hadrons. The gluons are colorful objects and they are mixtures of two

colors such as blue and anti-green. In terms of the color SU(3)c symmetry, there
should be nine types of them: rr | rb rE,bF,bE,bE , g? , gB , g§.

A possible representation of these color states as a singlet and an octet is
shown in Table 1.2. The color singlet gluon would not couple to colour charge and
for this reason it does not contribute to the interaction and it does not exist. The

others gluon types which are called color octed have eight independent color states

and they are linear combinations of a color and an anti-color charge.
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Table 1.2. Color representation of nine possible states (singlet, octet) for gluon
Singlet (rF+bB+g§)/\/§
(rB + bF)/ V2
i(rb - br)/+2
(rr - bb)/v2
rg+gr)v2
i (rE - gF)/ V2
bg + gb)/v2
i(bg - gb)/v2
(rF +bb - 295)/\/5

Octet

1.1.2.1. The Quantum Chromodynamics Lagrangian
The Lagrangian of the SM is symmetric under the gauge group
SU(3)c>xSU(2).xU(1)y. The model can be examined in two parts, electroweak

(EW) and strong (QCD). And their Lagrangian is written as followings:

Lsy = Lgw + Locp (1.2)

For the analysis presented in this thesis we will focus on the QCD part. The QCD

Lagrangian density (Ellis, 1996) has three components and it can be given by

LQCD = Lclassical + Lgauge—fixing + Lghost (1-3)

It is known that the full QCD Lagrangian density is the sum of gluon and quark
terms. Firstly the quark part of the Lagrangian will be discussed. As mentioned in
the previous topic, the quarks are fermionic particles with spin % and they must

obey the Dirac equation. Also, a quark field that can be described as a Dirac spinor
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comes with three color states. So, the quark field spinor y as a three component

column vector is written as,
W
Y=Y, (1.4)
Y3

where each term is a 4-component spinor. Then, the quark part of the Lagrangian

density can be written as;

L, =Yalt, -m]y, (1.5)
where

Ya=(Y/g%, Yje’, Yig°) (1.6)
20", 090

1.=¢ 0 g¢"1, 0 = (1.7)
£ 0 0 g"f,,
gm O 09

M:go m 0 (1.8)
0 0 my

In these equations it is assumed that the three diferent color states of a

given quark has the same mass. Ya | M values are put into Eq. 1.5

m !

respectively, Lagrangian density can be rewritten as:

8
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‘Cq =7a[ig mﬂmdab -0 mtgbA;: - m]Yb (1.9

where m (0,1,2,3) and C (r,b,g) are a Lorentz and a colour index respectively. The
g"are the Dirac ¢ -matrices and the Aﬁcorrespond to gluon fields. The g, is the

QCD strong coupling constant. Also the t§b factor in Eq. 1.9 correspond to eight

3x3 matrices and are the generators of the SU(3)c group. It is easy to understand

the expression tszAfo in Eg. 1.9, when a gluon interacts with a quark; this

gluon ends up with taking away one colour of quark and replacing it with another.
It can be said that, quark-gluon interaction repaints the color of quark. Now, the
free gluon Lagrangian density must be added to the Lagrangian density for
wholeness as the second part of the QCD. This part of the QCD Lagrangian density

is gluonic. The free gluon Lagrangian is given as follows;

Lgiuons = —iFwF W (1.10)
where F,, is the gluon field tensor and it can be given by

FW = gh4Y — gvA* — g[A*, AY] (1.12)
A% is 3 x 3 gluon potential matrix which has fixed gauge term and it must be
chosen to define the gluon propagator. For this reason the free gluon Lagrangian

density should have two terms which are called “gauge fixing” and the “Fadeev-

Popov ghosts” term. The gauge fixing term is expressed as;
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Figure 1.3. QCD Feynman rules (Ellis, 1996)

Lyauge-fixing = — 757 (0,A%)

a1

(1.12)

where A is the gauge parameter. This parameter is given as the generalization class

of the Lorenz gauge, which is named “R; gauge”. This covariant fixing term must

10
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be supplemented by a ghost Lagrangian which is needed for the non-abelian

theory. It is given by
Lghost = aanAT(DXBnB) (1-13)
where n is a complex scalar field and D is the covariant derivative.

1.1.2.2. The Running Coupling Constant

One of the remarkable properties of QCD is running coupling constant. In
other words it is called asymptotic freedom. Since, the origin of asymptotic
freedom has arisen from this QCD running coupling constant estimation. As
mentioned in the previous topic, the g (in Eq. 1.9) is the QCD strong coupling
constant. And as known that QCD is a renormalizable field theory and it implies
that the coupling constant must be defined by its value at a renormalization scale,
and is defined g(p). It is commonly expressed in terms of the fine-structure

constant of the strong interaction,

0 =2 (1.14)

This equation also determines the strength of an interaction. Essentially, g(u)
controls the amplitude which connects any state to another state with one more or
one fewer gluon, with the inclusion of quantum corrections which take place over
time scales from zero up to A/u (if p is measured in energy units). The QCD Ward
IDs given above guarantee that the coupling is the same not only for the quarks but
also for the gluons, and in fact it remains the same in all terms in the Lagrangian
and ensures that the QCD symmetries are destroyed by renormalization (Sterman,
2005). The running coupling constant a, is determined by the renormalization
group equations with B functions (Ellis, 1996).
11
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2 das(n) _ 1) (D) 1)
TR Mt e el o Wl o KR CED

where £ depends on ny. Fig. 1.4 shows the change of a with energy p. The energy

dependence of a,(u?), retaining only coefficient 8, and after solving Eq. 1.15, is

given to first order by;

1

as(llz) = bln(pz)

(1.16)

A2

where

_ 11N¢-2np _ 33-2ng
T 12m T 12m

b

(1.17)

N¢ is the numbers of colors (which is 3: r,b and g) and ns is the number of
different flavour of quarks. A (also called A ¢p) is QCD scaling parameter.

The scale u of the renormalization is directly proportional to the magnitude
of momentum transferred (Q) in the interaction (u = Q). The results are diverging

during the calculation of higher-order loop corrections in the quark-gluon coupling.
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Figure 1.4. Measured values of a¢ () against the values of p (Hinchliffe, 2000)

'JJI=l]
=

In order to make up for this divergence, the mass scale, A, is brought to the
coupling constant. The QCD coupling constant the Eq. 1.16 can be rewritten as,

2\ — 12m
a =
S(Q ) (33—2nf)ln<3—§)

(1.18)
where

2 2 —-12m
Eqg. 1.18 shows the Q2 dependence of ag. For large values of Q2, a, becomes

small. This is the definion of the “asymtotic freedom”. This emphasize that QCD
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asymptotically converges to zero at high energies or short distances. And so, when

Q? - oo, quarks act as free particles under this approach.

The strong coupling a, as a function of the Q (the energy scale) is shown

in Fig. 1.5a. The current world average value of QCD coupling is ag(M2) = 0.1184

+ 0.0007 (Beringer et al., 2012). The summary for values of a,(MZ) obtained for

various subclasses of
2012).

0.3

02}

0.1 -

measurements is also shown in this Fig. 1.5b (Beringer et al.,

Apnl 2012

v Tdecays (N°Ly

v DS jets (NLO

1 |1|_'.I'|'\. i_\]l,l.lli-.lll'l:l ML
1) els & shapes ir
W)

L] /|H>|L' T (NLOD

= QCD (M5 =0.1184 + 0.0007

10 Q [GeV] l[-lﬂ

Figure 1.5a. Summary of measurements of a as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the
extraction of ay is indicated in brackets (NLO: next to leading order;

NNLO:

next-to-next-to leading order; res NNLO: NNLO matched

with resumed next-to-leading logs; N3LO: next-to-NNLO) (Beringer
etal.,, 2012)
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Figure 1.5. b. Summary of values of a,(M2) (Beringer et al., 2012)

The smaller Q2, the stronger “strong” force between two colored particles.
This process is called color confinement in QCD theory. Depending on the color
confinement, the colored particles can not to be observed individually at distances
less than 1/A. On the contrary, if Q2 gets higher, the strong force between two
guarks becomes weaker and two quarks are separated, a new quark-antiquark pair,
a meson, spontaneously is created from vacuum. This process of additional quark-
antiquark pairs creation by the color force and the reorganization of quarks into
hadrons is referred to as hadronization or fragmentation. The fragmentation of a
single gluon or quark causes a tight cone of particles, which is called a “Jet”. The

description of the jet production in hadron collision is shown Fig. 1.6.

Tet

d
! Fragmentation
i — A \ =
[ f = & \ P
P = R -
2=2—0
'\_F rJ_\ =‘xuf'

Fragmentation

Jet
Figure 1.6. Description of the jet production in hadron collision
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1.1.2.3. Parton Disribution Functions

The Parton name was suggested by Richard Feynman in 1969 as a generic
definition for any particle component within the neutron, proton and other hadrons.
These particles are known today as gluons and quarks. The quarks which represent
the quantum numbers of hadrons are called valence quarks. According to the
Quark-Parton Model, an energetic hadron consists of three valence quarks. For
example, A proton consist of three-valence quarks, u,u,d,,, accompanied by many
quark-antiquark pairs (sea quarks) usiis, dyds, Ss3s as illustrated in Fig. 1.7.
These valence quarks are imbedded in a sea of virtual quark-antiquark pairs
generated by the gluons which binds quarks within the protons. All of these
particles (sea quarks, gluons and valence quarks) are called partons. Additionally,
the lifetime of the virtual partons are limited by the Heisenberg uncertainty
principle.

The momentum distribution functions of the partons within the protons are
called Parton Distribution Functions (PDF) when the spin direction of the partons

is not taken into consideration.

\ i
A
| %% @’

Figure 1.7. An illustration figure for proton made of valence quarks, gluons and sea
guarks (Halzen and Martin, 1984)
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PDF explains the possibility to find a parton of a given flavor at a certain
Bjorken-x value (Eq 1.20) in a given hadron. In the Bjorken scaling, the fraction of
the overall proton momentum carried by the particular parton is measured in the

frame of infinite momentum.

x=2L =< (1.20)
2P.q  2Mv

where P is the momentum of the parton, which is engaged in the hard interaction.
These constituents carry a fraction of total hadron momentum given by parton
distribution function (PDF). For example, if a proton travels with momentum of 6.5
TeV as in LHC and if Bjorken-x of a quark is equal to 0.1, then this means that this
quark carries 650 GeV by itself. The Fig. 1.8 shows the parton distribution
functions of the leading proton constituents from ZEUS and H1 experiments at
DESY.

1.1.3. Jet Production in a Hadron Collision

According to the Quark-Parton Model, protons are made of point like
constituents called parton, quarks and gluons, which mean that during the hard
scattering process between two hadrons, the real interaction take place between the
quarks and gluons, the components of incoming hadrons. A shematic view for hard
scattering events can be found in Fig. 1.9 (Ellis, 1996).

The Feynman rules are used to calculate many predictions of QCD, such
as, cross section. The cross section is the probability of a given process between an

initial state and a final state is denoted by the symbol o.
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H1 and ZEUS

w ! ,
r O =10 GeV?
e —— HERAFDFILD
L - exp, uncerl.
|:| madel uncert.
[ parametrization uncert, X,

. xg (2 0.05)

XS (% 0.05)

2 e R Ut PRANR TN e
1t ™ i 1o i
X

Figure 1.8. The parton distribution functions from the HERAPDF 1.0 at Q% = 10
GeV* for gluons (g), sea quarks (S), the up valance quarks (u,) and the
down valance quarks (d,). The gluon and sea quarks distributions are
scaled down by a factor 20 (Petrukhin, 2010)

f’

f(:c:l

Ej{j(ﬂﬁ)

Figure 1.9. Schematic view of a hard scattering process
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The cross section for the hard scattering processes initiated by two hadrons

with four-momenta, P; and P, can be expressed as (Francisco, 2007);
S(Pl’ Pz): é.(\)dxidxz f; (X11 mé)fj(xw méki,j(pv p21as(m2), Qz/mz) (1.21)
i

where p; = x;P; and p, = x, P, are the momenta of the partons for hard scattering
(Fig. 1.9), x;, and x, are Bjorken scale which are fraction of hadron momentum
carried by interacting partons. The functions f;(x;, P2), fj(x2, H2) are the quark
gluon parton distribution functions (PDF) defined at a factorization scale, pr and Q
is a hard scattering scale. The short-distance (partonic) cross section for the

scattering of partons type i and j is represented by &;; (Ellis, 1996).

éi=Jf fq'i(xq, Qz)fqyj(xq, Q?) (60 + as(p?)6,+ . )dxgdxg (1.22)

1.1.4. Two-Jet Cross Section

When two hadrons collide inelastically, the real interaction takes place in
terms of a momentum transfer between two components of the colliding hadrons.
As seen in Fig. 1.9 ¢ and d the outgoing partons, are observed as jets since they
finally turn into a spray of color singlet particles, namely hadrons. From the
conservation of momentum, the momenta of the two final-state partons will be the
same in magnitude and opposite direction in the center-of-mass frame. Fora 2 — 2

parton scattering process

partoni(pf) + partonj(pgl) - partonc(pg) + partond(pzl) (1.23)
described by a matrix element M, the differential cross section is given by (Ellis,
1996)

EEdS _ 1 1
d®p,d®p, 2516p

>8M[d*(p,+ p, - p;- p,) (1.24)
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where & indicates the averaged sum over the initial and the final state spins and
colors. The leading-order (LO) and next-to-leading order (NLO) parton-parton
contributions can be derived from the diagrams shown in the Fig. 1.10 by including

all the crossing symmetries of the given diagrams. The expressions for the total

i ) . EXIVIL . .
scattering amplitude matrix elements squared, a|M| , are given in Table 1.3,

A 2
where the Mandelstam variables of the process are defined as S =(plm + pi“) :

=(pr - pyfana £ =(pr - prf.

Py, ! e - F.’Ja,.w .
.~. .n’ "'\-.,_-d' L=
ool F
, A
I,-" e Mg,
b, 4 ‘\
-
- / PN
. - e
PRI gty w\/
/ K'\ 4 \
.—"/ Y .—'/ .3
-~ e
. - . .
DODOn ™, ronnnn L
7ra \\ //
- el o .
- S, e -,

Figure 1.10. Feynman diagrams which contribute to jet production. (a) Leading
order (LO) diagrams, (b) next-to-leading order (NLO) diagrams with
virtual gluon loops, (c) NLO diagrams with initial state radiation
(ISR) and final state radiation (FSR)

The two-jet inclusive cross section from a particular combination of

incoming (i, j) and outgoing (k, 1) partons can be written using Eq. (1.24);

e _ 1 ¥ fl(xlu)f,(xzu)
dysdy,dp?  16m2s iLjkl=q.49 . X1

& IM(ij - kD (1.25)
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where y; and y, rapidity of outgoing partons in the laboratory frame, f;(x, u?) are
the distributions for partons of type i (i =u,U,d,d,g, ....etc.) and p is momentum
scale. For the x; and x, which are momentum fractions are determined by using

the transverse momentum conservation

X1 = %xT(e:’%eyz})’ Xy = %xT(e_y3e_y4) (126)

where x; = 2P;/+/s. The equal and opposite rapidities (y*) of the two jets in the

parton-parton center of mass frame and the laboratory rapidity (y) of the two

Table 1.3. Matrix element for the various constituent quark-quark, quark-gluon,
and gluon-gluon (2—2) subprocesses (Ellis, 1996)

o 2
Process ajM| /g4
432 + 72
A P
a9 = qq o T
4/32+70% §2+t%\ 8 §?
r I — — + ___A
9= 99 9 t2 g 2714t
- = 4 82 +1q°
5 i
a9’ ~ qq 5 72
4/82+0% a*+t%\ 842
_ 4 . 8t
=494 9\~ 2 §2 27 5t
] ] 4 t2 + ‘az
5 i
aq9' = q'q 9 2
432 +0% §2+q2
a9 — q9 ——— e+t —
9 3 t2
2 3 ta sa st
5 (32 >
99— 499 o\" T w2
. 3282 +42 8t2+1q?
4999 27 ta_ 3 &
_ 1t2+4% 8t?2+142
5 z _Z
99~ a1 6 fa 3 g2

21



1. INTRODUCTION Serdal DAMARSECKIN

parton systems are given in terms of the observed rapidities by

y' = (r3—y)/2, y= (r3+y)/2 (1.27)
For a massless parton the center of mass scattering angle 6 can be written as

cosg* = = S tanhy™ = tanh (%) (1.28)

E* coshy*

and x,, x, are the momentum fractions of the interacting partons given as

x; = xre¥coshy*, x, = xre Ycoshy*, § = %ln (%) (1.29)
2
For massless partons, the Mandelstam variables satisfy the relations are

written as follows;
= —%ﬁ(l — cos@*), ©i= —%ﬁ(l + c0s0*) (1.30)

where £ and 4 as a function of § and the center of mass scattering angle.
Pseudorapidity and rapidity are identical with neglecting parton masses and

determined by the following equation.

y = —log (tang) (1.31)

1.1.5. Dijet Resonances Models
The SM of quarks and leptons and their weak, strong and electromagnetic
interactions is a theory that successfully describes a wide range of phenomena in
particle physics. Although it’s extraordinary success, the theory leaves many
22
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guestions unanswered, such as: Why do quarks come in different flavors? How to
combine gravity with other forces? Why are there four different forces? Why is
gravity so weak? ...etc

In order to answer such questions that the SM can not explain, many
theories have been developed beyond SM, and most of these theories predict the
existence of extremely short-lived resonance particles. These new particles can
have high interactivity constants with quarks and gluons and in the latter case can
be decomposed into two partons that will take place two high-energy jets. This
phenomenon is called dijet resonance. These particles are produced as narrow
resonances, X, decaying to dijet as shown in Fig. 1.11. The initial state and final
state both contain two partons (quarks, antiquarks or gluons) and the intermediate
state contains an s-channel resonance X. The properties of the models which are

considered in this study are summarized in Table 1.4.

qorg qorg
X
qorg qorg

Figure 1.11. Feynman diagram of dijet resonance
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Table 1.4. Summary of resonances considered in this study

Color Decay
Model Name Symbol . JP r/(2Mg)
Multiplet Channel
Excited Quark q* Triplet | 1/2° 0.02 a9
E, Diquark D Triplet ot 0.004 ud
Axigluon A Octet 1t 0.05 qq
Coloron C Octet 1- 0.05 qq
Color Octet Scalar Sg Octet ot 0.04 gg
Heavy W w' Singlet 1- 0.01 417>
Heavy Z zZ Singlet 1- 0.01 qq
RS Graviton G Singlet 2+ 0.01 qq,99
String S various | various | 0.003 - 0.037 | ¢7,99.99

1.1.5.1. Excited Quarks

According to the various theoretical models, ordinary quarks can be
composite objects. And if quarks are composite particles then as a natural
consequence, excited states are expected. This phenomenon is called simply
excited quarks and indicated by q*. Depending on the details of the composite
models, values of spin and isospin of the excited quark can have various values
(Baur et al., 1987 and 1990). In the simplest case, spin and isospin of the excited
quark are set to 1/2 to limit the number of parameters at hadron colliders. The
assignment of right and left-handed components to isodoublets for the first

generation,

[al, aa L], [e], (132

allows to non-zero masses prior to SU(2) x U(1) symmetry breaking. The coupling
of excited fermion states f* to gluons, y, W* and Z is given by the Lagrangian

(Baur, 1990).
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% la /Y *
Foauge = FV*|055 GE+ 95 Wy +0' By f (1.33)

2
The weak hypercharge y of the excited states in the lepton and quark sector
are —1 and 1/3 respectively; g5, g = e/sin6y, and g’ = e/cos6y, are the strong and
electroweak gauge couplings. G{, W, and By, describe the gluon, SU(2) and U(1)
gauge fields. Additionally, gauge bosons can also mediate to the transitions
between right-handed (excited) and left-handed (ordinary) fermions. The form of
the effective Lagrangian describing these transitions is uniquely fixed by gauge

invariance to be of magnetic-moment type
1 = v A9 1Y
gtrans = af RU“ [gsfsyGﬁlv + gfgwuv +g f EBLW] fL +h.c (1-34)

where A and T are the generators of the color SU(3) and isospin SU(2), G, Wy,
and B, are the field-strength tensor of the gluons, SU(2) and the U(1) gauge
fields. g5,0,9" are the gauge couplings, f;, f, and f' are parameters determined by
composite dynamics. For a pure strong interaction these will be set to 1. A is the
composite scale.

In proton-proton collisions, the production of an excited quark occurs
through the quark-gluon fusion. Excited quark would then decays to a quark and a
gauge boson (y, g, W, Z). The most common decay channel is g* — gg, appear as
resonances in the invariant mass distribution of the decay products. For the decay
of excited quark (g*) with mass m* into quark and gluons the partial width is given
by (Baur, 1990)

m"3

A2

r(q* - q9) = s asf? (1.35)
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According to the Eq. (1.35) excited quarks (g*) decompose predominantly via
strong interactions into ordinary quarks and a gluon.

Gluonic excitation, which is one of the many ways of produce excited
quarks in the proton-proton collision, has a large branching ratio (Table 1.5) and
will produce a peak in the dijet spectrum. The cross section for gluonic excitation

of quarks can be given by (Baur, 1990)

Table 1.5. Branching ratios for u* and d* (Baur, 1990)

Decay Mode B.R.(Bg)
u* - ug 0.85
u* - uy 0.02
u* - uz 0.03
u* - dw 0.10
d* - dg 0.85
d* - dy 0.005
d* - dz 0.05
d* - uw 0.10
2
= % ]‘SZT% (1.36)
with
2
== (1.37)

N

where s is the center-of-mass energy squared and d%%g/dz indicate the quark-
gluon luminosity. If gauge interactions are dominating, the signals for singly
produced excited quarks are the large transverse momentum of jj, jy, jZ, or jW pairs

with an invariant mass peaking at m*. For simplicity A is identified with m* and

fi=f=f=1
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1.1.5.2. E¢ Diquarks

Es models are well motivated extensions of the SM. Indeed,
supersymmetric (SUSY) models based on the E¢ gauge symmetry or its subgroup
can originate from the ten-dimensional heterotic superstring theory (Green, 1987).
Within this framework gauge and gravitational anomaly cancellation was found to
take place for the gauge group Eg % Eg. Some models for the compactification of
the additional six dimensions, predict that the grand unification symmetry group is
E¢ (Candelas, 1985). E; models include color-triplet scalar diquarks (Hewett and
Rizzo, 1989), D€ and D with charges 1/3 and —1/3 and spins 0 and 1/2 respectively,
which couple to the light quarks u,d (Hewett, 1989).

The interaction Lagrangian between the Eg diquark model the light quarks

is given by (Katsilieris, 1992)
Pp = Mipett S (1 = y5)d DK + 0 £t - (1 — y5)dI DK + h.c (1.38)

where A and A, are parameters of the hyper-potential of the general Eq model which
are expected to be reasonably small in order to keep the higher order correction
under control. i, j and k are color indices. The squared amplitudes |[M|? for the

diquark decays of D and D€ to quark pairs are given by (Angelopoulos, 1986)
IM(D - ad)|” = 24x2m3, |M(D€ - ud)|? = 62Zm3, (1.39)
The widths corresponding to D and D€ can be written as
I = ayMp, Tpe = iachDc (1.40)

where a; = A2 /4m, a;, = A2/4n
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1.1.5.3. Axigluons

In chiral color models (Pati, 1975, Frampton, 1987, Bagger, 1988) where
the SM color group have been extended to SU(3), x SU(3)x, and which at some
energy, the symmetry breaking to the diagonal SU(3)c generates the massive
axigluon (Frampton and Glashow, 1987), which couples to quarks with a pure
axial-vector structure and the same strength as QCD (Paola, 2009). There are many
different implementations of chiral color, and all require new particles in varying
representations of the gauge groups. The most important model-independent
prediction of chiral color is a massive color octet of gauge bosons, the axigluon
(Bagger, 1988). The axigluon (Chivukula, 2013) decay to fermions and it has a
strong gauge coupling to all quark flavours according to the following interaction

Lagrangian (Katsilieris, 1992)
Pn = —igsthq'ysy A g’ (1.41)

where g, = \/AFaS , tjj are the usual SU(3) color matrices and A" is the axigluon
field. Axigluons can decay to quark-antiquark (fermions) pairs, but note that
because of parity conservation, the axigluon cannot decay to a gluon-gluon pair (all
gluon-axigluon vertices should contain equal number of axigluons). The width of

the axigluon decay is given by

R (1.42)

where M, is mass of the axigluon, a, is QCD coupling constant and N refers to the
open decay channels which ranges from 6 for known quarks up to 18 for all
particles.

The matrix element squared (|M|?) averaged over initial and summed over

final spins and color is given by for the axigluon production
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< IM(qq ~ A)|? >= T ras(Q?)m} (1.43)

The branching ratio of the axigluon into two-jets includes a correction
owing to the top quark. If M, < 2M,, then the branching ratio to light quarks (u, d,
s, ¢, b)is 1, and if My, > 2M,, then the branching ratio is given by

1
5+[1—-(2M¢/M4)2]3/2

BR(A - qq) = (1.44)

1.1.5.4. Colorons

The Colorons (Chivukula, 2013, and Simmons, 1997), like axial color
models, have other possibilities for enriching the strong sector of the group
structure. This model is the flavor-universal coloron (Chivukula, 1986) that the
gauge group expands to SU(3); x SU(3),. The suitable gauge couplings defined
as &, and &, with £, < &,. However, the model contains a scalar boson @ that
breaks down the symmetry of the two groups, developing a vacuum expectation
that is different from zero. The diagonal sub-group is defined as the color group to
which the QCD is familiar and its remains unbroken. The original gauge bosons are
combined to form an octet of massless gluons and form an octet of massive
colorons. The mass of colorons defined as a function of the basic parameters
(Simmons, 1997):

M, = (g—) f (1.45)

sinfBcosf

where 6 is the gauge boson mixing angle with cotf = 5—2, and f is the vacuum

1

expectation value of the scalar field. The Lagrangian of the interaction between the

quarks and the colorons field C*¢ is similar to QCD:
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Y= —gSCOte(ZU (71' yutaqj)C““ (146)

The interaction, which is mentioned above, predicts the decay of quarks with
kinematically allowed masses of colorons. The decay width can be shown as

follow:
I; ~ 3 agcot?OMe, (1.47)

where N is called the number of quark flavors which mass less than M/2.

1.1.5.5. Color Octet Scalars

The bosonic states may be caused by gluon-gluon fusion, in some
theoretical models. The color octet scalar model (S8) forms an example of exotic
color resonances. The Lagrangian expression of the coupling of a color octet scalar

(Han et al., 2010) field with gluons is given as followings:
P= gy d®eSGGh, G (1.48)

where g, is the strong coupling constant, x is the scalar coupling, A is the

characteristic scale of the interaction, d%°¢ are the structural constants of the SU (3)

group and are described by the relation {¢t%,t?} = gdab + d*ct¢, and Sg is the

color octet scalar field and G, is the gluon field tensor. The color octet scalar

resonance width can be expressed as followings:
5 2 M3

I'=-ak

2?5 (1.49)
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1.1.5.6. W and Z'

In the models where the symmetry SU(2);, x U(1)y of the electro-weak
SM sector is widening, new gauge bosons are emerging. Common features in these
models are the presence of new gauge coupling constants and new gauge bosons,
W' and Z', which are in the same order as the SU(2), coupling of the SM. The
cross sections of new gauge-bosons are calculated by scaling corresponding SM
cross-sections with the acceptance of these particles couple to typical quarks and
leptons are similar to SM model equivalents. Especially, the Fermi constant G
becomes (Eichten, 1984):

Gh = Gp (ﬂ)2 (1.50)

where M is the masses of W or Z (Eichten et al., 1984) and M’ is the masses of W'

orZ'.

1.1.5.7. Randall-Sundrum Gravitons

As a solution to the electro-weak vs Planck scale hierarchy problem the
gravity model from Randall and Sundrum had been proposed (Randall, 1999 a and
b) (RS). According to this model, the hierarchy is produced by an exponential
function of the compactification radius of an extra dimension. The metric in the 5-

dimensional space can be expressed as:
ds? = e~2reby | xhx? + r2dg° (1.51)

where ¢ is the extra dimension with compactification radius 7, k is a constant of
the same order and related to the 5-dimensional Planck scale M, and x* are the

usual space-time dimensions. The reduced effective 4-D Planck scale Mp, is given

by:
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_ 3
M3y = 2= (1 — e2krem) (152)

According to the model, spin-2 gravitons appear as the Kaluza-Klein (KK)
excitations of the gravitational field 2", whose coupling to the SM fields is given

by the interaction Lagrangian (Davoudiasl, 2000):
1
b = —Eh“va, (1.53)

with T, being the energy-momentum tensor of the matter fields. The scale A, and

the mass m,, of the KK excitations may be written as a function of the basic

constants of the theory as followings:
Ay = Mpje 7™ m, = kx, e *7c" (1.54)

For the matter-graviton interaction the coupling constant is the inverse of

the scale A:
9= = x, (1.55)

where x,, called as the n-th root of the the Bessel function of order 1. In fact, the
phenomenological results of RS gravitons (Randall, 1999b) determines by their
masses and the ratio k/Mp,. If the basic constants of this model satisfy a relation
kr.~12, then A,~TeV and RS gravitons can be generated in hadron collisions.
RS-gravitons, through the graviton coupling to the matter fields, can decay to
partons, leading to a dijet signature. The corresponding partial widths (Bijnens,

2001) for the first KK excitation are expressed as followings:
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2 2
r -9 = 1o (5-) m (L56)
and
3 2
r@ -0 = o () m (157)

1.1.5.8. String Resonances

In the string theory (Anchordoqui et al., 2008; Cullen et al., 2000),
particles are produced with mass M, by vibrations of relative strings, and they are
populating the Regge trajectories, which are related to their masses and spins.
Essentially, the mass of the basic strings is of the order of the Planck scale. In
addition, it is reasonable that M, lies in the TeV scale, in the theories with large
extra dimensions. In this regards, Regge gluons and excited states of quarks take
place in proton-proton collisions. If this string coupling is small, then the
fundamental properties of the Regge excitations (production width and cross
section) are independent of the model (compactification details are insignificant).
This description is true just for parton scattering involving gluons, but four-quark
scattering is only approximately true. The Regge excitations effects may be
quantified (Anchordoqui et al., 2008; Cullen et al., 2000) through the presence of a
common form factor in the 2-to-2 parton scattering amplitudes, which is denoted

the Veneziano form factor and is written as follows in terms of the T'-function:

_ r(1-8/mM2)r(1-a/m2)
- r(1+t/M2)

V(s t 1) (1.58)
where §, £, are the usual Mandelstam variables and these variables are constrained

by § + £ + 4 = 0. The physical content of the Veneziano form factor appears with

an expansion in terms of s-channel poles. Each of these poles is represented the
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virtual Regge resonance with mass vnM. For the aim of the resonances in the dijet
spectrum, only the first-level (n = 1) excitation is concerned; however, the string
mass M is the only free parameter. At the same time, the exact values of the cross
sections depend on both spin values and color factors of the excited states.

The string resonance model has the largest cross section among the other
models. The cross section is about 25 times larger than excited quark since it is
there for all the processes: gg, gg, qg and gg. The string resonance decays to qg
(74%), qq (13%) and gg (13%).

1.1.5.9. Benchmark Models

Each of the above mentioned parton-parton resonance models appears to
contain a limited number of free parameters (Harris and Kousouris, 2011). The
experimental investigations consider benchmark models, with some parameter
assumptions, used to set limits on the masses of the corresponding resonances. A

brief summary of the Benchmark models is given below:

§ Axigluons: The number of quark flavors that the axigluon can decay is set
to the known number of quarks, N = 6.

§ Colorons: the number of quark flavors that the coloron can decay and the
gauge boson mixing angle are setto N = 6 and cot0 = 1, respectively.

§ Excited quarks: SM couplings are considered (f,=f=f"=1) ,
compositeness scale is set equal to excited quark mass A = M*.

§ RS graviton: the ratio k/Mp, is set equal to 1.

§ W', Z" SM couplings are assumed.

§ [Eg diquark: the electromagnetic coupling constants are considered

equal @y = a3, = ..
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§ Color octet scalar: the gauge coupling and the characteristic scale of the
interaction are set equal to the QCD coupling (x = 1) and A=M

respectively.

Table 1.4, which we have already mentioned, summarizes the basic
properties of the resonances discussed in this study. Especially, for the benchmark
models the decay widths are approximate values, since they are also dependent on
the running of the a,, which must be evaluated at a scale equal to the resonance
mass. The decay width for string resonances varies considerably depending on the

spin and color quantum numbers of the resonances.

1.2. Experimental Apparatus

In this section, firstly general information about CERN is given. Then,
information about the LHC accelerator will be given. We will finally discuss the
details of both the CMS detector and its most important components with the aim

of determining the content of the work.

1.2.1. CERN

The European Organization for Nuclear Research, known as CERN
(Conseil Européen pour la Recherche Nucléaire), is where physicists and engineers
are probing the fundamental structure of the universe. CERN is currently the
largest particle physics laboratory of the world. CERN was founded on the
September 29, 1954 and is located at the Switzerland-France border near Geneva.
The experiments at CERN shed light on the understanding of basic particles and
their interactions. Some of the historic properties are: the discovery of neutral
currents in 1973, the discovery of the W and Z bosons in 1983, sensitive
measurement of weak interactions in Large Electron Positron (LEP) experiments
and investigation of a new state of matter known as the quark-gluon plasma.

Moreover, it is also known for its social and cultural relevance. Researchers need
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remote access to these facilities, therefore the laboratory has historically been a
major wide area network hub. In addition to this it is also the birthplace of the
World Wide Web (www). Approximately 8,000 visiting scientists, half of the
world's particle physicist, come to CERN for their research. It has 22 member

states and includes 85 nationalities and 580 universities.

1.2.2. The Large Hadron Collider

The LHC is a 27 km long two-ring superconducting proton accelerator and
collider located at CERN, spanning the border between the Jura Mountains situated
in France and Lake Leman in Geneva in Switzerland. The LHC is the pinnacle of
the accelerator complex at CERN, shown in the Fig. 1.12 and Fig. 1.13. It has the
title of the most powerful and the largest accelerator built up to now in the world
for High Energy Physics research and it is installed in the e~e* collider LEP
tunnel. The LEP tunnel was constructed between 1984 and 1989, 50-175 m below
the ground, the radius of the ring approximately 4,3 km. The LHC was built by the
European Laboratory to explore the Higgs boson, or the corresponding relic of the
mechanism responsible for electroweak symmetry breaking, and search for
particles which are predicted by beyond the Standard Model (BSM) theories at the
TeV scale, like supersymmetric partners of the SM particles. After the September
2008 accident, the protons of the LHC were collided with 7 TeV center-of-mass
energy in 2010 and 2011. In 2012, energy of the proton beam is increased by 1
TeV and protons are collided with 8 TeV center-of-mass energy. The protons of the
LHC, which are collided at the center-of-mass energy of 13 TeV in 2016, exceeded
the design value of instantaneous luminosity103*cm=2s~1. Currently the proton-
proton beams collide to discover new particles and to investigate new physics
which can become visible on a mass scale of the order of 1 TeV at the center of
mass energy v's = 14 TeV, which was the design energy for LHC. In order to

achieve luminosity of 103*cm~2s~1, the time differences between two proton
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bunches should be only 25 ns, in other words, the proton bunches are only be 7.5 m
apart. There are 2808 proton-proton bunches per beam and nearly 10! protons in
each bunch (Fig. 1.14). Therefore, the LHC detectors have to have very fast
readout electronics and trigger decisions.

The source of the protons to be accelerated is a bottle of compressed
hydrogen gas. With the aid of an electric field, hydrogen atoms are stripped from
their electrons, leaving behind a sample of pure protons. There are a number of
existing machines that can be used to accelerate these protons to higher energies.
The protons, which have been obtained with hydrogen gas, are increased to 50

MeV in a linear accelerator (Linac2), the first accelerator in the chain.

Figure 1.12. The Large Hadron Collider (LHC) at CERN in Geneva, at border of
France and Switzerland
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ATLAS

Figure 1.13. A schematic view of LHC Project with its detectors
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Figure 1.14. CERN LHC collision (Smith, 2008)
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Then the beam is injected into the Proton Synchrotron Booster (PSB). The PSB
accelerates the protons to energy of 1.4 GeV. Then the beam is sent to other ring of
the chain, i.e. Proton Sinkrotron (PS). The PS accelerates the beam up to energy of
25 GeV. Subsequently, the protons are channeled to the Super Proton Synchrotron
(SPS) where they accelerated up to 450 GeV. Finally the SPS injects these proton
beams into the two beam pipes of the LHC (Fig. 1.15). These two beams move in
the opposite direction, one in the clockwise and the other in the anticlockwise.
Since the designed center of mass energy is14 TeV, each beam is accelerated
maximaly up to 7 TeV energy and then directed to LHC’s detectors for collision.
The LHC is the last ring in a complex chain of particle accelerators. It is supplied
with protons from the injector chain LINAC2 — Booster — PS — SPS (Bawa,
2007). A short summary of the accelerator chain and the corresponding proton
beams energies in each of the different acceleration steps shown in Table 1.6.
There are four big experiment at the LHC: A Toroidal LHC Apparatus
(ATLAS), A Large lon Collider Experiment (ALICE), The CMS and the Large
Hadron Collider beauty (LHCb).Two of these four detectors, ATLAS (Aad et al.,
2008) and CMS (Chatrchyan et al., 2008a), are the general purpose experiments.
The other two detectors, ALICE (Aamodt et al., 2008) and LHCb (Augusto Alves
et al., 2008) focuse on more specific topics: heavy ion physics and Charge-Parity

(CP) violation measurements, respectively.
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Figure 1.15. Overview of the Accelerator chain

Table 1.6. Accelerating steps (Scheurer, 2008)
Accelerator Injection Energy Final Energy
LINAC2 750 keV 50 MeV
PSB 50 MeV 1.4 GeV
PS 1.4 GeV 25 GeV
SPS 25 GeV 450 GeV
LHC 450 GeV 7TeV

Due to the acceleration of particles having same electrical charge, are
needed two different magnetic field configurations and two separate acceleration
cavities. The LHC is constituted of 1232 super-conducting Niobium- Titanium
dipole magnets, each of which is 30 tonnes and 14,2 m long, cooled up to 1.9 K
(-271.3°C) through 37 million kg super-fluid liquid Helium and create a bending
magnetic field of about 8.33 Tesla. This magnetic field needed to keep to the
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proton beams on orbit during the acceleration in the LHC. Also there are 392
quadrupole magnets, which are used to keep the proton beams focused. The LHC
dipole magnet scheme is shown in Fig. 1.16. The most important LHC parameters

are listed in Table 1.8 (Bruning et al., 2004).
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Figure 1.16. Picture of super-conducting dipole magnets installed at LHC
(http://cerncourier.com/cws/article/cern/29723)
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Table 1.7. Comparison between the LHC design and achived parameters in 2012,
2015, and 2016 respectively (IP1 is ATLAS and IP5 is CMS)

Parameter

Design

Achieved
(2012)

Achieved
(2015)

Achieved
(2016)

Proton energy

(GeV]

7000

4000

6500

6500

Relativistic
gamma factor v,

7461

4263

6928

6928

Number of
particles per
bunch N,

1.15x10"!

1.6 —1.7x10

1.15x10"!

1.3 x10'?!

Number of
bunches n,,

2808

1374

2244

2220

Bunch spacing
[ns]

25

50

25

25

Transverse
normalized
emittance &, [um
rad]

3.75

2.5

2.5

14

p* at1P1and IP5
[m]

0.55

0.6

0.8

0.4

Half crossing
angle at IP1 and
IP5 6. /2[urad]

+142.5

+145.0

+185.0

Peak luminosity
in IP1 and IP5
[em™1s71]

1.0 x103%*

7.7 x1033

5.2 x1033

1.3 x103%*

Max. mean
number of events
per bunch
crossing

19

40

17

43
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Table 1.8. Design parameters of the LHC (Bruning et al., 2004)

Parameter Value Unit
Momentum at Collision 7 TeV
Dipole field at 7 TeV 8.33 T

Quadrupole gradient 220 T/m
Circumference 26659 m
Design Luminosity 1034 cm~1is71
Number of bunches 2808
Particles per bunch 1.15x10
DC beam current 0.56 A
Stored energy per beam 362 MJ
Ultimate Dipole Field 9 T
Injection Dipole Field 0.4 T
Ramp Time 20 min
Magnet Coil inner diameter 56 mm
Distance between beams 194 mm

As is known, accelerated motion of charged particles result in an
electromagnetic wave radiation. Therefore, protons emit radiation when circulating
in a circular orbit in the LHC. And as a result, the proton beams lose energy. The
maximum energy of the proton beams is limited by the amount of energy loss due

to synchrotron radiation given by

—AE = TEB3y* (1.59)
where r is the radius of accelerator, y = E/mc? where m is mass of the accelerated
particles and 8 = v/c = 1 because the particle velocity is close to the velocity of
the light. The most effective way to increase center-of-mass energy is to increase

the mass of accelerated particles. As is known, the mass of a proton is about 2000
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times the mass of an electron. Therefore the energy loss due to synchrotron
radiation for protons will decreased by a factor of (2000)* ~ 103 compared to
electrons.

Protons are not elementary particles and they are composed out of partons
(quarks and gluons). Because of these sub-structures, proton-proton collisions
phenomenologies are very different from lepton collisions. So that the quarks and
gluons, which are the components of the proton, interact with only a fraction of the

proton energy given by

V3 = Vxix;5 (1.60)

where, whereas V3 is the effective center-of-mass energy of the hard scattering, v/s
is center-of-mass energy of the proton beams, x; and x, refer to the energy-
fractions carried by the interacting partons. Thus, the center of mass energy must
be greater when compared to an electron-electron machine. Each collision will lead
to a different type of event determined by the cross section of possible interactions
because the fraction of momentum carried by interacting partons will be different.
The total cross section for the colliding partons (hard scattering) is given by Eg.
1.21. The cross section and the event rate at the LHC design luminosity for
different processes as a function of the center-of-mass energy +/s is illustrated in
Fig. 1.17.

In LHC collisions, the number of events generated per seconds is given by:

Nevent = Laevent (161)

WhEre ogpen; IS the cross section and L is luminosity, L = [ L(t)dt. It is clear that
high luminosity is needed to observe interesting rare physics events, such as the

Higgs boson production, which have small cross sections.
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The luminosity depends only on the beam parameters and can be written

for a Gaussian beam distribution as (Evans, 2008):

2
NpnpfrevVr
L = Lplretr (1.62)
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Figure 1.17. Hadronic cross sections and event rates for different physics processes

as a function of the centre-of-mass energy +/s at proton-proton
colliders (Bayatian et al., 2000)

where N, is the number of particles per bunch, n, is the number of bunches per
beam, f,.,, is the revolution frequency, y,. is the relativistic gamma factor, ¢, is the
normalized transverse beam emittance, 8* is the beta function at the collision point,
and F is the geometric luminosity reduction factor due to the crossing angle at the
interaction point (IP):
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F= (1 + (eﬂ)z)_l/z (1.63)

where 6, is the full crossing angle, o, is the RMS bunch length, and ¢* is the RMS
beam size at the IP.

The integrated luminosity of proton-proton collisions delivered by the
LHC to the CMS experiment versus the time between 2010 and 2016 years is given
by Fig. 1.18. This is shown for 2010 (green), 2011 (red), 2012 (blue), 2015
(purple), and 2016 (orange) data-taking (CMS Collaboration, 2013a). Also, the
LHC provides lead-proton and lead-lead collisions for experiments for one month

each year.

1.2.3. The Compact Muon Solenoid

The Compact Muon Solenoid (CMS) (Chatrchyan et al., 2008a) detector is
a multi-purpose apparatus used to explore the physics at the TeV scale due to
proton-proton, lead-lead, and proton-lead collisions provided by the LHC at
CERN. It is located at Point5 of the LHC near Cessy, France. The CMS detector
contains different subsystems that can measure the energy and momentum of
particles such as electrons, photons, tauses, muons, and hadrons. It has many goals
such as the searches for physics beyond the SM, the search for the Higgs boson, the
precision measurements of already known particles and phenomena. CMS is the
heaviest detector at the LHC and has 21.5 m length, a diameter of 14.6 m and
weight of about 14000 tonnes which is about twice the weight of ATLAS detector.
A schematic view of the CMS detector in Fig. 1.19 shows all of these subdetectors.
From the interaction point, the incoming particles encounter the following

subdetectors, respectively.

the tracking system,

the electromagnetic calorimeter,
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the hadronic calorimeter,

the return yoke of the superconductive magnet (this is not a “sub-detector”,
but acts also as a filter, allowing only muons and weakly interacting
particles such as neutrinos to pass through and access the muon chambers),

the muon system.

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC
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Figure 1.18. Cumulative luminosity versus day delivered to CMS during stable
beams for pp collisions

The CMS detector requirements for the goals of the LHC physics

programme can be summarized as following (Chatrchyan et al., 2008a):

Good charged particle momentum resolution and reconstruction efficiency
in the inner tracker part and high granularity especially near the interaction

point,
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Good electromagnetic energy resolution, wide geometric coverage,
efficient photon and lepton isolation at high luminosities,

Hadron calorimeters with hermetic coverage, with optimal missing
transverse energy and dijet mass resolution,

Good muon definition, charge determination and momentum resolution

over a wide range of momenta and angles.

The design of the CMS detector is similar to the structure of the onion.
This detector consists of several layers each of which is extremely sensitive to
measure and identify classes of particles. In the innermost part of CMS there is the
silicon tracking detector, which measures the momentum of charged particles in the
magnetic field. This silicon tracker is covered by the electromagnetic calorimeter
measuring the energy of electrons and photons. Behind the electromagnetic
calorimeter there is the hadron calorimeter that records energy of strongly
interacting particles. And then there is the bobbin of the superconducting solenoid
magnet, which is also covers the previous subdetectors. At the outermost part of
the CMS there are four stations of the muon chambers, which are embedded in the
iron yoke of the magnet. Each muon station consists of several layers of aluminum
drift tubes (DT) in the barrel region and cathode strip chambers (CSC) in the
endcap region, which are completed by resistive plate chambers (RPC). Fig. 1.20
shows the trajectories of different particles as they pass through the detector. In the
following sections, the CMS coordinate frame and each sub-detector corresponding

to CMS detector layers are briefly discussed.
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Figure 1.20. Transverse slice of the CMS detector and particles traces in different
subdetectors (Lazaridis, 2011)

1.2.3.1. The CMS Coordinate Frame

The CMS uses a right-handed cartesian coordinate system; the origin is
located at the nominal interaction point in the center of the detector. In the
coordinate system of the CMS, the y-axis points vertically upward, the x-axis
points to the center of the LHC ring radially and the z-axis along the anticlockwise-
beam direction, namely the z axis is parallel to the beam line. The CMS coordinate
system is illustrated in Fig. 1.21. If the cylindrical system is taken into
consideration, it also would be useful to define some variables in the angular
reference system. The polar angle, 9, is measured from the positive z-axis and the

azimuthal angle, which is lies in the x-y plane and denoted by ®.

50



1. INTRODUCTION Serdal DAMARSECKIN

upwards
Y
towards the center n K.
of the LHC ring A ”1.\ p
\
\
\
llI'I
\
\
0
Collision
Point z

towards the
Jurg mowntain

Figure 1.21. The CMS coordinate system (Martelli, 2012)

The transverse energy and the transverse momentum (denoted respectively by E;
and Pr), which represent the energies and momentums of particles in the transverse
plane, are defined as E; = Esin(@) and P, = Psin(6).

A variable commonly used in hadron collisions is pseudorapidity () and is

defined as:
0
n=-In tan (1.64)
The pseudorapidity, as a function of three-momentum p can be written as:

n=-in (ﬂ%) = arctanh (%) (1.65)

where p; is the component of the momentum trough the beam axis. The
pseudorapidity can be rewritten as a function of the 6 and looking at Eq. 1.66 it is

zero for 8 = m/2 (central part of the detector), and +inf for 8 = O, m. It is shown in
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Fig. 1.22. The angle of 8 =0 is in the axis of the beam, which lies on the

horizontal line and corresponds to n = oo.
0
n=-In tan> (1.66)
At the limit where the particle velocity is close to the speed of light, in
which case the mass of the particle is insignificant, one can make the substitution

m<Kp=>E=P =n=y, and therefore the defination of the pseudorapidity

converges to the definition of rapidity used in experimental particle physics:

y =3in (25L) (1.67)

Figure 1.22. Pseudorapidity values illustrate on a polar plot

The pseudorapidity does not depend to the longitudinal component of the
momentum p; which is generally unknown for the colliding partons. Then it is
advantage to use it.
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Also, in high energy approximation intervals of the pseudorapidity do not
change with Lorentz boosts, as for rapidity, along the beam direction. The Lorentz
invariant angular distance, An, can also be written as a function of the scattering
angle 6™:

cosf™ = tanh (A?n) (1.68)

The angular separation, AR? = (An)? + (A®)?, which is the Lorentz-

invariant can also be defined using the pseudorapidity.

1.2.3.2. The Tracker

The main requirements of the inner tracking system of the CMS detector
are to provide a precise measurement of the trajectories of charged particles
coming from the interaction point, and also precise reconstruction of secondary
vertices. The design goal of the central tracking system is to reconstruct the paths
of isolated high-energy muons, electrons and charged hadrons with an efficiency
better than 95%, and tracks of particles within jets with efficiency greater than
90%, within a pseudorapidity coverage of |5| < 2.5, as well as to see tracks coming
from the decay of very short-lived particles such as b-quark, with high momentum
resolution and efficiency. It provides absolute, efficient measurement of charged
particles trajectories coming from the interaction points. However, the tracker is
the closest sub-detector to the beam axis where the collisions take place. A
homogeneous 4 T magnetic field is provided by the CMS solenoid, over the full
volume of the tracker.

A schematic drawing of the CMS tracker system is given in Fig. 1.23. Each
line represents a detector module. Double lines indicate back-to-back modules
(Chatrchyan et al., 2008a). The length and diameter of the tracker, which surrounds
the interaction point and is a cylindric structure, is 5.8 m and 2.5 m, respectively.

At LHC luminosity of 103*cm=2s~1 approximately 1000 particles will be created
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for each bunch crossing that occur every 25 ns. Hence, the tracker detector is
expected to have high granularity and fast response. In addition, due to the fact that
the large number of particles occurs at each collision, the tracking system is
exposed to severe radiation. The inner tracking system consists of two main silicon
sub-detectors. The first one, the pixel detector as the innermost structure, comprises
of 3 barrel layers at a radius between 4.4 cm and 10.2 cm. The second detector is
the strip tracker with 10 barrel detection layers extending outwards to a radius of
1.1 m. Each system is completed by endcaps, which consist of 2 pixel layers in the

pixel detector, 3 inner and 9 outer forward disks.
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Figure 1.23. Schematic cross section through the CMS tracker

The Tracker Inner Barrel (TIB) and the Tracker Inner Disk (TID) extends
up to a radius of 55 cm and consists of 4 barrel layers that supplemented by 3 disks
at each end. The Tracker End Caps (TEC) covers the region 22.5 < |r| < 113.5 cm
and they are consisting of 9 disks. The outer radius of the Tracker Outher Barel

(TOB) is 116 cm and consists of 6 barrels. For high momentum muon tracks
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(100 GeV), the transverse momentum resolution is about 1-2% in the central region
|#|=1.6, beyond that the transverse momentum resolution is degrades because of the
reduced lever arm.

In the following section, some information is given about the pixel
detectors at the very core of the detector dealing with the highest intensity of

particles and the silicon microstrip detectors that surround it.

1.2.3.2.(1). The Pixel Detectors

The Pixel Detector is the closest part of the tracking system to the collison
point. Precise tracking points in the 3D space with a spatial resolution in the range
of 15-20 pum are provided by this detector and it is required for accurately
reconstruction of the charged track. It has an ability to determine the impact
parameters of the charged particles due to its high position resolution. In addition,
reconstruction of the secondary vertices in three dimensions allows efficient
identification of b and t-jets. It consists of three barrel layers (BPix), which has
two end cap disks (FPix) on each side of them. The three barrel layers, BPix, are
located at mean radii of 4.4 cm, 7.3 cm, respectively and 10.2 cm, and have a
length of 53 cm. The two end cap disks, FPix, are extending from 6 to 15 cm in
radius and are placed on each side at |z| = 34.5 cm and |z| = 46.5 cm from the
interaction point. The spatial resolution is about 15-20 um for the z-direction and
10 um for measurements in the r-Q plane, and each pixel is 125x125 um?2. The
pixel detector covers a pseudorapitiy range |#|=2.5, matching the acceptance of the
central tracker as seen in Fig. 1.24. All the pixel system consists of about 1440
pieces of silicon modules with a total of 66 million readout channels allowing it to

track the paths of particles emerging from the LHC collision.
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Figure 1.24. Geometrical layout of the Pixel detector (Bayatian et al., 2006)

There is a very high track rate and particle fluences around the interaction
point so pixel detector needs to have a radiation tolerant design. A n+ pixel on the
n-substrate detector design allows it to work even at very high particle flows.
Because of the high radiation environment in the CMS, pixel detectors should be

replaced throughout the experiment period.

1.2.3.2.(2). The Silicon Strip Detectors

The silicon strip detector is a subdetector, based on micro-strip silicon
devices and located at the intermediate region of the tracking system. The micro-
strip silicon detectors were used between 20 and 130 cm, of the inner detector. The
particle flux is reduced significantly in the intermediate region compared to the
innermost region. The minimum cell size is 10 cm ~ 80 um and the occupancy rate
per LHC crossing is about 2-3%. The strip detector along with the Pixel Detector is
used for pattern recognition, track reconstruction and momentum measurement for
all tracks above 2 GeV/c transverse momentum originating from high luminosity
interactions at v/s = 14 TeV.

The silicon strip tracker is consists of 15148 detector modules distributed
among the four different subsystems (TIB, TID, TOB, TEC). Each module
contains either one thin (320 pum) or two thick (500 um) silicon sensors. In

addition, the silicon strip detector consists of 25000 strips. Moreover, this detector
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composed of 4 inner layers (TIB) and 6 outer barrel layers (TOB). On each side of
the TIB, there are three mini disks (TID). Each endcap region composed of 9 disks
(TEC). Fig. 1.25 indicates longitudinal view of the silicon strip tracker (one

quarter).

1.2.3.3. The Calorimeters

The calorimeters are experimental apparatus used to measure the energy of
particles. The calorimeters of the CMS play an important role in the use of physical
potential. The CMS calorimeters design goal is to identify and measure precisely
the energy of photons, electrons and hadrons (jets) and to provide hermetic
coverage for measuring missing transverse energy, E. ;.. Additional requirements
for the calorimeters are include good efficiency for photon and electron
identification, good separation of TT-Hadronic decays from normal QCD jets, and
excellent background rejection for hadrons and jets. After entering the calorimeter,
most particles start a particle shower, and their energy is completely absorbed and
converted to a measurable signal. Basically, the CMS calorimeter system has two

layers. The first layer is the electromagnetic calorimeter called ECAL.
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Figure 1.25. Longitudinal view of the silicon strip tracker (one quarter) (Moortgat,
2004)
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The ECAL is used to measure the energy of particles which interact
electromagnetically such as photons and electrons. The second layer is hadronic
calorimeter, also called HCAL. This calorimeter used to measure the energy of
strongly interacting particles, hadrons (e.g. p, n, m°, m*, K etc.).

The neutrinos interact only via weak interaction and their interaction cross
section is so small. They escape all CMS without interacting with matter. These
particles can be observed indirectly as imbalanced event energy in the transverse
plane. This imbalanced event energy in the transverse plane is called missing
transverse energy and it is denoted by ET ;... This energy plays an important role
for new physics searches like SUSY. Fig. 1.26 is illustrated the locations of the
ECAL and HCAL (quarter slice-longitudinal cross section) in and around the CMS

magnet.

Radius [m]

Distance [m]
Figure 1.26. Location of the ECAL and the HCAL detectors in and around the
CMS magnet (Abdullin et al., 2009)
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1.2.3.3.(1). The Electromagnetic Calorimeter

The ECAL (The CMS Collaboration, 1997b) is the sub-detector of CMS
detector, used to the measure the energy and position of electrons and photons. The
ECAL detector is of course very important also in the measurement the energy and
position of hadronic jets since hadrons begin showering and lose some of their
energy in ECAL. Especially, the ECAL have been designed for the measurement of
a low-mass Higgs boson in the decay channel H — yy, and it played very an
important role in the Higgs boson's discovery. The solution chosen to achieve the
required energy resolution is the hermetic, homogeneous ECAL, consist of 75848
lead tungstate (PbWQO,) crystals with about 2.2 x 2.2 x 23 cm3 in size. 61200 of
these crystals are in the barrel part and 7324 crystals are in the two endcaps. The
PbWO, have a short radiation length (0.89 cm), a high density (8.28 g/cm?) and a
small Moliere radius (2.2 cm), these features let to design a fine-grained and
compact calorimeter.

The structure of ECAL is divided in a central cylindrical part (the barrel)
and two endcaps. It remains between the tracker and the HCAL. An additional
preshower detector is placed in front of the endcaps. A 3D view of the ECAL
detector is given in Fig. 1.27a: preshower, endcap and barrel are visible and a
H — yy event is shown for illustrative purpose. Fig. 1.27b illustrates a geometric
view of one quarter of the ECAL in the longitudinal section.

The pseudorapidity coverage of geometrical crystal extends to |n| < 3.
The transverse granularity of An x A® = 0.0175 x 0.0175, corresponding to a
PbWO, crystal face of 2.2x2.2 cm, matches the PbWQO, Moliere radius of 2.2 cm.
The small Moliere radius, by reducing the area over which the energy is summed,
reduces the effect of pile up contributions to the energy measurement of particles.

In the endcaps, (1.48 < |n| < 3.0), the granularity increases progressively

to a maximum value of An x A® = 0.05 x 0.05. A PbWOQO, crystal has a length
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of 23 cm in the barrel region and 22 cm in the endcaps. Because of the existence of
a preshower in the endcap region, slightly shorter crystals are used.

25
Tt N V4 |

Figure 1.27a. The ECAL in a 3D view with candidate Higgs boson decaying into
two photons (large green towers)
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Figure 1.27b. A geometric view of one quarter of the ECAL in the longitudinal
section (Bayatian et al., 1997a)

For the energies between 25 GeV and 500 GeV, the energy resolution of a

homogeneous calorimeter for photons (these photons are coming from the H—yy
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decay) and electrons can be parameterized as a squared sum of three terms
(Chatrchyan, 2008a):

@ -+ @)+ a5

where s is the stochastic term and it depends on fluctuations of the number of
detected photons. N is the noise term and it contains the contributions from
electronic noise and pile-up energy. c is the constant term and this term depends on
lateral containment, non uniformity of response and intercalibration. Also, Energy
(E) is expressed in GeV. The different contributions expected for the energy
resolution summarized in Fig. 1.28. The endcap preshower detector covers a
pseudorapidity range of 1.65 < |n| < 2.61, and they are placed in front of the ECAL
crystals. The main goal of design of the preshower detectors is to provide 7° — y

separation.
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Figure 1.28. Different contributions to the energy resolution of the ECAL
calorimeter (Chatrchyan et al., 2008a)
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1.2.3.3.(2). The Hadronic Calorimeter

The ECAL is surrounded by the HCAL (Bayatian et al., 1997b) inside
solenoid magnet, and measure quark, gluon and neutrino directions and energies by
measuring jets and missing transverse energy, El ..., together with ECAL. The
determination of the jets and missing energy with this way will be very important
for discovery of new particles (like SUSY partners of quarks and gluons) and their
phenomena. The HCAL calorimeter finds a particle’s energy, position and arrival
time using alternating layers of absorber and fluorescent scintillator materials that
produce a rapid light pulse when the particle passes through. Special optical fibres
collect up this light and sends to read-out boxes where the photo-detectors amplify
the signal. When the amount of light in a particular region is summed over a layer
of many tiles at a depth, called a tower, this total amount of light is a measure of
the energy of a particle. The HCAL extends radially from the outer surface of the
ECAL to the inner surface of the magnet from 1.77 m to 2.95 m.

In order to provide the most important requirements (hermeticity, good
transverse granularity, good containment of the hadron shower), the HCAL
consists of four sub-detector which are barrel (HB and HO), endcap (HE) and

forward (HF) sections:

There are 36 barrel wedges which have 26 tons weight. While these
constitute the final layer of the detector inside the magnet coil, a few
additional layers, the outer barrel (HO), sit outside the magnet coil,
ensuring no energy leaks out of the back of the HB.

The HE consists of a 36 endcap wedges and is used to measure the
energies of the particles that emerge along the ends of the solenoid magnet.
The two hadronic forward calorimeters (HF) are located at either end of the
CMS, for collecting the myriad particles coming out of the interaction

point from narrow angles relative to the beam line. These receive the bulk
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of the proton beams energies contained in the collision, so they must be
very resistant to radiation and use different materials for the other parts of
the HCAL calorimeter.

A longitudinal view of a quadrant of HCAL is illustrated in Fig. 1.29. All
of the HCAL calorimeter components are visible: HB, HE, HO and HF.

The hadron barrel part of the HCAL (HB) covers the pseudorapidity range
|#7] < 1.3 and is located inside the magnetic coil. It consists of 2304 towers. Each
tower consists of alternating layers of non-magnetic brass absorbers and plastic
scintillators material. The reason why the absorber material is not magnetic should
be that it does not affect the magnetic field. Also, HB is divided into two half-
barrels, (HB+ and HB-) and each section consists of 18 identical azimuthal wedges,
resulting in a segmentation of Ay < A® =0.087 x 0.087.
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Figure 1.29. Longitudinal view of one quarter of the detector in the rm-plane,
showing the positions of the HCAL parts: hadron barrel (HB),
hadron outer (HO), hadron endcap (HE) and hadron forward (HF)
(Chatrchyan et al., 2008a)
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The two HE cover the pseudorapidity range 1.3 < || < 3.0. They are
placed at the end of the CMS detector and so that it is allowed to contain magnetic
material. The brass is used here as an absorber material. The granularity of HE
begins from An x A® = 0.087x0.087 at |y|< 1.6 up to An x Ad =0.17 x 0.17 at
1.6< || < 3.0.

The combination of EB and HB doesn’t have enough stopping power for
the hadron showers in the central pseudorapidity region. Hence, the HCAL
calorimeter is extended outside the solenoid coil with a tail catcher which covers
the pseudorapidity range of |#| < 1.3. This part of the HCAL is called the hadron
outer calorimeter, denoted as HO. Namely, HO is located outside of the magnet
and it has the task to absorb escaping hadron showers from particles with
transverse energies above 500 GeV. Without the HO calorimeter, these particles
would cause a large missing transverse energy which is not suitable for many
physics analysis purposes. The granularity and pseudorapidity range, |»|, of HO is
the same as the HB.

The HF iron-quartz calorimeters are the forward detectors of the HCAL.
These calorimeters are positioned 11.2 m away from the interaction point to cover
the pseudorapidity region 3.0 < |n| < 5.0. They are located at the both ends of the
CMS. The HF located outside the CMS magnetic coil. This calorimeter is a
cylindrical steel structure and made of iron absorbers and radiation hard quartz
fibres to provide a fast collection of Cherenkov light as the active medium. The
goal of the HF is to improve measurement of missing transverse energies and to
enable identification and reconstruction of very forward jets which are
distinguishing characteristic of several important physics processes. When the
velocity of a charged particle is bigger than the speed of light in the same quartz, it
causes Cherenkov radiation. This radiation produces a signal in HF. Particles that
enter the absorber of a calorimeter initiate showers of particles. The embedded
quartz fibers have two different lengths to distinguish differences between shower

processes. Short and long quartz fibers places separately and readout with
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phototubes. Longer fibers (1.65 m) provide light from EM and hadronic showers in
the absorber while shorter fibers (1.43 m) provide light from the hadronic showers
(Chatrchyan, 2008a). Each HF module has 18 wedges in a non-projective
geometry; quartz fibers extend parallel to the axis of the beam along the length of
the iron absorbers as seen in Fig. 1.30a. The detectors are divided into exactly a
tower geometry. There are 13 towers in n and n segmentations are shown in Fig.
1.30b for HF. The iron absorber has 10 nuclear interaction lengths. Fig. 1.31
presents a cross sectional view of the HF.
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Figure 1.30. a) CMS HF calorimeter production wedges, b) # segmentation and
size increase in HF (Bayatian et al., 2006)

The energy resolution of the HCAL is

o _ 100%
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where ¢ is the uncertainty on the measured energy and E is in GeV. It is worse than

the ECAL resolution, so the energy resolution of the combined calorimeters is

dominated by HCAL.
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Figure 1.31. The cross sectional view of the HF calorimeter (Chatrchyan et al.,
2008a)

1.2.3.4. Solenoid Magnet

In the CMS experiment, a solenoid superconducting coil is used to create a
4 T magnetic field over the entire tracking region (Bayatian et al., 1997c). The
tracking system, ECAL and HCAL calorimeters (except HO) are surrounded by the
coil. The 4 T magnetic field that produced by the superconducting magnet system,
is provide precise measurements of transverse momentum by bending the tracks of
charged particles.

The CMS superconducting solenoid as shows in Fig. 1.32 has an inner
diameter of 5.9 m and is 13 m long. The length/radius ratio of the solenoid and the
high field allows efficient to muon detection and measurement up to

pseudorapidity of 2.4. The magnetic flux generated by the superconducting coil is

66



1. INTRODUCTION Serdal DAMARSECKIN

returned with a 1.5 m thick saturated iron yoke (Return Yoke) where the field is 1.8
Tesla. The Return Yoke is divided into two main components, barrel and endcap
yoke. The barrel yoke, which is 13.2 m long, is designed as a 12 sided cylindrical
structure. The End Cap Yoke is designed to provide access to the forward muon
stations.

The transverse momentum (Py) of a charged particle in a magnetic field is
expressed as:

Pr=03 x B xR (1.71)

where, the radius of curvature of the charged particle and the magnetic field are
denoted by R and B, respectively. The distance from the collision point to the
ECAL surface is nearly 1.3 m. The CMS detector requires a minimum transverse
momentum of P, = (0.3 x4 % 1.3)/2 = 0.78 GeV to allow charged particles to
reach the ECAL surface.

Figure 1.32. The CMS superconducting magnet
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1.2.3.5. The Muon System

The muon system (The CMS Collaboration, 1997a) or spectrometer is
located the outermost of the CMS sub-detectors. This detector, which CMS also
takes its name from, is designed to provide robust muon identification and precise
momentum measurement because muons have an effective role in physics studies.
Although the muons are charged particles like electrons and positrons, they are 200
times heavier than these particles and are the only charged particles that can be able
to pass through the calorimeters without being absorbed at the same time. They
don’t interact much with the atoms because of their heavy mass. For this reason,
they don’t generate electromagnetic showers. High-energy muons (e.g. 5 GeV) can
pass through materials such as copper and steel without losing much energy.
Therefore, the muon detector is placed out of the CMS by covering the tracker,
ECAL, HCAL and bobbin, respectively. Muons are expected to be produced in the
decay of some potential new particles; For example, one of the clearest
“signatures” of Higgs Bozon is the four muon decay. This decay process called
“golden channel” and it is in the formof H - ZZ — 4porH — ZZ' - 4y.

The muon detector covers the pseudorapidity range of || < 2.4. The muon
detector chambers have three purposes: muon identification, muon momentum
measurement, muon trigger and this detector chambers are designed to reconstruct
momentum and charge of muons over the entire kinematic range of the LHC
(Chatrchyan et al., 2008a). Due to the shapes of the sub-detectors of the CMS, the
muon system is naturally made to have a cylindrical shape. The system is divided
into a cylindrical barrel region and two endcaps. The muon system also consists of
three different gaseous detector systems such as Aluminum Drift Tubes (DT),
Resistive Plate Chambers (RPC) and Cathode Strip Chambers (CSC), respectively.
In the barrel region, the magnetic field (4 T) is uniform, the muon rate is low and
muon system uses DT. In the two endcaps regions, the muon rate is high, the

magnetic field is large and non-uniform and the muon system uses CSC.
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DT chambers and CSC detect muons in the regions |5|<1.2 and 0.9<|y|<2.4,
respectively, are complemented by a system of RPC covering the pseudorapidity
range || < 1.6. Also, drift tube (DT) chambers are organized into 4 stations. The
first 3 stations contain 8 chambers each of which measure the muon coordinate in
the r — @ bending plane and in the z direction, through the beam line. The fourth
station, which does not contain the z-measuring planes, is used to achieve the best
angular resolution. The Fig. 1.33 shows layout of the CMS muon systems and the

Fig. 1.34 shows a transverse view of the CMS barrel muon DT.

1.2.3.6. The Data Acquisition and Trigger System

The proton-proton and lead-lead (heavy-ion) collisions occurs at high
interaction rates as mentioned of section 1.2.2 at the LHC. The beam crossing
interval is 25 ns for the protons, and this corresponding to a frequency of 40 MHz.
Several collisions are expected during each crossing of the proton beams, which
vary depending on the luminosity. It is expected that an average of 20 simultaneous
inelastic proton-proton collisions occuring at a nominal design luminosity of
103*cm~2s~! at the v/s = 14 TeV. This corresponds to about 10° collisions per
second. Since the nominal event size is about 2 MB, this is also corresponding
about 100 TB per second. Due to the high rate of p-p interactions, it is practically
impossible to store and process the large amount of data. Hence, an extreme rate
reduction has to be achieved. This task is performed by the CMS Trigger system
and is known as the start of the physics event selection process. The goal of the
CMS trigger systems is to lower the event rate from 10° Hz down to of 103 Hz,
the maximum rate that can be archived by the online computer farm. Reduction of

the event rate is performed in two steps by the CMS Trigger system:

Level-1 (L1) Trigger,
High-Level Trigger (HLT).
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Schematic view of the CMS trigger and DAQ system is shown in Fig. 1.35.
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Figure 1.33. The Layout of the CMS muon system (CMS Collaboration, 2012)

Figure 1.34. A transverse view of the CMS barrel muon DT chambers
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Figure 1.35. CMS trigger and DAQ system (Bayatian et al., 2006)

1.2.3.6.(1). The Level-1 Trigger

The Level-1 (L1) triggers include the muon systems and calorimetry and
some correlations of information between these systems and is designed to keep or
delete the data and consists of custom-designed hardware processors, mostly
programmable electronics. The maximum rate of the trigger is 100 kHz, and this
rate limited by the speed of the detector readout programmable electronics. The L1
decision depends on the subsistence of “trigger primitive” local objects like
electrons, muons, photons and jets above set E; or Py thresholds. At the same time
it is using global sums of E™S and E; (Chatrchyan et al., 2008a). Calorimeter and
muon system, which are analysis the data locally, are working in parallel. They
then combine the data and generate output that is passed on to DAQ. Because of
the L1 trigger system is positioned outside the detector (about 90 m), there is a
latency of 3.2 x 10°s between the bunch crossings. The purpose of the L1 trigger
system is to analyse the every 40 MHz proton-proton collision and to reduce the
data rate passed on to the HLT to 100 kHz. As shown in Fig. 1.36, the L1 trigger is

separated to three basic subsystems because of its high efficiency.
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L1 Calorimeter Trigger,
L1 Muon Trigger,
L1 Global Trigger.

As shown in Fig. 1.36 the L1 Global Trigger combines the outputs of two
triggers (L1 Calorimeter Trigger and L1 Muon Trigger). However, the L1 Muon
Trigger is known as the L1 Global Muon Trigger, which combines specific triggers
from RPC, CSC and DT. After the decision whether taking or discarding data from
a particular bunch crossing the data is sent to the HLT system at 100 kHz output

rate for further evaluation.
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Figure 1.36. Level-1 Trigger architecture (Chatrchyan et al., 2008a)

1.2.3.6.(2). The High Level Trigger

The High Level Trigger (HLT) system is a customizable software system
that can be implemented in a filter farm containing about one thousand commercial
processors and uses the detector signals passing through the L1 trigger. However,

the HLT is responsible for reducing the L1 output ratio to 100 Hz. It can run at
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high resolution and ensure precisely reconstruction of the event. The HLT
decisions are based on the information of all sub-detectors, in which includes the
data from the tracker and the full granularity of the calorimeters. The HLT Trigger
receives an average event every 10 ps. Since this time is long enough, algorithms

can be used for offline reconstruction of the events.

1.2.3.7. The Software and Computing

The CMS software and computing systems must have a wide variety of
functions including construction, design, calibration, and evaluation of the detector.
Supporting the storage, transfer and manipulation of the received and recorded
collision data during the experiment are of the important tasks. The system
retrieves detector information from the DAQ system and ensures that the raw data
is safely prepared. In addition, the system, which performs model recognition,
event filtering and data reduction, supports the physics analysis studies of the CMS
collaboration. The system must also supports production and distribution of the
simulated data, and access to conditions, calibration information and other non-
event data.

The CMS software system performs various event processing, selection
and analysis tasks. The software should be developed taking into account factors
such as performance, sustainability, modularity, flexibility, documentation and
quality assurance. The CMS adopts object-oriented development method which is
based on the C ++ programming language.

The aims of the CMS Framework and Event Data Model (EDM) are to
facilitate the development and use of analysis software and reconstruction. The
central concept of the CMS EDM is the event. The events that enable access to the
recorded data are stored as physically persistent ROOT files. The event is used by
various physics modules. These modules can read the data from the event or
automatically add new data with provenance information. The modules aim to

allow independent development and validation of separate components of
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reconstruction, simulation, triggering and analysis. The modules operate
independently of each other, but they communicate only through the event. The
CMS Application Framework is shown in Fig. 1.37.

The CMS computing system has various event formats such as RAW,
RECO (Reconstructed) and AOD (Analysis Object Data). These event formats
have different detail and precision levels to achieve the required level of data
reduction.

The RAW Event format does not only contain information that is full-

recorded from the detector but also includes a record of the trigger decision.
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Figure 1.37. The CMS Application' Framework with modules

However, the RAW root files also contain raw form information such as hit
and energy deposits on the recorded event. While the RAW data is stored
permanently and securely at approximately 1.5 MB/event size, the RAW format
size is to approximately 2 MB/event when MC real information is added to these
data. The biggest contribution to this RAW data is expected from the silicon strip
detector.

RECO data is generated by applying a few level pattern recognition and

compression algorithms to the RAW data, including detector specific filtering and
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correction of digitized data such as cluster- and trackfinding, primary and
secondary vertex reconstruction, and particle ID (Chatrchyan, 2008b). RECO
contains high-level physics objects such as jets, muons, electrons, b-jets, etc.
objects selected from reconstruction modules, and it is quite large, at the level of
500 kB/event. After these arrangements, it is important that RECO data have
access to reconstructed physics objects in a format suitable for physics analysis.

AOD is containing only high-level objects and is the compact analysis
format which is produced by filtering of RECO data. The size of the AOD data
format is about 50 kB/event after filtering the RECO data.

A computing system with such a scale has arranged the CMS offline
computing system in four tiers in order to entirely hosted at one site the AOD
events. These tiers are Tier-0, Tier-1, Tier-2 and Tier-3 respectively and each of
them providing several resources and services. The raw data passing through the
HLT trigger and CMS Online DAQ system is stored in storage facility at CERN,
known as Tier-0 and there is only one Tier-0. The Tier-0 centre achieves prompt
first pass reconstruction and then it distributes RAW and processed data to a set of
large Tier-1 centers in CMS collaborating countries. There are seven centers and
they are responsible for the safe keeping of a copy of the RAW data. At the
beginning of the data, 2 copies of the reconstructed data are kept in the Tier-1
centers, but then this number decreases to 1 owing to the amount of data increases.
These centers must have enough CPU power to be able to perform large scale
reconstruction steps. However, these centers offer services for skimming,
calibration and other data-intensive analysis tasks. A more numerous set of Tier-2
centers provide analysis activities and specialized activities such as offline
calibration, and detector studies and production of MC simulation. The Tier-3
centers, which are providing best effort computing capacity for the collaboration,
interactive resources for local groups are provided. The CMS users usually rely on

Tier-2 or Tier-3 resources as their base for analysis with the Tier-1 centers which
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are providing the large-scale facilities (Bayatian et al., 2005). The data flow

between CMS Computing Centers is shown in Fig. 1.38 (Chatrchyan et al., 2008a).

o 711 25 T2

Tier 2 'ﬂerzm'rmz

Tier 2 | Tier 2 Wl Tier 2

CMS-CAF
{CERN Analysis Facility)

Tier 2 il Tier 2 || Tier 2

Figure 1.38. The data flow between CMS Computing Centers
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2. MATERIAL AND METHOD

2.1. Jet Reconstruction at CMS

Parton model is successful in describing many features of the strong
interactions that are observed in hard scattering processes. For example, the
Bjorken scaling observed in deep inelastic regime for the scattering of electrons off
nucleons, the dynamics of the Drell-Yan processes and the physics of jets can be
easily understood in the context of the parton model. The main processes that could
provide clear experimental tests for the theory of hadronic interactions - QCD — are
the qg,qg, qg ... etc. scatterings. These processes can be studied in the production
of large transverse momentum jets in hadron-hadron collisions. In this chapter we
will define appropriate kinematical variables for the studying jets which simplifies
most the calculations and theoretical analyses. Further details on theoretical
background and also a comprehensive review of the CMS experiments along with
many features which are interesting from the experimental side may be found in
(Ellis, 1996).

2.1.1. Theoretical Background

The high energy scattering of two hadrons is a result of a more
fundamental interaction between their constituents, i.e. quarks and gluons. This is
the most common case of hard interaction at hadron colliders which takes place by
the scattering of one of the partons of the proton and one of the partons of the
(anti)proton, respectively. As already defined in Eq. 1.21 these constituents may
have an arbitrary momentum inside the hadrons and since they are confined into
the parent hadrons, then, the total cross section of the scattering initiated by two

hadrons with 4-momenta P, and P, was given by

s(R.P,) = &y £, o, m2 ) (m2 8, (pu b2 (m2) @2 /m2) (2)
L]

7



2. MATERIAL AND METHOD Serdal DAMARSECKIN

The partons involved in the hard scattering carry a fraction of the proton
momentum. The fraction of the total momentum of the proton is commonly called
X. In the above formula, we have used the notation p;, = x, P, and p, = x, P, for
the participating partons. Also, Q is the characteristic scale of the hard scattering
which could be, for example, the mass of a weak boson or a heavy quark, or the
transverse momentum of a jet. The functions f(x;, p;) are the usual QCD parton
distributions, defined at a factorization scale p. The main quantity of interest here is
the fundamental cross section for the scattering of partons of types i and j which we
have denoted by ;. On the other hand, due to the coupling strength for the strong
interaction is small at high energies, the fundamental cross section can be
calculated by using a perturbation series in the running coupling a,. Note that for
the LO Feynman diagrams for qqg, the resulting cross sections are proportional to
a2. When protons and antiprotons collide to each other, in most of the cases, only
two of the partons interact in a hard scattering process while the remnants of the
protons and (anti)-proton hadronise to form jets and scattered in a very small angle

to the initial beam direction.

2.1.2. Coordinate Systems and the Kinematics

Quarks and gluons cannot be observed in free form because of QCD
confinement. The confinement results in hadronization of jets into hadrons.
Therefore, a proton is a manifestation of a jet in the fundamental level which has
been materialized as a spray of energetic hadrons. Fig. 2.1 shows the evolution of a

jet in its simplest form (Salam, 2006).
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“calorimerer jet™

™= W“parton jet"

Figure 2.1. Evolution of a Jet

Events in which jets are created are used to understand the hadronic
interaction. They can also be used to search for signatures of new physics in
strongly interacting systems. A right handed coordinate system can be used to
describe the kinematics of the jets. It is useful to take the z axis along the beam
pipe. The origin of this system is chosen in the centre of the detector. An
alternative coordinate system can be also used at hadrons colliders. This system
exploits the cylindrical symmetry of the detector. The polar angle in this coordinate
system is 6, the azimuthal angle is @, and the distance from the beam pipe is called
r. More commonly, the direction of particles is given in ®, y or n which

respectively are called the rapidity or pseudorapidity and are defined as

y= %ln (ii—:) (2.2)
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n=-In (tan (g)) (E~p>»m) (2.3)

This variable is used instead of 6 because An is invariant under Lorentz
transformations along the z-axis. This is very convenient, since the momentum
along the z-axis is not always zero in the p-p centre-of-mass system. On the other

hand, ® does not depend on z. Another appropriate observable is the transverse

momentum Pr = /sz + P7 which is commonly used in jet physics calculations.

The four components of momenta can be written as (Ellis, 1996)

ph = (JPtZ + m2 cosh(y) , P;sSin®, / P? + m? sinh(y)) (2.4)

A jet may be defined as a cluster of transverse energy E in a cone size AR
which is given by (Ellis, 1996)

AR = J(An)? + (AD)? (2.5)

and

ET]-et = Ziejet Er, (2.6)
1

njet = Er Ziejet ETL-ni (2-7)
jet
1

Djer = ?Zie]et Er,®; (2.8)
jet

80



2. MATERIAL AND METHOD Serdal DAMARSECKIN

2.1.3. Jet Types at CMS

As known at the moment there are 4 types of reconstructed jets at CMS
depending on the utilized subdetectors. These jets differently combine individual
contributions from sub-detectors to form the inputs to the jet clustering algorithm.
These jet types are: Calorimeter jets (Calojets), Jet- Plus-Track jets, Track Jets and

Particle-Flow jets, respectively.

2.1.3.1. Calorimeter Jets

These jets are depending on the reconstruction of energy deposits in the
ECAL and HCAL cells to combine into calorimeter tower (Zielinski et al., 2010).
The towers of each calorimeter, which are consists of one or more HCAL cells and
the geometrically corresponding ECAL crystals, are the input into jet
reconstruction algorithms. The structure of calorimeter tower which depends on n
region of the CMS calorimeters, is built of unweighted sum of one single HCAL
cell and 5 x 5 ECAL crystals in the barrel region (|n| < 1.4), while it is more
complex in the endcap regions (1.4 < |n| < 3.0) of ECAL. Energy thresholds
have been applied to the energy deposits in the cells to suppress the contribution
from calorimeter readout electronics noise when building calorimeter towers.
These threshold values are shown in Table 2.1 (Zielinski, 2010). In addition, to
suppress contribution from p-p interactions in the same bunch crossing (pile-up)
calorimeter towers with the transverse energy of E£°We™ < 0.3 GeV are not used
in jet reconstruction. In Fig. 2.2 a sketch of the so-called “calorimeter towers” for
the barrel region is shown. 5x 5 ECAL-cells and one HCAL tower are logically
combined to form a calorimeter tower in the barrel region (Kirschenmann, 2010).
In the mean time calorimeter segmentation in n and ¢ with energy deposition in
calorimeter towers for dijet event is shown in Fig. 2.3 using event display. The red
part and blue part, respectively shows energy deposition in ECAL and HCAL. The
red part and blue part shows energy deposition in ECAL and HCAL, respectively.
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Table 2.1. Threshold values of Calorimeter cell (Zielinski et al., 2010)

Section Threshold (GeV)
HB 0.7
HE 0.8
HO 1.1/3.5(Ring 0/ Ring 1,2)
HF (Long) 0.5
HF (Short) 0.85
EB 0.07 (per crystal, double sided)
EE 0.3 (per crystal, double sided)
EB Sum 0.2
EE Sum 0.45
HCAL tower
ECAL-cells

5x5 cells — EéAL tower
Figure 2.2. Sketch of calorimeter towers used for jet clustering

Oy borenry it Er03 Ga'¥ s thown

CME. Dapdibvad ::I.HE_.{'"N
Fan ' Ewpvi 140060 7 1910340
™ Lund Sccior: 21 |

Figure 2.3. Observed dijet event in the CMS calorimeters
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2.1.3.2. Jet-Plus-Track Jets

In this jets algorithm, jets are reconstructed using energy deposits in
calorimeter towers and their energy are corrected using information of the
calorimeter jets and the momentum of charged particles measured in the tracker
(Nikitenko, 2009). In addition, the algorithms have been provided an improvement

on the pr response and resolutions of calorimeter jets at low p.

2.1.3.3. Track Jets

Track jets are reconstructed only from track of the charged particles
measured in the CMS central trackers. These jets are completely independent from
the calorimetric jet measurement (Azzurri et al., 2010). These jets also have been
provided a very reliable way to find jets of any energy, even down to very low p,
of a few GeV/c.

2.1.3.4. Particle Flow Jets and Reconstruction

The Particle Flow (PF) (The CMS Collaboration, 2009) is a full event
reconstruction technique which aims to reconstruct all stable particles, such as
muons, electrons, photons, charged hadrons and neutral hadrons, produced in a
given proton-proton collision. To accomplish this, it uses all of the CMS sub-
detectors with all the details and associates the information contained in them to
optimize particle reconstruction and identification performance. The design of the
CMS detector is very suitable for the event reconstruction. The large silicon tracker
and immersed 3.8 T magnetic field allows precise and efficient charged particle
detection for transverse momenta such as 150 MeV, and the crystal
electromagnetic calorimeter provides excellent resolution when measuring photon
and electron energies. Charged particles, hadrons and photons constitute an average
of 85% of one jet energy, so only 15% will be reconstructed individually in the

hadronic calorimeter.
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First, the PF algorithm collects the reconstructed hits separately for each
sub-detector and then creates a list of basic reconstructed elements (blocks), ie
charged tracks in the tracker, clusters of energy deposits in the calorimeters. Once
the blocks have been constructed, a connection algorithm directs the particles that
are topologically compatible to the particle flow particle candidates. Because of the

type of blocks involved in their reconstruction, PF candidates may be of different

types:

electrons originate from the connection between a charged track and one or
more ECAL clusters, provided that an electron identification set of criteria
is satisfied;

charged tracks that are not defined as electrons and are linked to any
number of calorimeters (HCAL or ECAL) are reconstructed as charged
hadron candidates;

ECAL energy deposits that are incompatible with charged tracks give way
to photon candidates;

the energy deposits in the HF calorimeters are reconstructed as HF
electromagnetic or hadronic particle candidates on the basis of the depth
that the energies emerge in the HF quartz fibers;

lastly muons are reconstructed and identified with a great efficiency and

purity from the combination of the tracker and muon chamber information.

The creation of the PF candidate list represents the PF description of a
proton-proton collision given in the CMS, as it attempts to best reflect the actual
particle composition of the event. PF jet reconfiguration is a matter of choosing the
jet algorithm on which PF candidates can be clustered, as it is discussed in the next

topic.
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The PF jet spatial resolution and momentum have been greatly improved in
terms of calorimetric jets because the use of tracking detectors and the high
granularity of the ECAL provide the resolution and measurement of the charged
hadron and photons in a jet, which accounts for 85% of the jet energy. However,
the non uniformity of the jet response as a function of p; and n requires that jet

energy be corrected as described in Sec. 2.1.5.

2.1.4. Jet Clustering Algorithms

Jet clustering algorithms are one of the most important tools for analyzing
data from hadronic collisions in LHC. Clustering algorithms of jet are form a jet
from a single hard-isolated particle composed of hadronic collisions. Jet
reconstruction algorithms are used to provide a set of rules for clustering particles
or calorimeter towers based on proximity into jets to reconstruct the jets. A “good”
jet clustering algorithm must satisfy the some criteria which are decided by
experimenters and theorists as listed below with the same features (Salam et al.,
2010).

It should be independent of detector structure and should be simple to
implement in an experimental analysis,

It should be simple to implement in the theoretical calculation,

It should be defined at any order of perturbation theory,

It should yield finite cross sections at any order of perturbation theory,

It should producing a cross section that is relatively insensitive to
hadronization effects,

It should satisfy infrared and collinear safety.

One of the basic requirements for jet algorithms is Infrared and Collinear

(IRC) security. According to the definition of “infrared safety”, the addition of a
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soft gluon should not change the results of the jet clustering. Collinear safety is that
splitting one parton into two partons or a gluon splitting in two quarks should not
change the results of the jet clustering (Salam, 2007). The configurations of non-
infrared and non-collinear safe algorithms are shown separately in Fig. 2.4. A

whole family of collinear-safe algorithms and infrared-safe algorithms are the k

algorithms.
A
No soft radiation Presence of soft radiation
A
No splitting parton splits in two

Figure 2.4. Infrared safety (top): adding a soft gluon not changing the jet
clustering results, Collinear safety (bottom): splitting one parton into
two collinear partons not changing the jet clustering results

There are three types of jet reconstruction algorithms generally used by the
CMS experiment. These are Iterative Cone Algorithm, Seedless Infrared Stable
Cone (SISCone) Algorithm and Anti- k- Algorithm, respectively. These jet

algorithms are discussed below.

86



2. MATERIAL AND METHOD Serdal DAMARSECKIN

2.1.4.1. Iterative Cone Algorithm

This algorithm is a simple cone-based algorithm that has a quick response
and is often used for triggering purposes. Namely, it is not collinear or infrared safe
algorithm. It is used by the CMS in the HLT because there is a short decision time
(Schieferdecker, 2008). This simple algorithm combines the energy deposits
located in a cone with radius R (given by Eq. 2.9 and R is a dimensionless
parameter and is called the radius of the jet) around the most energetic calorimeter
towers. In this algorithm, one starts to set a seed particle i (or calorimeter tower)
with energy at least 1 GeV, and sums the momenta of all particles j within a cone.
The cone's radius, R, is defined in terms of rapidity y and azimuthal angle @ as

following:

where y; is the rapidity and @; is the azimuth of particle i. This process is repeated
until a stable cone is found. When a stable cone is found it is added to proto jet list
and its components are removed from the inputs list. CMS uses iterative cone

algorithm with cone radius of R = 0.5.

2.1.4.2. Seedless Infrared Stable Cone Algorithm

Existing cone jet algorithms, e.g. the iterative cone algorithm, commonly
used in hadron collisions, takes the all particles as a seed to search for stable cones.
An important problem with cone jet algorithms is infra-red unsafety created by the
addition of a soft particle between two hard particles. This soft particle may behave
like a “seed” and then a third stable cone can be found (Salam, 2007). The solution
of infrared unsafety in such algorithms is usually obtained by adding extra
“midpoint” seeds as shown in Fig. 2.5. Firstly, these algorithms find the stable
cones with true seed particles more clearly in this assumption of the solution. Then
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counterfeit midpoint seeds are added between the pairs of the stable cones. Finally,
new stable cones are investigated. The time takes to find jets among the N particles
goes as Nx2". To solve this problem properly, the cone jet algorithm goes to the
full seedless cone algorithm and the “midpoint” assumption is generalized to 2-
dimensions (2D). Two degrees of freedom have been used to determine the
position of the circle. A dimension has a single degree of freedom (y or ), and two
dimensions have two degrees of freedom (y, ®@). The surrounding of the circle has a

pair of particles as shown in Fig. 2.6 (Salam, 2007).

py/GeV p/GeV
400 400 |
200 4 200 4
L L
100 100 o e
1 -_l'*:-.-; :I_‘ =5 -_]l"'”c.-}: —_I: =
0 T —r—r— T 0 T — T T T
=1 O 1 2 3y =1 0 1 Z Iy

Figure 2.5. Configuration illustrating one of the IR unsafety problems of the
midpoint jet algorithm (R= 1); (left) the stable cones (ellipses) found
in the midpoint algorithm; (right) with the addition of an arbitrarily
soft seed particle (red wavy line) being found an extra stable cone
(Salam et al., 2007)

88



2. MATERIAL AND METHOD Serdal DAMARSECKIN

(@) (b) (©) (d)

Figure 2.6. Some initial circular enclosure (a); moving the circle in a random
direction until some enclosed or external point touches the edge of the
circle (b); pivoting the circle around the edge point until a second
point touches the edge (c); all circles defined by pairs of edge points
leading to the same circular enclosure (d) (Salam et al., 2007)

The time goes as N2In(N) in this seedless cone algorithm, which is
acceptable for hadron, parton and detector level. In this way, it is provided an
acceptable IR safe cone algorithm called the SISCone algorithm. This algorithm
doesn’t work for the events with high pile-up activity and it is not CPU efficient.
Therefore, SISCone is not suitable for the CMS experiment and it is not
recommended as default jet finding algoritm in CMS experiment, but the SISCone
algorithm with R = 0.5 and R = 0.7 cone sizes is still supported by the CMS

experiment.

2.1.4.3. Anti-k; Algorithm

Cambridge-Aachen, k4, anti-k; algorithms may be given in a single type,
the generalized k; algorithm. A whole family of collinear-safe algorithms and
infrared algorithms are the generalized k; algorithms and these algorithms
depending on a continuous parameter, denoted as p (Cacciari et al., 2008). The
generalized k¢ algorithm is based on a pair-wise recombination and it merges two
particles (or calorimeter towers) if their relative Py is less than a given value. The
distance d;; between the particle (or calorimeter tower) i and j, and d; between i

and beam (B) are defined as
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, AR?;
di; = min (p%, v}, ) =2 (2.10)
dip = pF, 2.11)
2 2
ARE = (yi— ;)" + (@ — @) 2.12)

As can be seen from here, R has a similar role as the cone algorithm and k1 is the

momentum of the particle. The following steps illustrate the work steps of the k:

Make a list of particles.

Distances of the d;; and d;5 are calculated.

If the d;; is the smallest, merge i and j into a single new particle and go
back to step I.

Otherwise, if d;5 is the smallest, then remove i from the list and go back to
step I.

Repeat the process until no particles left (Fig. 2.7).

The distance measurement of the d;; and d;5 can be generalized as

| a8
dyj = min (pi?, Py ) 2 2.13)

dis = p2 (2.14)

where values of p are -1; 0; 1. These values represent anti-k;, Cambridge-Aachen

and k., respectively. The k; algorithm with p = 1 means that soft particles are

clustered firstly (Ellis, 1993). For the p = -1, anti-k algorithm is obtained and
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hard particles are clustered initially rather than soft particles (Cacciari et al., 2008).
If p =0, as the third and final value, than an energy dependent clustering algorithm
called Cambridge/Aachen (CA) algorithm (Dokshitzer, 1997). Fig. 2.8 shows the
behavior of the different jet algorithms. The anti-k jet algorithm, which can be
also seen from the Fig. 2.8, gives the best shape of jets. In addition, the k;
algorithm with cone sizes R = 0.4 and R = 0.6 and the anti-k algorithm with cone

sizes R = 0.5 and R = 0.7 are supported by CMS.
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Figure 2.7. A flow chart for the k4 algorithm
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2.1.5. Jet Energy Calibration

As discussed previously, the detector jets are reconstructed and measured
from the detector inputs, and the energies are different from the particle jets. The
difference is coming from non-uniformity of event pileup, detector response and
electronicsnoise. The purpose of jet energy calibration is to relate, on average, the
measurement of the detector jet to the energy of the corresponding particle jet
(Chatrchyan, 2010).

Figure 2.8. Illustration of the behaviors of different jet algorithms at parton level
(Cacciari et al., 2008)

The Jet Energy Correction (JEC) scheme which is used at CMS is based on
a factorized approach (Chatrchyan et al., 2011). Different sets of correction are
defined to study different physical aspects. They are derived in a consecutive way
and, as a rule; they could not be completely interrelated and therefore must be
applied in the correct order.

The levels (L1, L2, and L3) of corrections defined in the CMS are (Harris,
2007):
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Level 1 offset corrections, which requires correction for pile-up and
electronic noise;

Level 2 relative corrections, which requires correction for jet response
versus 7 relative to a control region;

Level 3 absolute corrections, which requires correction for jet response
versus pr in the control region;

L2L3 residual corrections that corrects the residual difference between

simulation and data after the application levels of L1, L2, L3.

As shown in Fig. 2.9, there is a diagram summarizing the jet energy
correction technique in CMS. Starting from the reconstructed raw jets, the order of
correction is shown.

The L1 offset corrections are first level correction derived from the MC
and applied to both the MC and the data. L1 offset corrections for the data include
an additional scale factor which was derived from data driven techniques. L1, L2,
and L3 corrections, which represent bulk of the jet energy corrections (JECS), are
derived from MC and at the same time are applied to both MC and data. The
benefit of relying heavily on simulation to derive the jet energy response is that we
can cover corners of phase space that are not easily accessible in data. In Sec.
2.1.5.1.(1), a more detailed description of MC corrections can be found.

After applying these corrections, the comparison between simulation and data
shows a residual disagreement. For this reason, an additional set of “Residual
corrections” will only be applied to the data to obtain a good data-MC closure.
These corrections have been derived using different techniques and different data
sets such as multijet, dijet, Z + jets, photon + jets. Subsequently, the results are
merged with a global fit to derive the final residual correction factors as a function
of n and p;. Since residual corrections, such as L2 and L3 MC corrections, are

aimed to correct the uniformity and absolute energy scale of the response in the
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detector respectively, L2 is relative and L3 is also referred to as absolute. Further

information on the residual JEC will be given in section 2.1.5.1.(2).

Carrections applied to data >

L2 Residuals () L3 Residuals (pT)

Reconstructed L1 offset L2 Relative i) {dijar) (yiZ+jets M) Calbrated
jets [MC + RC) L3 absohite (py) jets
iMe]
Corrections applied to MC >

Figure 2.9. The schema of the JEC method in CMS

2.1.5.1 Corrections from Simulation
2.1.5.1.(1) Level 1 Offset Corrections

Pile-up corrections are the most important in terms of “size” of the
corrections. The purpose of the offset correction is to estimate and deduct the
unwanted energy from the jet as an average. In other words, purpose is to subtract
the additional energy which is irradiated inside of a jet cone by secondary proton-
proton collisions (the pile-up), on an event-by-event basis. However, the method
used in CMS subtracts also the additional energy coming from the remnants of the
colliding protons, defined as underlying event (UE).

In order to do this, a technique called “jet area method” is used. This
algorithm uses the average energy density by multiplying the effective area in the
jets to calculate the offset energy which is deducted with the jets.

The original method uses only the energy density p and jet area A;. At the
same time, log (pr)-dependent and n-dependent terms also have been added to the
correction to model better the pile-up and underlying event contribution in different
parts of the detector and for different jet energies. The exact correction formula

used in CMS is as follows:

[Po@+p.B(n).(1+y () Log(PE™™) )| 4

uncorr
Pr

Cra (PO 1, Ajp) = 1 = (2.15)
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where Pr™°™  n, A;j, p are the uncorrected reconstructed jet transverse
momentum, jet pseudorapidity, jet area, and the p; offset density per-event
respectively and they are input parameters. Correction of the underlying event
intensity is not clearly present in the Eq. 2.15, but is effectively absorbed in py (7).
The parameter B(n), which is called multiplicative factor, corrects for the non-
uniformity of the Level-1(offset) versus n and the other parameter y(n), which is
called the residual correction, adds the logarithmic dependence from jet pr.

The simulated true offset is determined from the y(n), po(n) and B(n)
parameters. The jet active area is multiplied by the effective energy intensity in
square brackets present in Eq. 2.15 (equal to mR? in case of anti-k; jets) and the
results is subtracted from the jet's energies. Fig. 2.10 shows pile-up offset before
and after L1-Fastjet corrections for Charged Hadron Subtraction (CHS) with PF
AKA4 jets.

After these operations, it will be necessary to add scale factor
data/simulation for the corrections to be applied to the data. The scale factor, given
in Eq. 2.16, is obtained building a Random Cone Centered at (n, ®) and dividing
the mean energy density in the cone in data sample by the actual mean offset in
simulation. By the way, data sample is a zero-bias data. Because this data does not

contain energy deposition from hard interactions and noise contribution is small.

_ 088 (p)data)
SF oREM{p)mc) (2.16)

2.15.1.(2) Level 2 Relative (n dependence) and Level 3 Absolute (pr
dependence) Corrections

The Ry, Which is simulated particle response, is defined as the ratio of
arithmetic means of matched reconstructed and generated particle-level jets p;p
(which is the transverse momentum of the reconstructed jet), in bins of

reconstructed n and particle-level transverse momenta.
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Figure 2.10. Simulated pile-up offset before (Left) and after (Right) L1-Fastjet
corrections for CHS with PF ak4 jets in the barrel (jn| < 1.3)

( TECO)
ptcl((pT) 77) - pT [pT ptcl 77] (2-17)

The process of jet matching is done by radial distance, with maximum at
half the cone size (for R = 0.4 is AR = 0.2). This provides highest matching
efficiency for anti-k jets with unique matches.

The corrections called Level 2 “relative corrections” (L2), are derived first
versus m, to uniform the response in the detector. After that, level 3 “absolute
corrections” (L3) are derived versus jet p; after the implementation of the L2
corrections. Fig. 2.11 shows correction factors of MC corrections for different p,
and n values. Fig. 2.12 shows the response after the implementation of L1+L2+L3

corrections for anti-k jets with R = 0.4 and CHS.
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Figure 2.11. L2 Relative jet energy correction (left) and L3 absolute jet energy
correction (right) as a function of pseudorapidity
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Figure 2.12. Corrected jet response for anti- k jets with CHS and R = 0.4
versus jet py

2.1.5.2. Corrections from Data
After the jets for pile-up and simulated particle response are corrected, the
remaining data/simulation scale factors for JEC are determined (The CMS
Collaboration, 2017). At the same time, corrections need to be propagated to
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missing pr and E;. These corrections for data are first determined with low
statistical uncertainty dijet sample relative to |n|<1.3 over a wide range of p;. This
case gives a relative scale factor, and hence characterizes the L2 relative
corrections, as a function of jet pseudorapidity. The scale of L3 absolute residual
corrections is obtained from a combination of Z — pu + jet, Z — ee + jet, v + jet
and multijet events for jets with n| <1.3 in a more limited range of p; from around
30 GeV and 1 TeV. The fundamental idea is to use the transverse momentum
balance at the hard-scattering level, between the reference object and the jet to be
calibrated: a jet energy scale that is different from the unity produces imbalance at
the reconstruction level.

The jet energy response was investigated by using the MPF (Missing
transverse momentum Projection Fraction) and p balance methods. According to
the py balancing technique, absolute jet energy correction is considering the
balance in the transverse plane between the photon and the recoiling jet. The
photon that used as a reference object is precisely measured in the ECAL
calorimeter. Additionally, according to MPF technique which is the fundamental
technique for absolute jet energy correction of CMS, considers that the y + jet
events have no real missing E and therefore there is a perfect balance between the

photon and the hadronic recoil in the transverse plane:
PY + Ppecoll = 0 (2.18)
This equation can be rewritten for the reconstructed objects as below,

RyPTy + Rrocou P70 = —Ef*™* (2.19)

where R,.c,;; and R, are response of detector to the hadronic recoil and response

of detector to the photon, respectively. If the photons are well calibrated, Ry =1,
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after solving of the above two equations R qcoi gives the definition of the MPF

response that principal technigque for the absolute correction.

E’;‘nissﬁl’ _ R i
— 2T — r}e?cm — RMPF (220)
(Pr) 4

Rrecoil =1

Fig. 2.13 shows MPF response and response of < py /p, >, in data and MC
for PF jets as a function of photon p,. Fig. 2.13 also shows the one-parameter
linear fit function and Data/MC ratios, at the bottom plots. The bottom plot shows
the one-parameter linear fit function and Data/MC ratio (CMS Collaboration,
2010).
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Figure 2.13. The response of the < pr /p, > (left) and MPF response (right) as a
function of photon p; from data and MC for PF jets
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2.2. Data Sample and Selection Criteria
2.2.1. Dataset and Trigger Selection

In this study, the data collected by the PF scouting streams during 25 ns
proton-proton collisions were used. Then scouting triggers were implemented

through RunD. In this study three streams of data were used;

for dijet mass data,
to obtain the trigger efficiency,

to compare scouting jets to fully reconstructed jets.

The dataset is splitted according to data taking periods and the dataset
names, run ranges, the relative integrated luminosity, and their details are
summarized in Table 2.2.

Firstly, Hy > 450 GeV trigger at the HLT was used for the PF scouting
stream. When an event passes the scouting trigger the objects reconstructed at the
HLT trigger are recorded directly bypassing the normal reconstruction. The objects
from the event are stored in special scouting data formats designed to reduce the

event size and provide long-term accessibility of the data.

Table 2.2. Scouting sub-dataset and their integrated luminosity

Purpose Dataset Run range Luminosity
/ScoutingPFHT/Run2015D- 257068 -260858 1
- 1914 pb™
Mass data VI/RAW 914 pb
. /ScoutingPFCommissioning/Run
Trigger 257968 - 260858 | 1913 pb~1
efficiency 2015D-v1/RAW
/ParkingScoutingMonitor/Run
HLT-RECO g 9 257933 - 260858
comparison 2015D-v1/RAW
/ParkingScoutingMonitor/Run2015D-
HLT-RECO 9 9 258159 - 260858
comparison PromptReco-v4/MINIAOD
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Four-momenta of the AK4 PF jets is stored with other information used for
identification (e.g., constituent energies and multiplicities). Any pileup reduction
wasn't applied on the scouting jets. The average event sizes for PF scouting,
MiniAOD and RAW data are 9 kB, 20 kB and 400 kB, respectively.

The dataset of the commisioning includes only scouting events which have
got prescaled triggers to measure the trigger efficiency of the primary dataset.
However, the data sets of monitoring include scouting objects in the RAW data set
and objects that are completely reconstructed for the same events in the MiniAOD
data sets.

The data, which reconstructed at the HLT, analyzed using CMSSW
7_4 X. The good runs and luminosity sections were selected based on silver JSON
files'. The integrated luminosity of the selected data sample is 1.9 fb~?.

The unprescaled trigger path that collects most of the events at high dijet
mass, interesting for this study is the H; > 450 GeV, based on the scalar sum of the
calojets reconstructed at HLT. The HLT trigger turn-on as a function of the

Wide

reconstructed mass of the dijet system m;;*“ is measured using a loose reference

trigger based on Hy calculated at L1. This L1HT path reference trigger threshold
varies between 125 GeV to 175 GeV, depending on the LHC luminosity. These
trigger paths are shown in Table 2.3. There are two versions of the trigger paths, as
it can be seen in the Table 2.3, because of technical reasons: while one does not
include the bTag sequence in the PF, the other one does. The bTag sequence fails
for a very small fraction of events and this causes rejection of this event. Only a
single HT450 path with bTag sequence was active during the first period of data
taking (for run numbers < 259636). In order to cover the full run range, in this
study we use the OR of all the L1 triggers (called LIHT150) as reference trigger
and the OR of all the HLT triggers (called HT450) for the main trigger.

! https://cms-service-dgm.web.cern.ch/cms-service-

dam/CAF/certification/Collisions15/13TeV/Cert 246908-

260627 13TeV PromptReco Collisionsl5 25ns JSON Silver.txt
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Table 2.3. Trigger paths for different run periods

Trigger name Definition Note
DST_LIHTT1250RHTT1500RHTT175_P | LealoHT > Fl’_éssecii:i(r)wrng:Z’gl
FReco_PFBTagCSVReco_PFScouting_v* 125-175 GeV and reference for

(257933 < run < 259636) -
HLT trigger turn-on
L1seed for Btag
DST_CaloJet40_BTagScouting_v* L1lcaloHT > PF scouting path
(run = 259636) 125-175 GeV and reference for
HLT trigger turn-on
L1seed for PF
DST_L1HTT_CaloScouting_PFScouting_ L1lcaloHT > scouting paths
v#* (run = 259636) 125-175 GeV and reference for
HLT trigger turn-on
DST_HT450_$I;§ESSE§;E\S/'i’agCSVReco_ HLTcaloHT > unprescaled, Btag
(257933 < run < 259636) y ol sequence
DST_HT450_BTagScouting_v* (run = HLTcaloHT > unprescaled, Btag
259636) 450 GeV sequence
DST_HT450_PFScouting_v* HLTcaloHT > unprescaled
(run = 259636) 450 GeV

These triggers are basic triggers which were used for many physics
researches beyond SM.

The trigger efficiency was generated as a function of mJy'®

using the dijet
mass variable binning. The denominators are events firstly passing the full dijet
event selection and then passing the LIHT150 trigger. The numerators are events
likewise firstly passing the same selection of the denominator and then are required
also to pass the HT450 trigger selection. The histograms of the numerator and
denominator are illustrated in Fig. 2.14. (Left). The measurement of the trigger
turn-on is illustrated in Fig. 2.14. (Right) and it is obtained using the ROOT
6.02.00 class TEfficiency with the “SetStatisticOption(TEfficiency::kFWilson)”
option. The data were fitted with the following parametrization (Eq. 2.21) in the
range of 453-890 GeV, using the Fit() method of the TEfficiency class which takes

into account the binomial statistics for an efficiency measurement.
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Figure 2.14. Variable binning, Left: The m/Y'®“distributions of events in the data
passing the full dijet event selection plus the trigger selection (all

events are required to pass at least the LIHT150 prescaled, monitoring

trigger), Right: Trigger turn-on of HT450 as a function of m/?¢ (The

i
reference trigger used is LIHT150)

Wide _
€= %(1 +erf (M)) (2.21)

Oeff

The fitted parameters are found as o.rr = 958 +1.2GeV and mesr =
496.92 + 0.56 GeV. The same fit was repeated using 1 GeV bins instead of

variable binning, and the results are shown in Fig. 2.15. The fitted parameters in

case of 1 GeV bins histograms are o,5f = 96.0 = 1.1 GeV and m,s = 495.66 +

0.55 GeV and they seem to be consistent with the previous ones.

The turn on curve of the trigger becomes fully efficient when the dijet mass
is greater than about 670 GeV and they are shown in Fig. 2.14 and Fig. 2.15 (right
figures). Thus the fit to the dijet mass spectrum for background estimate is started
around this point and the full efficient mass region is considered. In this study,
energy around 670 GeV is effectively the lowest energy used for discovery search

for new physics in dijet final state at center-of-mass energy of 13 TeV.
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Figure 2.15. 1 GeV binning, Left: The m}’}”dedistributions of events in data passing

the full dijet event selection plus the trigger selection (all events are
required to pass at least the LIHT150 prescaled, monitoring trigger),

Right: Trigger turn-on of HT450 as a function of m/Y*® (The
reference trigger used is LIHT150)

2.2.2. Monte Carlo Simulation

The MC data, centrally produced for RunlISpring15 campaign, was used in
this study. The GEN-SIM and the DIGI-RECO were produced using CMSSW
7_1 X and CMSSW 7_4_X, respectively. The signal and background samples
were generated with PYTHIA 8 (Sjostrand et al., 2008) using CUETP8ML tune.
These samples were produced using 25 ns bunch crossing spacing and average of
20 pile-up interactions. These values are mimics the LHC conditions. All events

were passed full simulation of CMS detector which is based on GEANT4.

2.2.2.1. Signal

The signal samples of the MC simulation were generated via PYTHIA 8
(Sjostrand et al., 2008) using CUETP8ML1 tune, with the same LHC conditions.
However, the shapes are passed through a full simulation of the CMS detector
based on GEANT4.
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The signal samples are produced with narrow resonances (in other words,
the resonance width was adjusted to be smaller than the experimental mass
resolution in order to minimize detector effects) (Khachatryan et al., 2010).
According to previous researches it is known that the shape of a narrow resonance
is essentially determined by the combination of partons in the initial and final
states. Possible productions of the signal are consisting of three different decay

modes and are given as follows:

gg — RS Graviton(G) - gg
gg — RS Graviton(G) - qq
qg — excited quark(g*) - qg

where any quark/antiquark is denoted by “q” and gluons are denoted by “g”. For
each of these processes, there are eleven samples at eleven different mass points
between 500 GeV and 9 TeV, and about 100,000 events per sample. The dataset

used in these studies are given in Table 2.4.

2.2.2.2. Background

The MC samples used for the QCD multijet background studies are
generated with PYTHIA 8 using CUETP8ML1 tune. These samples are binned in
transverse momentum (py) starting at 50 GeV. The list of MC dataset for QCD
background in RunlISpring15 with number of events, corresponding cross section

and integrated luminosity are given in Table 2.5.
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Table 2.4. The MC dataset for dijet resonances in RunliSpring15 with numbers of

events
Dataset Events
/RSGravitonToGluonGluon_kMpl01_M_500_TuneCUETP8M1_13TeV_pythia8/RunlISpr 99 600
ing15MiniAODv2-74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/RSGravitonToGluonGluon_kMpl01_M_750_TuneCUETP8M1_13TeV_pythia8/RunlISpr 100 000
ing15MiniAODv2-Asympt25ns_74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/RSGravitonToGluonGluon_kMpl01_M_1000_TuneCUETP8M1_13TeV_pythia8/RunllS 91 605
pring15MiniAODv2-74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
IRSGravitonToGluonGluon_kMpl01_M_2000_TuneCUETP8M1_13TeV_pythia8/RunllS 99 425

pring15MiniAODv2-74X_mcRun2_asymptotic v2-v1/MINIAODSIM

/RSGravitonToGluonGluon_kMpl01_M
3000_TuneCUETP8M1_13TeV_pythia8/RunllSpring15MiniAODv2- 100 000
74X_mcRun2_asymptotic v2-v1/MINIAODSIM

/RSGravitonToGluonGluon_kMpl01_M
4000_TuneCUETP8M1_13TeV_pythia8/RunllSpring15MiniAODv2- 100 000
74X_mcRun2_asymptotic v2-v1/MINIAODSIM

/RSGravitonToGluonGluon_kMpl01_M
5000_TuneCUETP8M1_13TeV_pythia8/RunlISpring15MiniAODv2- 100 000
74X_mcRun2_asymptotic v2-v1/MINIAODSIM

/RSGravitonToGluonGluon_kMpl01_M
6000_TuneCUETP8M1_13TeV_pythia8/RunlISpring15MiniAODv2- 100 000
74X_mcRun2_asymptotic v2-v1/MINIAODSIM

/RSGravitonToGluonGluon_kMpl01_M
7000_TuneCUETP8M1_13TeV_pythia8/RunlISpring15MiniAODv2- 100 000
74X_mcRun2_asymptotic v2-v1/MINIAODSIM

/RSGravitonToGluonGluon_kMpl01_M
8000_TuneCUETP8M1_13TeV_pythia8/RunllSpring15MiniAODv2- 98670
74X_mcRun2_asymptotic v2-v1/MINIAODSIM

/RSGravitonToGluonGluon_kMpl01_M
9000_TuneCUETP8M1_13TeV_pythia8/RunlISpring15MiniAODv2- 99 689
74X_mcRun2_asymptotic v2-v1/MINIAODSIM

/RSGravitonToQuarkQuark_kMpl01_M_500_TuneCUETP8M1_13TeV_pythia8/RunliSp

ring15MiniAODv2-74X_mcRun2_asymptotic_v2-v1/MINIAODSIM 100000
/RSGravitonToQuarkQuark_kMpl01_M_750_TuneCUETP8M1_13TeV_pythia8/RunliSp 100 000
ring15MiniAODv2-Asympt25ns_74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/RSGravitonToQuarkQuark_kMpl01_M_1000_TuneCUETP8M1_13TeV_pythia8/RunllS 95 960
pring15MiniAODv2-74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
IRSGravitonToQuarkQuark_kMpl01_M_2000_TuneCUETP8M1_13TeV_pythia8/RunllS 99 728
pring15MiniAODv2-74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
IRSGravitonToQuarkQuark_kMpl01_M_3000_TuneCUETP8M1_13TeV_pythia8/RunllS | 0.
pring15MiniAODv2-74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/RSGravitonToQuarkQuark_kMpl01_M_4000_TuneCUETP8M1_13TeV_pythia8/RunllS 95 055
pring15MiniAODv2-74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/RSGravitonToQuarkQuark_kMpl01_M_5000_TuneCUETP8M1_13TeV_pythia8/RunllS 100 000
pring15MiniAODv2-74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
IRSGravitonToQuarkQuark_kMpl01_M_6000_TuneCUETP8M1_13TeV_pythia8/RunliS | oo <o)
pring15MiniAODv2-74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/IRSGravitonToQuarkQuark_kMpl01_M_7000_TuneCUETP8M1_13TeV_pythia8/RunllS 09 724
pring15MiniAODv2-74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/RSGravitonToQuarkQuark_kMpl01_M_8000_TuneCUETP8M1_13TeV_pythia8/RunllS 99 956
pring15MiniAODv2-74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/RSGravitonToQuarkQuark_kMpl01_M_9000_TuneCUETP8M1_13TeV_pythia8/RunllS 100 000

pring15MiniAODv2-74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
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Table 2.4. Continue

/QstarToJJ_M_500_TuneCUETP8M1_13TeV_pythia8/RunllSpring15MiniAODv2- 99 316
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/QstarToJJ_M_750_TuneCUETP8M1_13TeV_pythia8/RunllSpring15MiniAODv2- 97 790
Asympt25ns_74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/QstarToJJ_M_1000_TuneCUETP8M1_13TeV_pythia8/RunlISpring15MiniAODv2- 100 000
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/QstarToJJ_M_2000_TuneCUETP8M1_13TeV_pythia8/RunlISpring15MiniAODv2- 100 000
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/QstarToJJ_M_3000_TuneCUETP8M1_13TeV_pythia8/RunlISpring15MiniAODv2- 100 000
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/QstarToJJ_M_4000_TuneCUETP8M1_13TeV_pythia8/RunlISpring15MiniAODv2- 99 676
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/QstarToJJ_M_5000_TuneCUETP8M1_13TeV_pythia8/RunlISpring15MiniAODv2- 99 915
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/QstarToJJ_M_6000_TuneCUETP8M1_13TeV_pythia8/RunlISpring15MiniAODv2- 100 000
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/QstarToJJ_M_7000_TuneCUETP8M1_13TeV_pythia8/RunlISpring15MiniAODv2- 100 000
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/QstarToJJ_M_8000_TuneCUETP8M1_13TeV_pythia8/RunlISpring15MiniAODv2- 99 799
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
/QstarToJJ_M_9000_TuneCUETP8M1_13TeV_pythia8/RunlISpring15MiniAODv2- 99 762
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM
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Table 2.5. The MC data set for QCD multijet background in RunlISpringl5 with

cross sections, numbers of events,
luminosities generated with PYTHIAS, tune CUETP8M1

and equivalent

integrated

Dataset

Cross section
[pb]

Events

Equivalent
Luminosity

b

/QCD_Pt_50to80_TuneCUETP8M1_13TeV_pythia8
/RunlISpring15MiniAODv2-
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM

19204300

4983 675

2.595x107*

/QCD_Pt_80to120_TuneCUETP8M1_13TeV_pythia
8/RunlISpring15MiniAODv2-
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM

2762530

3450 293

0.001249

/QCD_Pt_120t0170_TuneCUETP8M1_13TeV_pythi
a8/RunlISpring15MiniAODv2-
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM

471100

3 458 385

0.007341

/QCD_Pt_170to300_TuneCUETP8M1_13TeV_pythi
a8/RunlISpring15MiniAODv2-
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM

117276

3 364 368

0.02869

/QCD_Pt_300to470_TuneCUETP8M1_13TeV_pythi
a8/RunlISpring15MiniAODv2-
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM

7823

2 935 633

0.3753

/QCD_Pt_470to600_TuneCUETP8M1_13TeV_pythi
a8/RunlISpring15MiniAODv2-
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM

648.2

1937 537

2.989

/QCD_Pt_600to800_TuneCUETP8M1_13TeV_pythi
a8/RunlISpring15MiniAODv2-
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM

186.9

1964 128

10.51

/QCD_Pt_800to1000_TuneCUETP8M1_13TeV_pyt
hia8/RunlISpring15MiniAODv2-
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM

32.293

1937 216

59.99

/QCD_Pt_1000to1400_TuneCUETP8M1_13TeV_py
thia8/RunlISpring15MiniAODv2-
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM

9.4183

1487 136

157.9

/QCD_Pt_1400to1800_TuneCUETP8M1_13TeV_py
thia8/RunlISpring15MiniAODv2-
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM

0.84265

197 959

233.8

/QCD_Pt_1800t02400_TuneCUETP8M1_13TeV_py
thia8/RunlISpring15MiniAODv2-
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM

0.114943

193 608

1.684 x10°

/QCD_Pt_2400t03200_TuneCUETP8M1_13TeV_py
thia8/RunlISpring15MiniAODv2-
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM

0.00682981

194 456

2.847 x10*

/QCD_Pt_3200toInf_TuneCUETP8M1_13TeV_pythi
a8/RunlISpring15MiniAODv2-
74X_mcRun2_asymptotic_v2-v1/MINIAODSIM

0.000165445

192 944

1.166 x10°
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2.2.3. Selection Criteria
2.2.3.1. Jets Selection and Wide Jet Algorithm
The events with at least two jets were selected in the dijet analysis. These

jets were reconstructed at the HLT level using the anti-k; clustering algorithm

(Cacciari, 2008) with cone size parameter R = \/(An)2 + (A®)2 = 0.4 (PF ak4
jets) in the y-® plane, that have been discussed in detail in Chapter 1. As it is seen,
this description satisfies the infrared and collinear safety requirements. Also, the jet
energy was corrected using MC and database techniques to take into account the
irregularity of the response throughout the detector, the pile-up extra energy and
the permanent differences in the exact scale of the energy between the MC and
data. The inputs to the anti-k, algorithm were the Lorentz 4-vectors of the
reconstructed PF candidates (CMS Collaboration, 2009). The resulting PF jets were
required a small additional jet energy correction (JEC) to account for the neutral
hadron component of the jet shower measured by HCAL with non-homogeneous
response. For this reason, the following jet energy corrections have been applied
for HLT jets in this study.

1. MC truth corrections:
74X_HLT_mcRun2_asymptotic_fromSpringl5DR_v0_MC (L1L2L3)

2. Residual  corrections  determined  from in-situ reco  data:
Summerl5 25nsV7 (L2L3Residual)

Jet quality criteria (Jet ID) was developed by the CMS for the particle flow

jets and its benefits are given as follow:

it is rejecting most fake jets arising from the HCAL and ECAL
calorimeters and/or readout electronics noise.

it preserves the vast majority of real jets in the simulation.
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These criterias are examined in pure noise non-collision data samples such
as cosmic trigger data or data from triggers on empty bunches during LHC process.
Jets used in the study were required to satisfy the “Tight” PF Jet ID selection

criteria.

Neutral Hadron Fraction (NHF) < 0.90

Neutral Electro-Magnetic Energy Fraction (NEMF) < 0.90
Number of Constituents (NumConst) >1

Muon Fraction (MUF) < 0.8

however, for jets in |n| < 2.4 also following criterias that involve the tracks

information were required:

Charged Hadron Fraction (CHF) >0
Charged Multiplicity (CHM) >0
Charged Electro-Magnetic Fraction (CEMF) < 0.9

These additional criterias are taken from the link?. Based on the studies on
the early 13 TeV Minimum-Bias dataset, these criterias have a background
rejection of 84% and an efficiency of 99%. Events are rejected if one of the

following two conditions occurs:

I.  If at least one of the leading (in p+) AK4 jets does not pass the tight jetID.

Il.  orif at least one of the two leading jets is outside of the tracker acceptance
(Inl <25).

https://twiki.cern.ch/twiki/bin/viewauth/CMS/JetID#Recommendations for 13 T
eV data
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Additionally, if at least one of the two leading jets has a Muon Energy
Fraction> 0.8, then the events are rejected again. This cut has been used in runl
analysis to eliminate mis-reconstructed muons identified as jet which cause large
non-physical tails in dijet mass distribution. The inefficiency of this cut for our
study is found to be negligible.

The leading (second leading) jet is required to have P, > 60 (30) GeV and
to be within the coverage region of the tracker || < 2.5. The two leading jets are

then used as seeds to aggregate the other calibrated particle flow jets with P > 30

GeV, [n] < 25 and passing the tight PF Jet ID within AR = ,/(An)2 + (A®)2 <
1.1. Fig. 2.16 shows an illustration of the wide jet. Detailed information about the
wide jet algorithm can be found at (Gouzevitch et al., 2011).

The corrected PF AK4 jets that pass the selection described above are not
only clustered in a larger cone but they also used to reconstruct the invariant mass
of the dijet system. This provides the energy of the hadrons to be stored better in
the presence of the final state radiation (FSR). Therefore allows, by increasing the
dijet mass resolution, the resonance peak to be both closer to the nominal mass and
narrower.

The wide jets are obtained using PF AK4 jets as inputs by following

procedures:

Two PF AK4 jets with the highest P, (leading jets) are taken as “seeds” of
the wide jets and form two “temporary” wide jets wj;and wj,;

For each PF AK4 jet j; decide whether it is geometrically close to the first
wide jet (wj;) or second wide jet wj, by comparing AR; 1 , between j; and

WJj12:

in this case following two situations can arise:
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1. If AR;; < AR;; and AR;; < 1.1 then sum the j; to the first temporary wide
jet wjj.
2. If the first condition is not satisfied and if AR;;, < AR;; and AR;; < 1.1

then sum the j; to the second temporary wide jet wj,.

This algorithm continues in this way, and eventually the two final wide jets
are rearranged in pr. The resulting wide jets have the proper jet energy correction
as main jet. Also, the choice of input jets in p behaves like a “pruning” algorithm

which reduces the contribution of pile-up and softer jets.

Figure 2.16. Wide jets made by combining PF jets

2.2.3.2. Event Selection

The events are selected requiring at least one reconstructed primary vertex
within |PVz| < 24 cm from center of the detector along the z direction. This cut
ensures that the jets are close to the center of the calorimeter. The number of
primary collision vertex required to be nPV > 1. The number of degrees of
freedom must be greater than three (PVndof >3) to correctly select the

reconstructed vertices.
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Finally, both wide jets were required to satisfy the requirements of the

following n cuts: |ny| <25, |n,] <25 and |Anf'®¢| = |n; —n,| < 1.3. This

selection made for following purposes:

It is the main cut for analysis to reduce the background and enhance the
significance of the signal. The cut given as |cos8*| = [tanh(An/2)| <
0.57 (where 6" is the scattering angle) also suppres the QCD events (t-
channel production) since these events has angular distribution which
peaks at |cos8*| = 1. On the other hand resonances (s-channel production)
have an angular distribution that is significantly flat in cos6* and not
affected much from this cut.

It defines a fiducial region for our measurement predominantly in the
barrel.

It provide a faster trigger turn-on curve for the jet trigger which uses Hy

(scalar sumof jet P;), allowing us to start the analysis at lower mass.

2.2.4. HLT to Reco Calibration

Since the data in the scouting stream were stored with a reduced event
content of approximately 10 kB, only the main objects such as photons, jets and
MET were recorded. All of these main objects were reconstructed online with
HLT, the raw data was not saved, and so no offline reconstruction was possible.
Different clustering algorithms can be used to cluster the partons into jets. The
CMS uses the anti-k algorithm, with a distance parameter (R) of 0.4 for PF AK4
jets. The HLT clustering algorithm had to be faster than in the standard full
reconstruction in order to satisfy the tight timing requirements at the trigger level.
In this fast process it is possible that the jet energy is not fully reconstructed or the
pile-up is not properly taken in account. For this reason it was very important for

this analysis to correct the HLT jet energy or equivalently the HLT dijet invariant
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mass (m;;) and brought it back to true value. For this purpose a specific dataset
were used. For this set, both HLT and RECO (full reconstruction) jet were
recorded for same events. Details of the data sets used for this study are given in
Table 2.6 and Table 2.7.

Table 2.6. Dataset containing HLT jets and RECO jets
Dataset Objects

/ParkingScoutingMonitor/Run2015D-PromptReco-v4/RAW HLT Jets
/ParkingScoutingMonitor/Run2015D-PromptReco-v4/MINIAOD | RECO Jets

Table 2.7. The triggers available in the Parking Scouting Monitor dataset
Label Path

DST_ZeroBias_PFScouting

ZeroBias . .
DST_ZeroBias_BTagScouting

DST_L1DoubleMu_BTagScouting
DST_L1DoubleMu_PFScouting
DST_CaloJet4d0 PFReco_ PFBTagCSVReco_ PFScouting
CaloJet40 DST_CaloJet40_BTagScouting
DST_CaloJet40_CaloScouting_PFScouting
DST_L1HTT1250RHTT1500RHTT175_ PFReco_PFBTagCSVR
eco_PFScouting

DoubleMu

LT DST _L1HTT_BTagScouting
DST_L1HTT_CaloScouting PFScouting
HT250 DST_HT250_CaloScouting
DST _HT450 PFReco PFBTagCSVReco PFScouting
HT450 DST_HT450 BTagScouting

DST_HT450_PFScouting

The first set of JEC was applied to cure the effects due to presence of pile-
up and non-homogeneity of the detector. The latest RECO JEC was used for the

RECO jets. However, for the HLT jets a set of JEC based on the MC simulation
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and additionally the same residual corrections of the RECO jets were applied. See
Table 2.8 for further details.

The events for calculation of HLT-to-Reco corrections were selected
according to Table 2.9.

HLT-to-Reco corrections based on the dijet invariant mass were calculated
for the initial state of the analysis. The data set was divided into two parts to
calculate the corrections using one part and to perform the closure test on the other
part. The main variable that has been def ined in Eq. 2.22 used to calculate the

differences in invariant mass between the HLT and the RECO jets.

Table 2.8. Jet energy corrections applied on RECO jets and HLT jets
JEC applied on RECO jets
Summerl5_25nsV7_DATA_L1FastJet
Summerl5 25nsV7_DATA L2Relative
Summerl5 25nsV7_DATA _L3Absolute
Summerl5 25nsV7_DATA L2L3Residual

JEC applied on HLT jets
74X_HLT_mcRun2_asymptotic_fromSpringl5DR_v0_L1FastJet
74X_HLT_mcRun2_asymptotic_fromSpring15DR_v0_L2Relative
74X_HLT_mcRun2_asymptotic_fromSpring15DR_v0_L3Absolute

Summerl5 25nsV7_DATA L2L3Residual

Table 2.9. Event selection

HLT and Reco jets common cuts

P; (leading jet) > 60 GeV

AK4 jets P; (sub-leading jet)> 30 GeV
nl< 2.5

P; (leading widejet) > 60 GeV

Widejets Py (sub-leading widjet)> 30 GeV

nl< 2.5

Additional cuts on HLT quantities
m(jj) > 400 GeV
An@jj) <13
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m;j;j(RECO)—m;;(HLT)
m]-]-(HLT)

Bias = (2.22)

In order to avoid any bias due to selection of trigger, this variable was calculated as
a function of m;; for different type of triggers. Essentially, distributions are not
fully efficient because they have different slope due to the trigger selection cuts. If
two triggers give different slopes, then the most reliable trigger is the trigger with
the looser selection. On the other hand if they give same slope, then the trigger
which have the largest statistics is used. The m;; bias as a function of the dijet
invariant mass for the different usable trigger is shown in Fig. 2.17. The ZeroBias
is the looser trigger while the HT450 is the tighter. In the low mass region the
slopes are very different because of trigger selection. The L1HT trigger for 400
GeV < m;; <600 GeV and the HT450 triggers for m;; > 600 GeV were chosen to

define the m;; regions where the different triggers are fully efficient.
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Figure 2.17. m;; bias as a function of m;; for different triggers

If the bias caused by the trigger can prevented, then the only difference

between m;;(HLT) and m;;(RECO) would depend on different jet reconstruction.
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Thus, the distribution of the m;; bias can be fitted to extract invariant mass
corrections. The function which was used for the fit is polynomial logarithmic

function with four parameters and is given by Eq. 2.23;

f(mj;) = polog®(my;) + pilog®(my;) + palog(my;) + ps (2.23)

The m;; bias as a function of the invariant mass is shown in Fig. 2.18 with
fit result. A bias up to 2% is observed and Table 2.10 gives the list of the values of
the fit parameters.

The closure test was performed in the other half of the events that were
applied on top of the others following the implementation of this new level of

correction.

-0.02

-0.04

.06

-0.08

_|’_‘||.||||||||||||||||||||i|||||.||

400 600 800 1000 1200 1400 1600 1800 2000
my; [GaV]

Figure 2.18. Distribution of the invariant mass bias in function of the invariant
mass (The polynomial logarithmic fit is shown in red line)
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Table 2.10. Parameter values obtained from fit

Parameter Fit value
Do —0.00119706 + 3.68652¢ ¢
p1 0.00910685 + 3.01338¢ 5
D2 0.0547697 + 0.000199688
D3 —0.402532 + 0.00110099
X?/NDF 20.2523/13

In Fig. 2.19. m;; bias as a function of the invariant mass after the residual m;;
corrections is shown. As it can be seen from the figure the residual bias is at level
of 0.5%.

2.2.5. Data Quality Studies

The QCD multijet production is the main background in this study.
Detailed data quality checks were performed for the events that pass the main
selection criteria. These checks contain comparation of the data with MC for
investigation of the stability of reconstructed quantities as a function of the number

of reconstructed vertices and a time.

“aD0 G600 8O0 1000 1200 1400 1600 1800 2000
il [Gev]

Figure 2.19. m;; bias as a function of the invariant mass after the residual m;;
corrections
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2.2.5.1. Comparisons between Data and Simulated Events

The QCD events distributions obtained from the simulation were not used
to extract the physics results in the analysis, but were used for the comparison and
checking the data quality. Jet related quantities were compared using data and MC
to check the quality of data, robustness of event, jet selection against beam,
detector related noise, detector pathologies and reconstruction catastrophic failures,

etc. The event-related distributions can be examined as below:

The ratio of the missing transverse energy in the event to the total

transverse energy, ZT 5
T

The angle between the two leading jets in the transverse plane,
ACD = (Dl _(Dz,

The angle between the colliding and the scattered partons at the center-of-

mass frame, cos(68*) = tanh (AZJ) = tanh (%)

The absolute difference in pseudorapidity, An = |n; — n,|, between the

two leading wide-jets.

miss

The first variable, EZT—E is sensitive to the noise that generates a distinct
T

energy imbalance relative to the total energy in the event, and thus fakes the
missing energy. For this reason, events related to presence of noise will tend to fill
higher values than expected. The second variable, A® = @, — ®,, is also sensitive
to noise and particularly sensitives to noise clustered into jets. Fake jets are distort
the event distribution and it takes us away from events populated regions where
A® =1 . The third variable, cos(6*), which shows how forward the dijet
production, is represents the scattering angle of the final partons in the center-of-
mass frame and any deviation from the expectation would be an indication of data
pathologies and is also sensitive to noise. Finally, fourth variable, the absolute
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difference in pseudorapidity between the two leading wide-jets has also been
examined.

The comparisons between data and simulated events for the variables
discussed above, illustrated in Fig. 2.20 and Fig. 2.21. The trigger is not fully
efficient at 565 GeV dijet mass and therefore the difference between the data and
MC occurs around An =1.1 and 1.3. Essentially, this inefficiency in the trigger is
due to the highest An events corresponding to the lowest jet Hy for a fixed dijet
mass.

Furthermore, after the application of all the selection criteria, the
agreement between data and simulated events for jet kinematic quantities n and ®
can be examined, as shown in Fig. 2.22. The difference in the jet energy response
as a function of n at HLT and RECO leads to difference between data and MC.
This is accounted for on average for the whole sample in our jet energy corrections
which are as a function of wide jet dijet mass only.

It is clear from the jet and other event related distributions after applying
event and jet selection criteria that the signal sample is clean, there is no pathology,

and there are no signs of noise.
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Figure 2.20. Left: The An (difference in pseudorapidity) between the two final
wide jets and Right: the cos(6*) (q is the angle between beam axis
and the dijet system) at the center-of-mass frame of the event for data
(points) and simulated (continuous histogram) events, along with their
ratios (bottom plots) after all selection criteria
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Figure 2.21. Left: The angle between the two final wide-jets of the event, AD,
Right: The dijet mass of the two final wide-jets of the event, after all
applied selection criteria, for data (points) and simulated (continuous
histogram) events, along with their ratios (bottom plots)
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Figure 2.22. The n (left), and @ (right) of the two leading wide-jets after all applied
selection criteria, for data (points) and simulated (continuous
histogram) events, along with their ratios (bottom plots)

2.2.5.2. Time and Pile-up Effects

This study examins the behavior of basic data quantities as a function of
time and pile-up and is conducted to ensure the quality of the recorded and selected
data. In order to quantify the stability of event and jet related characteristics, it has
been examined as a function of both run number and the primary vertices in the

event.
In Fig. 2.23, the dijet mass, cos(6*) = tanh (%) = tanh (%) and
AD = @, — P, are examined as a function of time for stability. Event related

guantities are stable as a function of time, as indicated by the absence of any

significant slope in the distributions.
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Fig. 2.24 and Fig. 2.25 show the jet kinematic and the jet energy fractions
distributions as a function of time. Likewise, the absence of any significant slopes

indicates that the jet-related quantities are stable as a function of time.
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Figure 2.23. The dijet mass (left), cos(6*) (middle) and A® (right) distributions
after all applied selection criteria as a function of time
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Figure 2.24. The jet charged (left) and neutral hadron (right) energy fractions
after all applied selection criteria as a function of time
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Figure 2.25. The jet pr (left), n (middle), and ® (right) energy fractions after all
applied selection criteria as a function of time

2.2.5.3. Cross Section Stability
After all selections for this analysis the stability of the dijet cross section as

a function of time is given in Fig. 2.26.
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Figure 2.26. Stability of the dijet cross section as a function of time, after all
applied selection criteria
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3. RESULTS AND DISCUSSIONS

3.1. Search for Dijet Resonances
Searching dijet resonances will be discussed in this section, the likelihood
fit method used to test the signal hypotheses for the observed dijet mass spectrum

and estimate the smooth background distribution.

3.1.1. Signal and Background Model

The signal resonance shape depends on the type of parton pairs (gluon-
gluon, quark-quark, quark-gluon) in the resonance decay. Since we only consider
the narrow resonances, where the natural resonance width is much smaller than the
experimental dijet mass resolution, the natural width is not affecting the resonance
shapes. For three types of decay modes (gg—G—gg, qq—G-qq and qg—q —qg)
11 mass points are produced: 500 GeV, 750 GeV, and 1 TeV to 9 TeV (by 1 TeV
intervals). Further details about the samples have been given in section 2.2.2.1.
Some of the resonance shapes are illustrated in the Fig. 3.1 and Fig. 3.2.

In order to generate 11 mass point samples, the shape interpolation method
is used. This method is the same with the method used for the high-mass analysis.
Detailed information about this method can be found at (CMS AN, 2015).

Because of the differences between gluons and quarks, resonance shapes
differ according partons in the final states (i.e gg, qq or qg). It is observed that
gluons emit more radiation than quarks, therefore the resonance widths increases
with the number of gluons in the final state. The low-mass tail of the resonance
shape is due to the effect of PDF and the Final State Radiation (FSR) having higher
parton luminosity at low mass than at high mass. The high mass tail is smaller and
originates from Initial State Radiation (ISR). This means that the low mass tail in
the resonance shape originates predominantly from FSR while the high mass tail

originates from ISR.
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Figure 3.1. Dijet mass shapes for the gg—G—gg, qq—»G—qq, qg—q —qg
resonance models for 750 GeV mass, reconstructed with wide jets
(The integral of the shapes has been normalized to unity)
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Figure 3.2. Dijet mass shapes for different high mass points for the gg—G—qgg,
qq—G—qqg, qg—q —qg models reconstructed with wide jets (The
integral of the shapes has been normalized to unity)
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Since the CMS detectors have lower response to gluon jets than quark jets, the
peak value of the resonance dijet mass decreases with the number of the gluons in
the final state. Thus, the gluon-gluon resonance shapes are wider and shifted to
lower dijet mass region. An interpolation technique based on vertical interpolation
is used to generate the mass points in the intermediate masses (with 100 GeV
steps). As a first step, a new parameter, denoted as X, is introduced as X=M;j/ Mges,
where M;; is dijet mass and Mg, is resonance mass. The next step is to generate a
new X distribution with any resonance mass. It is generated using neighboring
existing MC samples. For example, how to generate the X distribution of

resonances with a mass of 4.5 TeV is explained in Eq. 3.1:

Proby srey (x) = Probyrey(x) + [Probsrey(x) — Probyrey(x)]. 4;_;4 (3-1)
The 4 TeV and 5 TeV MC samples are used as input in this method since
they are the neighboring resonance mass points of 4.5 TeV. The generalized

formula can be given as:

M-M,

Proby(x) = Proby,(x) + [Proby,(x) — Prob, (x)]. Y
2~ M7

(3.2)

where M is the desired resonance mass point to be produced and M, and M, are the
neighbor existing MC mass points of M.

In Fig. 3.3 the comparations of the signal shapes for wide jets
reconstructed from the AK4 jets, from generator jets and from partons are given.
Because of assuming the relative half-width of the model ((I'/2)/M) is small
compared to the dijet mass resolution, they are approximately valid for any
resonance model involving these pairs of partons. The integral of all distributions
has been normalized to unity and the parton mass distributions were then scaled
down by a factor.
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Figure 3.3. Comparison of signal shapes to mass distributions from the wide jets
produced from wide generator jets, and partons for gg—G—gg (top
left), qg—q —qg (top right), and qq—G—qq (bottom)

The background estimation which was not based on the MC simulation for
dijet analysis was obtained directly from the data. The fit technique was used for

this estimation and tested using QCD samples. After fixing the method it is applied

to the data. The fit function is given in Eq. 3.3 (where x =

m}i% /\[s and m'4e is

measured in GeV and v/s = 13 TeV) and has 4-parameters. It is also used in
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previous dijet searches and details can be found in (Khachatryan et al., 2010, 2013
a, b and 2015).

do __  Do(1-x)P1
dm]] - xp2+p3ln(x)

(3.3)

The fit to the data for obtaining the background estimate is done by

maximizing the likelihood function. The details are given in the next section.

3.1.2. Dijet Mass and Fit

Dijet mass spectrum was compared to the benchmark signal of x — gg with
cross-section of 15 pb. This spectrum o .. /dM;; fitted with a smooth background
function. The signal cross section o is set to zero in Eqg. 3.5 and the four free
parameters (po, p1, P2, p3 ) of smooth fit function (in Eq. 3.3) are varied in order to
maximize the likelihood.

In the Fig. 3.4, although the mass bin ranges are shown with a horizontal
bar, the x-axis errors are set to zero to fit the graph. Also, the fit shown as solid red
line in the figure is done in the range of 565-2037 GeV which accepted prior to
unblinding the data in the region 649-838 GeV. The lower mass limit is driven by
the need to have at least two mass bins in the left sideband outside of the blinded
region. The higher mass limit depends on the range over which we have sufficient
scouting-monitoring data to provide a robust jet energy calibration of HLT data
according to RECO data. We also show the fit function, which is extrapolated over
the full range of data at 453-6328 GeV, with dotted red line to demonstrate the
good stability of the fit. Also, blue dashed line shows the X — gg benchmark

signal.
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Figure 3.4. Dijet mass cross section

In order to demonstration purposes, the signal histogram is multiplied by
the measured trigger efficiency, so that the relative differential cross-section can be
directly compared with the data in the turn-on region. The signal cross section of
the benchmark X — gg is approximately three orders of magnitude lower than data
and spans over several mass bins, each of which is roughly the width of the dijet
detector mass resolution.

The lower pad in Fig. 3.4 illustrates the fit residuals (Data-fit)/c as a filled
yellow histogram. The X2 of the residuals, together with the global X2 from the
simultaneous fit are shown in the top pad in black and in blue, respectively. The
30.78/17 X ?value of the fit is on the slightly higher side, but the residuals is

randomly scattered without an obvious modulating structure. Before unblinding,
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a high X2 was observed and it was concluded that neighboring -2c/+2c structures
contributed greatly at 1.1 TeV and 2.1 TeV (only the upper fluctuation is observed
for M;; < 2037 GeV). However, these bins contribute about 12 points to the X2 or
9 of that points are above the normal expectation. When this 9 points are excluded
it raise the naive X2 probability to about 20%: TMath::Prob(30.87 -9.17)=0.193.
Post-unblinding, the largest excess of 2.5 ¢ is observed at slightly above 750 GeV.
This case, a bit higher in mass than the expected peak from our benchmark X — gg

signal of Ogg=15 pb, shown in solid blue line for agg/ o. To exclude also this bin,

the probability of naive X2 increases to about
50%:TMath::Prob(30.87-14.25,17)=0.487. However, it will be used as toys for
more detailed X 2 probability studies.

In Fig. 3.4 the statistical uncertainty of the fit og:/ 0 is shown for
comparison as a cyan band which is calculated using the Minuit fit covariance
matrix (CMS AN, 2016).

In proportion to the statistical uncertainty, the low mass extrapolation very
quickly diverges outside the range of data used in the fit, while the high mass
extrapolation is strongly constrained by the fit. However, this is basically the result
of the fact that the statistical uncertainty of the data is very small at low mass. In
absolute terms, as in the figure, also the low mass extrapolation is stable in the top
pad. The statistical uncertainty of the background fit, to the majority of the fitted
range, is either 0.5¢ or less. Also, in the figure the fit prior to unblinding,
(Fitying — Fit)/o, is shown as a solid cyan line for comparison, labeled “Ref.
fit”. Although it was consistent within the larger pre-unblinding fit uncertainties,
the pre-unblinding fit differs by around 2o, from the post-unblinding fit in the
signal region. And also we show its reflection (Fit — Fity;inq)/0o With dashed
cyan line, to compare better the difference in background fits with the benchmark
signal shape. This shows that the change in the background fit has a similar shape

but smaller size than the benchmark signal.
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The fit function for background-only hypothesis describes the data well
and any significant excess is not observed in the dijet mass spectrum. In other
word, dijet resonance doesn’t appear in the dijet mass spectrum as a bump.

As shown in Fig. 3.5 the background fit results are summarized again in
the PAS plot. This figure looks same as Fig. 3.4, but rejects some information (Top
pad: Data/MC numbers, “Scouting data” label, fit range, signal cross section label,
M;; > 0.4 TeV label, gray parameter numbers; bottom pad: fit uncertainty, reference
fit and mirrored fit).
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Figure 3.5. Dijet mass cross section plot for the PAS
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3.1.3. Results
3.1.3.1. Limit Setting Procedure

The Bayesian formalism was used with flat prior for the cross section when
upper limits were set on dijet resonance cross section. The twiki page has
instructions to run the code®.

The binned likelihood, L, as a function of a constant o can be written as:

n; _y.
;e

=11

(3.4)

n;!

where

#; = aNi(S) + N;(B) (3.9)

ni— measured number of events in the i dijet mass bin, N;(S) - number of events
from the signal in the i" dijet mass bin, a - constant scaling the signal amplitude,
and Ni(B) - number of expected background events in the i dijet mass bin. This
limit code is based on the ROOT TMinuit class. In order to achieve proper
coverage for the credibility intervals in the presence of a signal that is not yet
strong enough to be evinced, the data are fit to the background function plus a
signal line shape with the signal cross section treated as a free parameter. The bin
width is approximately the dijet mass resolution, and gradually increases as a
function of mass accordingly with the dijet mass resolution. Due to the large
number of events present in the mass distribution, this approach (instead of
unbinned likelihood fit) is chosen to reduce CPU timing. In each bin, number of
expected background events is computed by integrating the function over the bin
width. The resulting fit function is used as the background hypothesis and set to

zero with signal cross section. It provides the expected number of background

3 https://twiki.cern.ch/twiki/bin/view/CMS/DijetLimitCode
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events N; (B) in the i" dijet mass bin. The number of signal events N;(S) in the i
dijet mass bin, comes from the signal histogram templates. The signal range is
chosen from 0 to 1.5 TeV. Mg is the nominal resonance mass and is an interval
that contains nearly all the resonance line shape. We assume same flat prior in o as
in the resonance cross section. With the above assumption the likelihood
normalized to unity is equivalent to a posterior probability density, and can be used
to set limits.

For resonances with mass from 0.7 TeV to 1.5 TeV in 50 GeV steps we
calculate a posterior probability density as a function of signal cross section. The
95% CL upper limit g5 calculated with the posterior probability density PPOST

defined as:

foogs Pposr(o)do _

Iy Prosr(@)dos O (3.6)

The methodology to determine the expected limits in absence of signal as
follows; for each signal hypothesis, background shapes from a signal + background
fit to the data (i.e. for each considered mass point) are determined. The resulting fit
function is used as the background hypothesis and set to zero with signal cross
section. From the background function, the number of events expected in each bin
is used to create pseudo-data that include only the background component. All
other steps of limit setting procedure are identical to the case of observed limit. For
each mass point, we generate 1000 background samples and produce a distribution
of the upper limits on cross section. At a given mass point, the expected limit is
derived from the median of each distribution. By using four quantiles
corresponding to 1o down and up (cumulative probabilities equal to 0.159 and
0.841) and 20 down and up (cumulative probabilities equal to 0.021 and 0.979),

the expected limit bands are obtained.
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By introducing nuisance parameters in the likelihood function, systematic
uncertainties are incorporated in the limit calculation and marginalizing the
posterior likelihood over the nuisance parameters using their priors. Using Markov
chain MC integration implemented in the Bayesian Analysis Toolkit (Caldwell,
2009), the marginalization over the nuisance parameters is performed. Additional
information on the sources of systematic uncertainties considered in this analysis

and their treatments can be found in section 3.1.3.3.

3.1.3.2. Significance of Local Excesses in Data

A method used to estimate the significance of local excesses in data is
presented in this section. The one described in the reference (Guichardant et al.,
2012) is very similar to the general approach. Following method is used with a

likelihood-based significance estimator defined as:

Sig = sgn(S) /—2ln (szB) (3.7)

where, Lgis the maximum likelihoods from the background-only, and Ls.g is the

signal + background (S+B) fits to the data. The likelihood function is same as
defined in Eq. 3.4. Since the S+B fit allows the signal strength to be negative, the
significance estimator is signed accordingly. However, the significance values will
only be reported for upward fluctuations (positive signal strengths). The technical
difference with respect to (Guichardant et al., 2012) is the significance calculation
implemented in the limit setting code. Beside that the same background
parametrization, pseudo-experiment generation procedure, signal shapes,
likelihood function, etc. was used. It should also be noted that the results presented
in this section do not include systematic uncertainties.

The results for significance scan as a function of the resonance mass for
the three resonance type hypotheses (qq, qg, and gg) are shown in Fig. 3.6. At a
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mass of 0.8 TeV, for the gg resonance hypothesis the most significant excess (~2c)
occurs. It can be emphasized that the upward fluctuation trend in the significance

plots closely follows a similar trend in the limit plots in Fig. 3.8.

3 CMSE Prasiminary 19 3 CMS Prelminary | i ? ot
T, il e L o i T o e T — T A LARRIRENRR AL I RARLTERAREEERN RN
= L | 1] i 1
g g |
:D.. 2_5: i ] = 25 4 4 ..J:.... L S
g I g |
= - = | {
E 2 E 2t I o 1
= i = B !
b= c I
B 15— ] 2 158——1h in
L : i | | - T X 'il' | 1_'
i i |I 'I e ' 'I"f*l 1 ' ] 1 i II | |‘- i1
r (o Ik | ] C L] | fi y
II il |I IR H 11 4 i Il q. 1
F [ i \ | 1 + | i\ 1 Il 1 | |
L ffeenday ; - 0.5 gy | f1=== | oo
[t | R R 1 [ Il | I Y . S
' |I U i { '-.F,-" .Y i I 1 I' b M G ]
- - 5 i

0

Lo bl e o] R e, s 0 0T i o T TPd o7 S IVEY, Caotd IO, o
070808 1 1112131415 070808 1 1112131415
qq resonance mass [Tel] g rescnance mass [TeV]

1.9

%]
o

Significance (local)

i
o
e
i
1

|:|.5:,__.. : ..[.:.. B R B ||;"'."-__ o
o Pl el ;
oo P U nPe SO P10 U 1 PO ORI P
070808 1 1112131415
gg resonance mass [TeV]
Figure 3.6. Significance scan as a function of the resonance mass for qq (top left),

qg (top right) and gg (bottom) resonances
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3.1.3.3. Systematic Uncertainties

Systematic uncertainties sources relevant for this study are as folows:

Jet Energy Scale (JES)

Jet Energy Resolution (JER)
Background Parametrization
Trigger Turn-on

Luminosity

The background shape is derived from the data itself for this study.
Because of that only uncertainties on the JES, JER, and luminosity are considered
for the resonance signal. In the limit calculation, the above-mentioned systematic
uncertainties are included as nuisance parameters with log-normal priors (details
are given in Gouzevitch, 2012). Different method applied for background shape

and trigger turn-on uncertainties as described below.

3.1.3.3.(1). Jet Energy Scale

As the background component comes directly from the data via the S+B
fit, the JES uncertainty is only considered for the simulation of resonance signals
and therefore JES is same as data. The background shape is well defined and
derived from data, hence shifting of the resonance dijet mass to lower values by the
jet energy scale uncertainty gives more SM background from QCD in a window
around the resonance mass, and therefore an increase in upper limit on the
resonance cross section happens.

The uncertainties from Summerl5_25nsV7 which is recommended by the
JetMET group are used. These uncertainties propagate almost linearly to the dijet

mass on the jet pr.
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3.1.3.3.(2). Jet Energy Resolution

The uncertainty on the JER translates into 10% of uncertainty on the
resolution of the dijet mass (The CMS Collaboration, 2011) and used for Run 1
searches recommended by the JetMET group. By changing the width of the
resonance shape by +10%, this uncertainty is propagated to the search, results in

slight stretching or shrinking of the resonance shape.

3.1.3.3.(3). Background Parametrization

The background parameters, by following the Bayesian approach, should
be integrated over the entire space of parameters values to extract the posterior
distribution of the signal cross section. Also, these parameters are all considered as
nuisance parameters. Technically, to identify a reasonable starting point for the
parameter values, firstly S+B fit to the data is performed. Covariance matrix of the
background parameters have diagonal symmetry and along the eigen-vectors of this
matrix, the variations of the original parameters are introduced as nuisance
parameters, i.e., nuisance parameters are the set of de-correlated parameters
defined as linear combination of the original parameters. The uncertainty in the
background is finally incorporated through marginalization, i.e., by using flat priors
we integrates the likelihood over the background parameters. Such integration is
performed for each background nuisance parameters in a range around the best-fit
values, instead log-normal priors and +1c integration range.

CMS Statistics Committee suggested a procedure after the ICHEP2012
analysis. A detailed description on this procedure is available in the talk given at

CMS Statistics Committee meeting”.

4htt|os://indico.cern.ch/even'r/225689/c0ntributi0ns/1532166/attachments/371140/51
6452/Bump hunting 20130110.pdf
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3.1.3.3.(4). Trigger Turn-on

While the previous dijet resonance searches performed in a portion of the
dijet mass spectrum with fully efficient triggers at CMS did not take into account
the trigger turns-on, it is taken into account in this analysis. But this causes an
additional source of systematic uncertainty. To handle this extra systematic
uncertainty a covariance matrix obtained from the trigger turn-on fit and these

decorrelated parameters treated as nuisance parameters (CMS AN, 2016).

3.1.3.3.(5). Luminosity

The beam-beam scans utilizing the methods referred in (CMS
Collaboration, 2013b) being used to estimate the luminosity and its uncertainty. An
uncertainty of 2.7% is set for the integrated luminosity, and it is propagated to the

normalization of the signal.

3.1.3.4. Limits

Regarding the background prediction, no significant excess is observed in
the data. For the gg resonance hypothesis, the largest observed excess in data
occurs at a mass of 0.8 TeV and has a local significance of ~2¢ (see 3.1.3.2. for
more details). On the cross section of new resonances, we proceed to set upper
limits.

There is an observed model-independent upper limit at the 95%
Confidence Level (CL) on o B A (where o is cross section, B is the branching
fraction, and A is the acceptance) for the kinematic requirements described in
Section 2. The results are shown in Fig. 3.7 as well as in Table 3.1 for narrow qq,
gg, and gg resonances. For the mass interval starting from 0.7 to 1.5 TeV in RS
graviton model where 60% (40%) cross section contributed from the sub-proceses
with quarks (gluons) only, the cross section limits are shown in Fig. 3.7. The cross
section limits are obtained as a weighted average of the upper limits in the quark -

quark and gluon - gluon final states.
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Figure 3.7.
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The observed 95% CL upper limits on ¢ B A for dijet resonances of
the gluon-gluon, quark-gluon, and quark-quark, compared to
theoretical predictions for string resonances, scalar diquarks, excited
quarks, axigluons, colorons, color octet scalars S8, new gauge bosons
W' and Z' and RS gravitons

In order to determine mass limits on new particles without any detector

simulation, the observed upper limits can be compared to parton level predictions

of o B A. The results presented are obtained using CTEQ6L1 parton distributions
(Pumplin et al., 2002).

As described in Section 3.1.3.1. S+B fits to data are used to obtain

background shapes which helps in generating the expected limits on cross section

which are estimated with pseudo-experiments. As shown in Fig. 3.8, the both
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observed limits and model predictions are compared to the expected limits and
their 1 and 26 standard deviations for qg, qg, and gg resonances.

Appendix C includes the discussion on the impact of the systematic
uncertainties on the limits.

The theory curve lies above the observed upper limit for the appropriate
final state and with due effect new particles are excluded at the 95% CL in mass
regions. We exclude at 95% CL models of RS gravitons for mass range 700 and
1200 GeV and scalar diquarks, excited quarks, colorons, axigluons, W’ and Z'

bosons for masses range 700 and 1500 GeV.

Table 3.1. Observed upper limits at the 95% CL on ¢ B A for resonances decaying
to qq, qg, and gg final states as a function of the resonance mass

Mass Upper limit (pb)

(TeV) qaq ag 99
0.70 9.655 1.148 7.432
0.75 1.415 1.655 1.216
0.80 1.014 2.147 3.794
0.85 5.537 1.136 2.505
0.90 3.247 5.217 1.081
0.95 2.376 3.469 5.367
1.00 1.927 2.787 4.430
1.05 1.892 2.687 4.067
1.10 1.974 2.540 3.651
1.15 2.380 2.867 3.929
1.20 2.244 3.177 4713
1.25 1.695 2,563 4.234
1.30 1.315 2.107 3.583
1.35 1.209 1.862 2.999
1.40 1.169 1.714 2.863
1.45 1.034 1.561 2.733
1.50 8.466 1.339 2.397
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Figure 3.8. The observed 95% CL upper limits on o B A for resonances decaying
into quark quark (top left), quark gluon (top right), and gluon gluon
(bottom left) final states and for RS Gravitons (bottom right) (The
limits are shown as points connected by solid curves. The expected
limits (dot-dashed blue curves) and their 1 and 2c standard deviations

(shaded bands), predicted cross sections for various resonance models
are also shown)
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4. CONCLUSIONS

For dijet resonance in qq and gg final states, upper limits on cross section
were presented in section 3.1.3.4. ¢ B A values greater than 12.2 pb for a g-g
resonance, and greater than 14.2 pb for a g-g resonance were exluded at 95% CL
when a resonance mass of 750 GeV is considered. By using a particular model
cross section, these limits could be compared to the Run 1 limits (CMS

Collaboration, 2016) at+/s = 8 TeV. Let consider the Randall-Sundrum graviton

sub-process gg — G — gg. This sub-process has a o A of 9.6 pb at /s = 13 TeV and
it is not excluded by our Run 2 limit of 12.2 pb. But gg - G - gg hasas A of 1.9
pb at+/s = 8 TeV and it is excluded by the Run 1 upper limit of 1.8 pb. When
compared to Run 1, our constraint on the g-g decays of a narrow resonance at 750
GeV is not so stringent. A similar result has been obtained for a narrow 750 GeV
resonance that decays into quarks also.

At mass of 750 GeV at diphoton channel, for dijet resonance this search
was conducted primarily to establish our observed constraints in Run2, despite the
fact that it was expected that our sensitivity would be less than Run 1 based on the
parton luminosity ratio alone. Despite of lower sensitivity, it was observed a more
significant effect at 750 GeV in Run 2 by both CMS and ATLAS than in Run 1 in
the diphoton channel. As clearly shown in Fig 6.8, we found a significance
including statistical uncertainties of 1.3 standard deviations in the g-gq channel and
a negative significance is obtained in the gluon-gluon channel at 750 GeV, while
roughly zero significance was observed in both channels in Run 1(lIsildak et al.,
2015). Although it was not found in Run 2 a significantly larger effect at 750 GeV
compered to Run 1 unlike diphotons, this analysis will be a base for analyzing
2016 data.

Using a data sample of pp collisions at v/s = 13 TeV, a search for narrow

resonances decaying into a pair of jets has been performed. The integrated
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luminosity is 1.9 fb™* which is collected with the particle flow data scouting
technique. The dijet mass spectrum has been measured and no evidence is found
for resonans particle production in the analyzed data sample. Generic upper limits
are presented on the product ¢ B A that is applicable to any model of narrow dijet
resonance production. We exclude at 95% CL models of colorons, scalar digquarks,
axigluons, excited quarks, W' and Z’ bosons for masses between 700 and 1500
GeV and RS gravitons for masses between 700 and 1200 GeV. When we consider
a resonance mass of 750 GeV, excluding at 95% CL o B A values comparably
greater than 12.2 pb for a g-g resonance, and greater than 14.2 pb for a g-q
resonance, where the acceptance is approximately 0.6 for isotropic decays. The
constraints on the dijet decays of a narrow resonance compared to those previously
presented in Run 1 are not stringent. If we compare the constraints on the dijet
decays of a narrow resonance with those previously presented in Run 1 (CMS
Collaboration, 2016), then we found that these constraints are not as stringent as

they were in Runl.
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APPENDIX A

Dijet Mass Binning

During run 1, in all previous dijet searches and at 8 TeV dijet SMP
measurements, the following dijet mass binning is used,;
const int nMassBins = 103;
double massBoundaries[nMassBins+1] = {1, 3, 6, 10, 16, 23, 31, 40, 50, 61, 74, 88,
103, 119, 137, 156, 176, 197, 220, 244, 270, 296, 325, 354, 386, 419, 453, 489,
526, 565, 606, 649, 693, 740, 788, 838, 890, 944, 1000, 1058, 1118, 1181, 1246,
1313, 1383, 1455, 1530, 1607, 1687, 1770, 1856, 1945, 2037, 2132, 2231, 2332,
2438, 2546, 2659, 2775, 2895, 3019, 3147, 3279, 3416, 3558, 3704, 3854, 4010,
4171, 4337, 4509, 4686, 4869, 5058, 5253, 5455, 5663, 5877, 6099, 6328, 6564,
6808, 7060, 7320, 7589, 7866, 8152, 8447, 8752, 9067, 9391, 9726, 10072, 10430,
10798, 11179, 11571, 11977, 12395, 12827, 13272, 13732, 14000};
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APPENDIX B

Fit Studies

In Fig B.1, it is shown the variation of the blinded simultaneous fit and

blinded separate fit for the mass and trigger efficiency relative to the unblinded

simultaneous fit. The fit parameters are given in Table B.1.

Table B.1. Parameters of fits in Fig. B.1.

Fit Mepr | Oeff Po p1 P2 ps3
Unblinded 495.5 | 93.73 | 1.0727X1077 | 3.1932 | 8.0554 | 0.494224
simultaneous fit
Blinded 495.8 | 92.4 | 3.7406X1077 | 5.2043 | 7.3825 | 0.397342
simultaneous fit
Blinded separate | 495.7 | 96.0 | 6.0217X1077 | 5.8587 | 7.0764 | 0.3480
fit
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Figure B.1. Variation between unblinded simultaneous fit, blinded simultaneous
fit, and blinded separate fit for the trigger efficiency (left) and mass
spectrum (right). The shaded region was blinded in the mass spectrum
for the blinded fits. The errors are the relative statistical errors from
the mass spectrum data.
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Fig. B.2 shows a simultaneous fit for the mass spectrum and trigger efficiency

similar to that in Sec. 3.1.2 but using a likelihood fit.
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Figure B.2. Simultaneous likelihood fit for trigger efficiency (left) and mass
spectrum (right).
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APPENDIX C

Impact of Systematic Uncertainties on the Limits

We discuss the impact of systematic uncertainties on the cross section
upper limits. Limit plots are shown in Fig. C.1 are the same as Fig. 3.8, without any
systematic uncertainties. In Fig. C.2, ratios of the observed and expected cross
section upper limits with and without the systematic uncertainties are shown. With
decreasing resonance mass, the ratio for observed limits additionally susceptible to
fluctuations in data increases.

In Fig. C.3 for individual sources of uncertainty limit ratios for qg
resonances as well as combinations of some of them are shown for better
understanding of the size of contribution from different sources of systematic
uncertainties. The ratio is produced for observed limits for practical reasons where
running a large number of pseudo-experiments are not necessary. It can be seen,
the dominant source of systematic uncertainty is the background uncertainty. The
background shape is less constrained in the signal+background fit is the fact which

consequences the rising trend with decreasing resonance mass.
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Figure C.1. The observed 95% CL upper limits on ¢ B A for narrow resonances
decaying into qq (top left), qg (top right) and gg (bottom) final states.
The limits are shown as points and solid lines. Also shown are the
expected limits (dot-dashed blue lines) and their 1 and 2o Standard
deviations (shaded bands). Predicted cross sections calculated for
various narrow resonances are also shown. For the limits shown here
systematic uncertainties were not included in their calculation.
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Figure C.2. Ratios of the observed and expected cross section upper limits with
and without the systematic uncertainties included as a function of the
resonance mass for narrow resonances decaying into qq (top left), qg
(top right), and gg (bottom) final states.
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Figure C.3. Ratios of the observed cross section upper limits with and without the
systematic uncertainties included for different sources of systematic
uncertainties as a function of the resonance mass for narrow
resonances decaying into qq (top left), qg (top right), and gg (bottom)
final states.
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APPENDIX D

Extracted Best-fit Signal Cross Sections

The extracted best-fit signal cross sections and associated errors for qq, qg,
and gg resonances are shown in the Fig. D.1. As it shows only positive values
while at a point zero negative values for extracted cross sections is plotted with the
fit error, which is displayed as a one-sided error bar starting at zero and this error
bar is extending to the value of the extracted signal cross section error. Table D.1
includes a full list of the extracted signal cross sections for positive, negative, and

associated errors with different resonance types.
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Figure D.1. Scan of the extracted best-fit signal cross sections as a function of the
resonance mass for qq (top left), qg (top right), and gg (bottom)
resonances.
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Table D.1: Extracted best-fit signal cross sections as a function of the resonance
mass for qq, qg, and gg resonances

mass [TeV]

cross section [pb]

qaq

a9

g9

0.70

-1.019e+00+3.944e+00

-4.251e+00+6.781e+00

-1.633e+01+1.062e+01

0.75

5.522e+00+2.540e+00

2.164e+00+3.931e+00

-4.936e+00+6.514e+00

0.80

4.086e+00+2.050e+00

1.045e+01+3.042e+00

1.931e+01+4.929e+00

0.85

5.917e-01+1.721e+00

2.830e+00+2.498e+00

9.245e+00+5.884e+00

0.90

-1.222e+00+1.481e+00

-1.184e+00+2.153e+00

2.352e-01+3.461e+00

0.95

-1.464e+00+1.465e+00

-1.982e+00+1.861e+00

-2.635e+00+3.008e+00

-1.103e+00+1.126e+00

-1.564e+00+1.787e+00

-2.674e+00+3.181e+00

-7.761e-01+1.068e+00

-1.143e+00+1.434e+00

-1.866e+00+2.234e+00

-1.965e-01+9.100e-01

-6.895e-01+1.288e+00

-1.656e+00+2.020e+00

8.148e-01+7.788e-01

2.282e-01+1.116e+00

-4.590e-01+1.785e+00

6.318e-01+6.906e-01

1.429e+00+1.051e+00

1.599e+00+1.559e+00

1.25

3.499e-01+6.196e-01

7.590e-01+9.498e-01

5.622e-01+1.383e+00

1.30

7.767e-02+5.897e-01

8.098e-02+7.693e-01

3.372e-01+1.527e+00

1.35

9.718e-02+4.887e-01

1.551e-01+8.924e-01

1.717e-01+1.109e+00

1.40

2.139e-01+4.360e-01

2.270e-01+8.028e-01

2.460e-01+9.691e-01

1.45

1.394e-01+4.498e-01

2.191e-01+5.348e-01

4.378e-01+8.362e-01

-1.007e-01£3.992e-01

8.827e-03+4.807e-01

2.909e-01+7.438e-01
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APPENDIX E

HLT Jet Energy Resolution
Using the dijet p; balancing, we measure jet energy resolution for HLT
and RECO jets. The main variable is the asymmetry (A) between the transverse

momentums of the jets defined as:

pJ ' _pl?
L fz (E.1)
plt+p);

where p%l and p7j~2 refers to the randomly ordered transverse momenta of the two

leading jets. The variance of asymmetry can be expressed as:

02 (p{;z) (E.2)

o*(of) * [

. |a 4
If the two jets lie in the same # region, it will be
<py >=<py* >=pr and o(py") = s(p1* )=o(pr)
The jet pr resolution therefore is related to the width of asymmetry by the Eq.
(E.3).

"‘”T) = V20 (4) (E.3)

The asymmetry is calculate in bins of || and average pr defined as:

pr tp
Prave = = 5 L (E4)
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An approximation of the true resolution in the case of no extra jet activity
in the event that modifies the p; balance of the two leading jets is shown in the Eq.
(E.3). With the additional request of a third possible jet with small transverse

momentum with respect to the average pr (pf’ < 0.1 praye) the asymmetry has
been calculated.

This method has been applied to the RECO jets and to the HLT ones in
order to compare their resolutions.Two examples of the asymmetry variable are
shown in Fig. E.1.

These distributions have been fitted with a function composed by a
Gaussian core and two exponential tails. For each bin of |n| and average pr, the
variance of the asymmetry has been extracted from the fits. For the first n bin, the
width of the asymmetry in function of the average transverse momentum is
reported as an example in Fig. E.2. The HLT jets have comparable p; resolution

to the RECO jets.
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Figure E.1. The asymmetry of RECO jets (in red) and HLT jets (in blue). The
distributions refer to the same central region |n| < 0.5 but to different
pr bins: on the left 300 < p; < 400 GeV and on the right
400 < pr <500 GeV
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Figure E.2. The asymmetry for the RECO jets (in red) and for the HLT jets (in
blue) in function of the average transverse momentum for the central n
bin. On the bottom panel is reported the ratio between HLT and
RECO which shows that the HLT jets have the same p resolution
than RECO jets.
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