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ABSTRACT
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INCLUSIVE FORWARD JET CROSS SECTION MEASUREMENT in
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DEPARTMENT OF PHYSICS

Supervisor : Prof. Dr. Eda ESKUT
Co-Supervisor  : Assoc. Prof. Dr. Deniz SUNAR CERCI
Year: 2014, Page: 168
Jury : Prof. Dr. Eda ESKUT
: Assoc. Prof. Dr. Deniz SUNAR CERCI
: Prof. Dr. Ayse POLATOZ
: Prof. Dr. isa DUMANOGLU
: Asst. Prof. Dr. Salim CERCI

Forward (di)jet studies provide an important testing ground for QCD
predictions of the SM and give significant information for multiparton radiation,
DGLAP and BFKL dynamics. This thesis presents measurement of cross section of
inclusive forward jets and dijet events with at least one jet emitted at forward region
in proton - proton collisions at Vs = 7 TeV. The data for analysis are based on 3.14
pb™ of luminosity events collected by the CMS detector in 2010. Jets are
reconstructed with the anti-k; jet algorithm (R = 0.5) in the Hadronic Forward (HF)
calorimeter at pseudorapidities 3.2 < |7 | < 4.7, in the transverse momentum range p,

= 35 — 150 GeV/c. The measurement is compared to next-to-leading order (NLO)
perturbative Quantum Chromodynamics (pQCD) calculations, to PYTHIA and
HERWIG parton shower event generators with different tunes as well as to the
CASCADE and HEJ Monte Carlo within the experimental and theoretical
uncertainties.
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DOKTORA TEZi

Vs =7 TeV’lik PROTON — PROTON CARPISMASINDA iINKLUSIF iLERi
JET TESIR KESITI HESAPLAMASI

Semiray GIRGIS

CUKUROVA UNIVERSITESI
FEN BiLIMLERI ENSTITUSU
FiziK ANABILiM DALI

Danisman : Prof. Dr. Eda ESKUT
ikinci Danisman : Dog. Dr. Deniz SUNAR CERCI
Yil: 2014, Sayfa: 168
Juri : Prof. Dr. Eda ESKUT
: Dog. Dr. Deniz SUNAR CERCI
: Prof. Dr. Ayse POLATOZ
: Prof. Dr. isa DUMANOGLU
- Yrd. Dog. Dr. Salim CERCI

Ileri bolgedeki jet ve iki jet calismalari, SM’in KRD tahminleri igin 6nemli
bir test alani olusturmakta ve coklu parton yayinimi, DGLAP ve BFKL dinamikleri
icin 6nemli bilgiler vermektedir. Bu tezde, \'s = 7 TeV’de pp carpismasinda inkliisif
ileri jetlerin ve en az biri ileri bolgede yayimlanan iki jet olaylarinin tesir kesitleri
dlculmiistir. Analiz icin, 2010 yilinda CMS detektorii ile toplanan 3.14 pb™ isiklikli
veriler kullantimigtir. Jetler ileri hadron kalorimetresinde, 3.2 < |n| < 4.7

pseudorapiditede, pr = 35-150 GeV/c enine momentum araliginda anti-kr jet
algoritmasi (R = 0.5) kullanilarak yeniden yapilandiriimistir. Deneysel ve teorik
belirsizlikler dahilinde 6lctimler next-to-leading order (NLO) perturbatif kuantum
renk dinamigi hesaplamalariyla, CASCADE ve HEJ MC modellerinin yanisira
degisik ayarli PYTHIA ve HERWIG olay uretecleriyle karsilastiriimistir.

Anahtar Kelimeler: CMS, KRD, Parton, Jetler, PDF




ACKNOWLEDGMENTS

I would like to acknowledge everyone who helped me to bring this dissertation fruition.

First and foremost | would like to express my deep gratitude to my supervisor Prof. Dr. Eda
ESKUT for all words of encouragement, motivation and guidance during my PhD studies. She always
showed me the best ways and it is indeed a privilege and pleasure to work with her.

| express my sincere thanks to my co-advisor Assoc. Dr. Deniz SUNAR CERCI and Asst.
Dr. Salim CERCI, for their support during my studies, their contribution to this research work and
also critical reading of the thesis. | would like to acknowledge the honourable members of my thesis
committee, Prof. Dr. Ayse POLATOZ, Prof. Dr. isa DUMANOGLU. | wish to thank our Turkish
group leader Prof. Dr. Giilsen ONENGUT for her encouragement during my PhD. studies and | am
especially grateful for her critical reading of the thesis. | would like to thank our high energy physics
group member Prof. Dr. Aysel KAYIS TOPAKSU for her moral support and encouragement during
my studies.

Prof. Dr. Hannes JUNG has helped me tremendously not only with reading and important
criticism of the thesis but also he found time whenever | needed to discuss my analysis and for that |
am very grateful. Additionally, | would like to thank Dr. Konstantinos KOUSOURIS for his help and
excellent discussions relevant to various aspects of the analysis. | am grateful to Prof. Dr. Apostolos
PANAGIOTOU for his reading, invaluable review and for giving me this great apportunity to work
for the commissioning of the CASTOR detector to gain experience both on hardware and software
issues and expand my knowledge of physics. | would like to thank to all collaborators from CERN on
the Inclusive Forward Jet and Central-Forward Dijet Cross Section Analysis, they were many during
the years. | would like to thank Prof. Dr. Suat OZKORUCUKLU for all the wonderful discussions we
have had over the years.

My special and deepest thanks go to Murat CETIN for his support, encouragement and
friendship. To Roman CHYLA, who has shown tremendous care to me in life. Thank you Roman, for
being in my life, your wonderful care, encouragement and important criticism of the thesis. Glad you
are...

Special gratitude goes to my best friends Gullsen AYAN, Oktay BAYSAL, Giilesen
USTUNDAG, Alev MENGEN and Nuray MENGEN for their friendship and encouragement. |
consider myself lucky to have such caring friends. | wish to thank my friends and colleagues Yalgin
GULER, Ilknur HOS, Aytiill ADIGUZEL, Caglar ZORBILMEZ and Kadri OZDEMIR. | always feel
their friendship.

Special thanks are to TAEK (project code: 2012K120260) who sponsored me during the time
| have spent at CERN.

Finally, | would like to thank all my family, and in particular my parents. If it was not for

their unconditional love and support in my endeavors all these years would be too hard.



CONTENTS PAGE

AB ST RA CT et e e ar e I
(0 7T 1
ACKNOWLEDGMENTS. ...t 1!
CON T ENT S e e e s e e srbe e e snree e e v
LIST OF TABLES ...ttt VI
LIST OF FIGURES. ... .ottt nraa e naaeanaa s X
ABBREVIATIONS. ...ttt e et e e nes XX
1. INTRODUCTION. ...ttt ettt ettt e s stae e e bre s sbr e e sbe e e snaeeesnneeens 1
2. THEORETICAL MOTIVATION ...ttt 5
2.1. The Standart Model of Particle PRYSICS........cccooiiiriiiieieee e 5
2.2. Quantum ChromOdYNAMICS ........ccuerieiieiie e 10
2.2.1. Perturbative QCD and Asymptotic Freedom ..........cccccovvveiieniennnnnns 11

2.2.2. Quark Parton Model and Parton Density Function............cccccceeeieenens 13

2.2.3. Factorization TNEOIEIM .........cccueiiiiiiieii e 19

2.3. From Parton t0 HadrON..........ccuoiiiieiieiee e 21
2.3.1. PArtON SNOWET ......eiiuiiiieiieie sttt st 22

2.3.2. HAAroNIZAtION ....ccveiieiieicee e e 22

2.4. MONtE Carlo GENEIALOIS . ......ccieiiiieeseeie ettt 24
2.1 PYTHIA e 25

24.2. HERWIG ... ..ottt 25

2.4.3. CASCADE ...ttt 26

244, HEJ ... 26

2.4.5. POWHEG. ...ttt 26

2.4.6. MC@NLO....c.ooiiiiie ettt aneenen 27

2. 4.7, NLOJETHH ittt 27

3. LHC and CMS EXPERIMENT .....ooiiiiiiiicsie ettt 29
3.1. Large Hadron COAEr .........ooiiiiieeeee s 29
3.1.1. Proton Production and Linear Acceleration...........ccccoveeevereeieeinsenee. 32

3.1.2. Booster and Proton SYNCNIOtroN .........cccceeeerieniniienie s 32



3.1.3. Super Proton SYNCAFOIIrON .........cciiiiiieiisiesie e s 32

3.1.4. Luminosity and Machine Parameters..........c.ccoeoveveriinnenienienseenesee e 33
3.1.5. The LHC EXPEIIMENTS ...cveiiiiiieiieie e 36
B.2. CMIS ettt ettt reaneereenes 39
320 TIACKEY .ttt ettt sttt reers 42
3.2.1.1. PiXel TTACKEN ..ottt 43

3.2.0.2. INNET TTACKE ..ttt e 44

3.2.1.3. OULET TIACKEN ..ot 44

3.2.2. CMS CalOrMELEIS. ... .civieieeiiesiieie ettt 44
3.2.2.1. Electromagnetic Calorimeter ..........ccooevvererinneenene e 46

3.2.2.2. Hadron Calorimeter..........coiiiieiieiiesie e s 48

3.2.3. S01eN0Id MAGNEL ......eiiiieiiieseee e 54
3.2.4. IMIUON SYSEEIM ...ttt 56
3.2.4.1. Muon Barrel System: Drift Tube Chambers...........c.cccoeveenen 57

3.2.4.2. Muon Endcap System: Cathode Strip Chambers....................... 58

3.2.4.3. Resistive Plate Chambers..........cocovviiiiniinee 60

3.2.5. The Data Acquisition and Trigger SYStem........ccoccvvvrvenvenieeneeriesee e 60
3.2.5.1. LeVEl 1 TrIQgQEI....cieeiieieiieeite ettt 61

3.2.5.2. High LeVel Trgger......oo e 63

3.3, FOIWArd DEECTOIS ... .cueevieieiiie sttt ettt 64
3.3.1. CASTOR DEEECION .....eevieeiiieiie et 64
3.3.2. ZDC DRIECION ...ttt 65

4. JET RECONSTRUCTION at CMS ......ooiiiiiiie e 67
4.1. Jet Definitions and KINEMALICS .........cccovueriiieniiiiiie e 67
4.2. Jet TYPES Gt CIMS ... 69
4.2.1. CalOrMELEr JELS......eiiiiiecieeee e e 69
4.2.2. JEt-PIUS-TTACK JBLS ..ot 72
4.2.3. PartiCle-FIOW JEtS .......coviiieie e 72
A.2.4, TIACK JBLS ...eeiiicie ettt 73

4.3. Jet Reconstruction AIGOrithmS........cocuoiieiiiii i s 73
4.3.1. Iterative Cone AlQOrithm ..o 76



4.3.2. Seedless Infrared Safe Cone Algorithm ... 76

4.3.3. Anti- Kt AIGOMTtRM ..o 78

4.4, Jet ENErgy COITECLIONS ......oiveeiiiiiiiiie it eie sttt st nne e 80
4.4.1. Required Jet Energy COITECLIONS .......c.ocveruirierieenienie e 82
4.4.2. Optional Jet Energy COITECLIONS ......ccvevvveriirierieerienie e 82

4.5. Jet Reconstruction and Performance in HF ... 84
4.5.1. Performance of the Forward Jet Reconstruction in Monte Carlo ........ 84
4.5.2. Jet ENErgy RESPONSE ....eveiiieiiiieiie ittt 85
4.5.3. Jet Energy ReSOIULION ........ccviiiiiiiieeee e 89
4.5.4. Jet PoSItion RESOIULION .......ccuviiiiiiiiiiie e 90

. INCLUSIVE FORWARD JET CROSS SECTION MEASUREMENT in

PROTON- PROTON COLLISIONS at s =7 TE€V ...ceveeeceeeeeee e, 93
5.1. Forward Jet ProdUCTION ........coieiiiiieiieicee e 93
5.2. Data and Monte Carlo SAMPIES.......ccveiiririieiiee s 96
5.3. Event Selection and ANalysis CULS .........cccoiieiiiienieniee s 97
5.3.1. HF NOISE CUL.....eeiiiiiiiieieieie st st 97
5.3.2. Jet Quality Criteria CUL ........cocueriiiiiiieie e 97

5.4. Inclusive Forward Jet Cross Section Measurement ...........ccooevevvereeneerensenees 98
5.5. Jet Trigger and Trigger EffiCIENCY ......cccooiiiiiiiiiceee e 99
5.6. Luminosity CalCulation...........c.coiieiiiiiiieeeeee e 102
5.7.Unfolding MEtOd.........c.ooiiiiiiee e 103
5.7.1. Bin-to-Bin Monte Carlo Method............ccccoviiiiiiniiie e 103
5.7.2. ANSAZ METNOU ..o 108
5.7.3. FUILUNTOIAING ..o 110
5.7.4. RooUnfold Method .........cooviiiiiiiiiieeece e 111
5.7.5. BIin Centre COIMECHION ......coviiieiieeiesiie et 118

5.8. SystematiC UNCErtaiNtieS.........ccoveiieierieieeie et 121
5.8.1. Experimental UncCertainties..........cccoouereereiieeieeie e 121
5.8.1.1. JEt ENErgy SCale .....cceoiiiiiiiiieieiieseee e 121

5.8.1.2. Jet pr RESOIULION ..o 123

5.8.1.3. Jet Quality Criteria .......cccereerierieiieie e 123

Vi



5.8.1.4. HF ClEANING ...eouviiiiiiieie et 125

5.8.1.5. Primary Vertex Cut (|Z]) ....eooverereenieereeseee e 127

5.8.1.6. Pile-Up EffeCt.......ooiiiiieieee e 127

5.8.1.7. OffSet COrreCtiON.......cceieeiieiiiieiiee e 128

5.8.1.8. Summary of the Experimental Systematic Uncertainties......... 130

5.8.2. Theoretical PrediCtioNs. ........c.ccovieiiiiiriieiesie e 132
5.8.2.1. Next-to-Leading Order (NLO) Calculations.............c.cceeeenene. 132

5.8.2.2. Non-Perturbative (NP) COrrections.........ccccevereeneeriesiensennenn 133

5.8.3. Inclusive Forward Jet SPeCIrUM ........cccoovevirirnieiiie e 135

5.9 . Forward-Central Dijet Production...........ccoccereiiiiiinniee e 138
6. CONCLUSIONS. ...t saa e snae e 145
REFERENGCES. ... .ottt e sae e nnae e 149
CURRICULUM VITAE ..ottt ettt nnnae e 157
APPENDIX Lo 158
A. Unfolding to the Cross SECLION ........c.ccviiiiiiiieiiee e 160
B. Inclusive Forward Jet Cross SECLION ........ccccveiiiiirieieenieee e 161
C. Bin-to-Bin Correction: Ansatz Method...........ccceviiiiiiiiniee e 165
D. Theoretical UNCErtaiNties .........cocueiiriiiieiieie s 167

VIl



LIST OF TABLES PAGE

Table
Table
Table
Table

Table
Table

Table
Table
Table

Table
Table
Table
Table
Table

Table
Table

Table

Table

2.1.
2.2.
2.3.
2.4.

3.1
3.2.

3.3.
4.1.
4.2.

5.1
5.2.
5.3.
5.4.
5.5.

D.1.
D.2.

D.3.

D.4.

Properties of the spin-1/2 particles, the fermions (Ralich, 2009) ........... 6
Fundamental forces with their mediator (Ralich, 2009) ...........ccccceevenneee 7
Properties of the spin-1 particles, the gauge bosons (Ralich, 2009)....... 7
A possible representation of the color singlet and triplet of SU(3)

SYMIMELIY ..ttt 10
Accelerator steps (Scheurer, 2008) .........ccccveiiiieiieiii e 33
Design specifications (except energy per proton beam and energy

loss per turn) of the LHC for pp collision (Bruning et al., 2004) ......... 34
Main parameters of the CMS magnet (Bayatian et al., 1997c)............. 55
Calorimeter cell thresholds (Zielinski, 2010) .........cccocveviiienenienieins 71
Bin edges of GenJet pr in GeV/c used for the studies of the jet

FESPONSE ...ttt etttk ettt b et e e e e e s b e e e e e e e nnr e e nneas 85
Resolution based binning in jet transverse momentum pr, (GeV/c)..... 99

L1 and High Level Trigger jet descriptions..........cccocvevereeneniiesennnns 100
Smeared Ansatz fits to the inclusive jet cross section ...............ce....... 119
Summary of the systematic uncertainties ............ccocevveriininiienennnn 131

The measured, fully corrected p; differential jet cross sections and

their associated UNCEIaINTIES .........ccoveeieiieiieie e 144
Theoretical UNCertainty ..........ccooevieneiieiiercee e 167
The unfolded data cross section values, fNLO and various MC
models on hadron leVel ... 167
Difference of the unfolded data cross section values with various
MC samples on hadron level ... 168
Difference of the unfolded data cross section values with fNLO
and various MC samples on hadron level ............ccocoviiiiiiiininnnnne 168

VIl






LIST OF FIGURES PAGE

Figure 2.1.
Figure 2.2.
Figure 2.3.

Figure 2.4.

Figure 2.5.
Figure 2.6.

Figure 2.7.

Figure 2.8.
Figure 2.9.

Figure 2.10.
Figure 2.11.

Figure 2.12.
Figure 3.1.

Figure 3.2.
Figure 3.3.

Figure 3.4.

Summary of INTEraCtioNS.........ccoviiieiieiieie s 8
The interaction vertices of the Feynman diagrams of QCD................. 9
Summary of measurements of o, as a function of the energy
scale Q. The respective degree of QCD perturbation theory
used in the extraction of asis indicated in brackets............cccccoeeennee. 12

The Q* -x kinematic plane for the LHC and previous

experiments, showing the mass (M = Q) and rapidity (y)
EPENUEINCE ...t 15
Schematic phase space diagram for DIS ..., 16
Examples of experimental measurements at various facilities
providing information on the gluon PDF in the range x~107-
0.8 ettt ee 17
The PDF distribution determined from the HERAPDFL1.0 fit at

Q?=10 GeV? for gluons, sea quarks, up (u,) and down (d,)

ValaNCe QUATKS ....oveiiicce e 18
Hard SCatteriNg PrOCESS.......ciuiiuieiirie et 19
SM cross sections for hard scattering versus Vs at the Tevatron
AN LHC COIAEIS. ... 20
PP SCALLEIING PrOCESSES .. vevevieriereerieieriestesiesresreeseereeseeseeseeseessesreaseanes 21
Hadronization using (a) string and (b) cluster models in Monte
Carlo VNt QENEIALOIS.......cuiieerieeiesiie sttt 23
Working principle of a multi-purpose MC event generator ............... 24
Overview of the Accelerator chain. The LHC is the last ring in

a complex chain of particle accelerators ...........cccevvevveeiicvie e, 30
Official luminosity report 2010 ..........cccceevirierieeiine e 31
The cross section and event rate in pp collisions as a function

of center Of MAaSS ENEIGY ......ccviiiiieieiie e 35
The LHC and experiments SChema............cccocoovvieeiininieenesieseeae 36



Figure

Figure

Figure

Figure
Figure

Figure

Figure

Figure

Figure

Figure
Figure

Figure
Figure
Figure

Figure

Figure

Figure
Figure
Figure
Figure

3.5.
3.6.

3.7.

3.8.
3.9.

3.10.

3.11.

3.12

3.13.

3.14.
3.15.

3.16.
3.17.
3.18.
3.19.

3.20.

3.21.
3.22.
3.23.
3.24.

Schematic view of the CMS detector and its components..................

Transverse slide of the CMS detector and particles traces in

different SUDAELECTOrS .......ooviiiiie e

Schematic cross section through the CMS Tracker. Each line

represents a detector MOAUIE ...........cevivieiieiie e

Geometrical layout of the Pixel detector.........cccccvvvveeiiiniieneeene

Location of the ECAL and the HCAL detectors in and around

the CMS MAGNEL.....cciiiie e

Longitudinal view of a quadrant of CMS electromagnetic

(071 (0] 41101 (=] SRR OPPR T

Longitudinal view of the four subsystems of the hadronic

(0721 (0] 41101 (=] SRR
. Assembled HCAL half-barrel in SX5 (left), numbering scheme

for the HB wedges. Wedge 1 is on the inside (+x direction) of

the LHC ring (Fght)...coee i

HE Calorimeter (left), » segmentation and size increase in HE

CMS HF Calorimeter production wedges (left),  segmentation

and size increase in HF (rght).......ccoocoiiiiiiiin e
The cross sectional view of the HF calorimer...........c.cccocevvniniennns
The CMS superconducting Magnet ..........cccoeeeeeneenenie e
Design overview of the outer CMS muon System..........c.ccovveevvrieenee.
Layout of the CMS barrel muon DT chambers in one of the 5

WREBEIS ...
Quarter view of the CMS detector. CSC of the Endcap Muon

system are highlighted ..o
Resistive plate chamber [ayers ...
CMS trigger and DAQ SYSEEM ......eivieiiiiiiiie e
Level-1 Trigger arChiteCture.........cccovveieiieiiee e
Location of CASTOR in the CMS forward region ..........ccccceeevvennene

Xl



Figure

Figure

Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

4.1.

4.2.

4.3.
4.4,

4.5.

4.6.

4.7.

4.8.
4.9.

4.10.

4.11.

4.12.

4.13.

4.14.

4.15.

A representation of the different stages of jet production and
reconstruction: parton, particle and calorimeter level ....................... 67
Sketch of calorimeter towers used for jet clustering. 5x 5
ECAL-cells and one HCAL tower are logically combined to
form a calorimeter tower in the barrel region...........cccccooeviiiiienns 70
Observed dijet event in the CMS calorimeters..........ccccoevevveiieeninnns 71
The Particle Flow algorithm. Particles in the CMS detector are
seen as tracks and energy depositions and the algorithm
attempts to fully reconstruct an event by combining
information for all CMS Subdetectors .........cceveviiinie e 73
Configuration of Infrared (top) and Collinear (bottom) safe
AIGOMTENML .. 75
Cone-type Jet Algorithm: a) listing of initial four-vectors, b)

and c) finding stable cones, d) splitting/merging algorithm

applied, €) fiNal JBtS .....ociiiiiiececee 77
[llustration of different jet algorithms in parton level ........................ 80
Factorized Jet Energy Corrections in CMS...........ccccoovvevieieeiiccnen, 81
AR distributions for the jet pr bin 20-35 GeV/c for the anti-kr
(R=10.5) algorithm ..........cccooiiiieie e 86
AR distributions for the jet pr bin 80-120 GeV/c for the anti-kr
(R=10.5) @lgorithm .......cccoooiiiiiieeee e 86
Corrected jet response distributions for different prbins and for
anti-kr (R =0.5) algorithm..........cccoooviiii 87
Corrected jet response as a function of p:°*"® for the anti-kr (R
= 0.5) @lgorithm ..cc.ocoiecc 88
Corrected jet response as a function of %" for the anti-kr (R
= 0.5) @lgOrithm ..o 88

Energy resolution as a function of pr®™ for the anti-kr (R =
0.5) algorithm for jets reconstructed iN 3.2 < |n | <4.7 .o 89
The (¢caiozet — ¢Peenzer) distributions with Gaussian fits. Each

histogram corresponds to different range in pr=™®.......ccccoovvviveeene. 91

Xl



Figure 4.16.

Figure 4.17.

Figure 4.18.

Figure 5.1.

Figure
Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure 5.10.

5.2.
5.3.
5.4.

5.5.

5.6.

5.7.

5.8.

5.9.

HF jet ¢ resolutions as a function of pr®*™ for the anti-kr (R =
0.5) @lGOMTENM .. 91
The (|7catoset] — |7censet]) distributions with Gaussian fits. Each
histogram corresponds to different range in pr™®.......ccccocvvveveeene. 92
HF jet # resolutions as a function of pr®*™ for the anti-kr (R =
0.5) @lGOMTENM ... 92

Log(xy o) distribution of two partons producing at least one jet

above p; = 20 GeV/c at forward rapidities in pp collision.................. 94
Feynman diagram for inclusive forward jet production..................... 95
Jet Trigger AIQOrithm ..o 100

Jet pr spectrum (before applying JEC) of the trigger stream
used for forward jet analysis (left), jet trigger turn-on of the
HLTJetl5U stream vs. corrected jet pr (after applying JEC)
(right) and Jet trigger efficiency vs. jet 7 (bottom) ..........cccceveenes 101
Total luminosity shown run-by-run (left), effective luminosity
obtained from the trigger HLTJetl5U shown by run number
(right). The prescale factors of HLT Jet15U trigger is shown by
run NUMDBEr (DOTEOM)....cveiiiie e 102
Measured differential cross sections for jets as a function of pr
before unfolding the energy resolution (black dots), compared
to detector-level MC simulations generated with PYTHIA 6

ANA HERWIG B ... 104
The acceptance (left) and background (right) as a function of
CaloJets pr fOr PYTHIA 6.4 ..o 106

The purity (left) and stability (right) as a function of corrected
CaloJets pr for the bins in which cross section measurements
are performed shown for PYTHIA 6.4 ..o 107
The bin-by-bin unfolding correction factors as a function of pr
for inclusive TOrward JetS........ccooveriiiiiiee e 107
Inclusive forward CaloJets pr resolution with CMS MC
SIMUIAtION PYTHIA 6.4 109

X



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

5.11.
5.12.

5.13.

5.14.

5.15.

5.16.

5.17.

5.18.

5.19.

5.20.

5.21.

Matrix element between CaloJets and Generated jets......................
Bin-by-Bin unfolding using RooUnfold. The measured, MC
true and unfolded cross section (left). Ratio of unfolded to MC
true cross SeCtion (FgNt) .....c.ooverieiiiieieeie s
Bayes (D’Agostini with 1% iteration) unfolding using
RooUnfold. The measured, MC true and unfolded x-section
(left). Ratio of unfolded to MC true x-section (right) ..........ccccoenee.
Bayes (D’Agostini with 2" iteration) unfolding using
RooUnfold. The measured, MC true and unfolded x-section
(left). Ratio of unfolded to MC true x-section (right) ..........cccccoe.e..
Bayes (D’Agostini with 3™ iteration) unfolding using
RooUnfold. The measured, MC true and unfolded x-section
(left). Ratio of unfolded to MC true x-section (right) ..........ccccoen...
Bayes (D’Agostini with 4™ iteration) unfolding using
RooUnfold. The measured, MC true and unfolded x-section
(left). Ratio of unfolded to MC true x-section (right) ..........ccccoenee.
Bayes (D’Agostini with 5th iteration) unfolding using
RooUnfold. The measured, MC true and unfolded x-section
(left). Ratio of unfolded to MC true x-section (right) ..........ccccceenee.
SVD (with kterm = 1) unfolding using RooUnfold. The
measured, MC true and unfolded cross section (left). Ratio of
unfolded to MC true cross section (right)...........cceevvverieneniesiennins
SVD (with kterm = 2) unfolding using RooUnfold. The
measured, MC true and unfolded cross section (left). Ratio of
unfolded to MC true cross section (right)...........cceeveverieienienieenins
SVD (with kterm = 3) unfolding using RooUnfold. The
measured, MC true and unfolded cross section (left). Ratio of
unfolded to MC true cross section (right)...........ccoeevevvrieienienieenins
SVD (with kterm = 4) unfolding using RooUnfold. The
measured, MC true and unfolded cross section (left). Ratio of
unfolded to MC true cross section (right)...........cceevevvrieeienienieeniens

XV



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

5.22.

5.23.

5.24.

5.25.

5.26.

5.27.
5.28.

5.29.

5.30.

5.31.

SVD (with kterm >= 7) unfolding using RooUnfold. The
measured, MC true and unfolded cross section (left). Ratio of
unfolded to MC true cross section (right)...........ccoeeevverieenenieniennnns
Smeared Ansatz fit to the jet p, spectrum for DATA (left).

Quality of the fit: fractional difference between the fitting
curve and the “data” points. Error bars are statistical only

Smeared Ansatz fit to the jet p; spectrum for MC (left),
Quality of the fit: fractional difference between the fitting
curve and the data” points for MC (PYTHIA 6.4). Error bars
are statistical only (Fght) ...
The comparison of the correction factors obtained from MC
method and Ansatz method ...
The final unsmeared cross sections obtained after the
application of correction factors from MC method and Ansatz
method and their ratio of cross sections obtained from both
Methods (DOTLOM).........coiiiie e
Corrected jet p; spectrum With JEC ...

The ratio between the p, distribution obtained with the
“LOOSE” and “TIGHT” Jet ID......cccvevieiiecie e
The ratio between the p; distribution obtained with the V1, V2
and V3 of the HF Cleaning.........ccoovveeenniiiie e
The ratio between the p, distribution obtained with the |z| < 24
CM AN [Z] < L5 CM e
Average pile-up estimation obtained for the each run number
used in the analysis (left). Average pile-up estimated per run
with respect to number of primary vertices per run (right) ..............

XV

128



Figure

Figure

Figure

Figure

Figure

Figure
Figure
Figure

Figure

Figure

5.32.

5.33.

5.34.

5.35.

5.36.

5.37.
5.38.
5.30.

5.40.

5.41.

The p; distributions for jets from events with exactly one
vertex reconstructed and for jets from all events (left). The p;

distribution for jets from events with exactly one vertex
reconstructed and the same distribution after applying to each
jetap;shiftof 0.5, 1, 2and 3 GeV (right).........ccceviiiiiiiiinnnn,

Experimental uncertainties as a function of jet p; for inclusive

forward ProducCtion ..........ccooeiieiieiece s
Non-perturbative corrections to NLO QCD calculations. The
error bars correspond to half the spread between the
predictions from PYTHIA 6.4 and HERWIG + JIMMY .................
Uncertainties on the predicted NLO inclusive forward jet
SPECEIIUM ..ottt ettt ne b e
Inclusive jet cross section at forward pseudorapidities (3.2 < |n|
< 4.7), fully corrected and unfolded, compared to particle-level
predictions from PYTHIA 6, PYTHIA 8, HERWIG 6,
NLOJET++ corrected for non-perturbative effects, POWHEG,
CASCADE and HEJ (left). Ratio of theory/data for the forward
Jet spectrum (FIght) oo
The NLO predictions compared to the data ............ccocceveiieirinnnen.
Feynman diagram for forward—central dijet production ..................
Measured differential cross sections for forward jets in dijet
events as a function of p;, before unfolding the energy
resolution (black dots), compared to detector-level MC
simulations generated with different versions of PYTHIA and
HERWIG for forward jets in dijet eVeNntS........ccccevviiniieneninieenins
Systematic uncertainties as a function of jet p, for forward jet
SPectra iN diJet BVENTS .......oiiiieiece s
Differential cross sections as a function of jet pr for dijet
events with at least one forward jet for PYTHIA, POWHEG
(FPTYHIAB), CASCADE .......oeooeeeeeeeeseeeeeeeevseese s

XVI



Figure 5.42.

Figure 5.43.

Figure 5.44.

Figure

Figure

Figure

Figure

Figure
Figure
Figure

Figure

Figure
Figure

Al

A2

B.1.

B.2.

B.3.
B.4.
B.5.

B.6.

B.7.
B.8.

Differential cross sections as a function of jet p; for dijet
events with at least one forward jet for HERWIG, POWHEG
(FHERWIG), HEJ ..ot 142
Ratio of theory to data for differential cross sections as a
function of p;, for forward jets produced in dijet events for
PYTHIA, POWHEG (+PTYHIAG), CASCADE ..........ccoeviveirenn. 143
Ratio of theory to data for differential cross sections as a
function of pr, for forward jets produced in dijet events for

HERWIG, POWHEG (+HERWIG), HEJ .......ccocoiiieieeeceiee, 143
The acceptance (left) and background (right) as a function of
corrected PF jets p; for PYTHIA 6.4 ..., 160

The purity (left) and stability (right) as a function of corrected
PFjets pr for PYTHIA G4 ..o, 160
Inclusive Forward Calo jets pr cross section on detector level
for DATA and MC simulations PYTHIA 6.4 and
HERWIGHIIMMY ..ot 161

Inclusive Forward CaloJets » cross section on detector level

for DATA and MC simulations, PYTHIA 6.4 and

HERWIGHIIMMY ..ot 161
Inclusive forward CaloJets VS. PF JetS......cccoeiiiiiienenieneeece e 162
Lumi Yield PIOt.......ooviiei e 162

Detector level comparison between data and MC (PYTHIA)
SIMUIALION ... 163
Detector level comparison between data and MC (HERWIG)

SIMUIALION ... s 163
Detector level comparison between PYTHIA and HERWIG .......... 164
Comparison between PYTHIA and DATA both detector level

and hadron-l1evel ... 164

XVII



Figure C.1.

Figure C.2.

Figure C.3.

Comparison of MC correction factor obtained from PYTHIA
6.4 and HERWIG + JIMMY MCs for Calo jets for 3.2 < |n| <

4.7 (left), and a comparison of correction factor obtained
within the range of 3.2 < |1 | < 4.6 (rght).....ccceeviiiiiiieee

A comparison of correction factor obtained within the range of
3.2<|n|<4.7for PF jets (rght) ..o

Correction factor obtained from Ansatz method for data (top)
and for PYTHIA 6.4 MC (DOttOM) .....ccceviviiiiiieiiee e

XVII



XIX



ABBREVIATIONS

ALICE : A Large lon Collider Experiment

ATLAS : A Toroidal LHC Apparatus

BFKL . Balitski-Fadin-Kuraev-Lipatov

CERN : Conceil Europeenne pour la Recherche Nucleaire

CL : Confidence Level

CMS : Compact Muon Solenoid

CSsC : Cathode Strip Chamber

CTEQ : Coordinated Theoretical-Experimental Project on QCD
DAQ . Data AcQusition

DGALP : Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
DT : Drift Tube

EB : Barrel Electromagnetic Calorimeter
ECAL : Electromagnetic CALorimeter

EE : Endcap Electromagnetic Calorimeter
HB : Barrel Hadronic Calorimeter

HCAL : Hadronic CALorimeter

HF : Hadronic Forward

HLT : High Level Trigger

HO : Outer Barrel Hadronic Calorimeter
JEC : Jet Energy Correction

JER : Jet Energy Resolution

JES : Jet Energy Scale

LEP : Large Electron Positron Collider
LHC : Large Hadron Collider

LHCDb : Large Hadron Collider Beauty Experiment
MC : Monte Carlo

PDF : Parton Density Function

PS : Proton Synchrotron

QCD : Quantum Chromo Dynamics

XX



QED
RBX
RF
RPC
SM
SPS
TEC
TIB
TID
TOB

: Quantum Electro Dynamics
: Readout Box

: Radio Frequency

: Resistive Plate Chamber

: Standard Model

: Super Proton Synchrotron

: Tracker End Cap

: Tracker Inner Barrel

: Tracker Inner Disks

: Tracker Outer Barrel

XXI



1. INTRODUCTION Semiray GIRGIS

1. INTRODUCTION

Physics is the science that strives to understand the basic features of the world
around us. Human desire for knowledge has let to deep insights into the mechanisms
of nature and allowed for discovery of many amazing properties of the universe. In
some cases this has only been possible because we strive to understand the
fundamental components of matter and their interactions. It has been the
accomplishment of particle physics to develop, with unprecedented accuracy a model
of these interactions that we call Standard Model (SM) framework. This is currently
the best theory for modeling the interactions and the behaviour of elementary
particles and physical forces (except gravity). During the last 40 years the SM has
been tested with success in many accelerators and particle physics detectors around
the world. In the early 1980’s, the discovery of particles such as the weak boson and
more recently the Higgs boson, confirmed the SM’s predictive power. In high
precision searches only little deviation from the SM was observed, yet still, we do
know that the SM cannot be the complete description of all particle interactions and
because of several open questions it is not a complete theory. For example, the
existence of neutrino oscillation, and thus neutrino mass, moreover the matter/anti-
matter asymmetry in the universe and the problem of unifying the fundamental
interactions show that there are still basic questions to be answered and all these
unanswered questions suggest existence of new physics beyond the SM.

The SM contains twelve fundamental fermions (and their respective anti-
particles) as constituents of matter and describes the strong, weak and
electromagnetic interactions between them using mediating particles called gauge
bosons. In this thesis particular emphasis is put on the theory of the strong
interaction, Quantum Chromodynamics (QCD), as partons in the proton and their
interactions are generally described in terms of QCD. For us it is important to
understand what models are used by the Monte Carlo (MC) generators and what can
be directly calculated within the framework of the SM, how the hard scatter partons
are observed and what is the final state of hadrons. In Chapter 2 the most important
concepts, such as interaction between quarks, gauge boson role of the mediator
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application of perturbative theory to QCD, quark confinement and process of decay
from hadron to parton are explained.

Chapter 3 provides an introduction to the Large Hadron Collider (LHC) and
summarizes its experimental setup. It starts by describing the LHC and associated
experiments at the Conseil Européen pour la Recherche Nucléaire (CERN),
Switzerland. The main goal of the LHC is the search for physics beyond the SM and
one of the major motivations for the current LHC operation was the discovery of the
Higgs boson which was expected to be the origin of the elementary particle masses.

LHC has collided protons at a center of mass energy of 7 TeV in 2010 and
2011, and the colliding energy has been raised to 8 TeV in 2012. Two main LHC
experiments (ATLAS and CMS) searching for Higgs presented their results on 4 July
2012, indicating the particle was discovered with a mass between 125 and
127 GeV/c?. By March 2013, the particle has been proven to behave, interact and
decay in many of the ways predicted by the SM but more data is needed to know if it
is indeed the Higgs boson or whether, as predicted by some theories, multiple Higgs
bosons exist.

Section 3.2 describes the Compact Muon Solenoid (CMS) detector; one of the
two multi-purpose experiments at the LHC (with ATLAS being the other one). It is
designed for the discovery of new particles as well as for precise measurements of
known processes within the SM. The main feature of CMS is the 4T superconducting
solenoid that permits a compact design of the detector with a strong magnetic field.
Starting from the closest to the interaction point, the individual subdetectors are the
Tracker, the Electromagnetic Calorimeter (ECAL) and the Hadronic Calorimeter
(HCAL) which are surrounded by the solenoid, followed by layers of muon
detectors. The CMS detector is providing a calorimetric coverage to study jet
production over a range of jet pseudorapidities as large as An ~ 10.

This thesis concentrates on the Hadronic Forward Calorimeter (HF), the
subsystem of HCAL in CMS. The HF has two main purposes in CMS: to improve

the measurement of the missing transverse energy (E*) and to enable identification

and reconstruction of forward jets.
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Chapter 4 focuses on jet definition, jet reconstruction and jet performance in
the HF calorimeter. A jet is a narrow cone of hadrons and other particles produced by
the hadronization of a quark or gluon and it can be classified by two main types of jet
algorithms: cone algorithms and sequential recombination algorithms. The text will
discuss what properties a successful jet algorithm needs to have to provide good
correspondence between the parton level and the particle level search.

Chapter 5 presents the analysis of the main topic of the thesis: the
measurement of inclusive forward jet cross section and dijet events with at least one
jet emitted at central and the other at forward pseudorapidities in HF using 3.14 pb™*
of data from the CMS experiment in pp collision at Vs = 7 TeV. The jet cross section
measurement is an important test to demonstrate the capabilities of the detector and it
is the fundamental test of perturbative QCD (pQCD). This measurement also
provides information on the parton distribution functions (PDFs) and the strong
coupling and it is sensitive to the presence of new physics phenomena. The jet cross
sections at large transverse momenta (p;) measured at LHC are well described over
several orders of magnitude by pQCD. In this analyses forward jets are measured
within 3.2 < |»| < 4.7 pseudorapidities, and central jets within the || < 2.8 range, in
the transverse momentum range pr = 35 — 150 GeV/c and only forward jet results are
presented. The hadron level results are compared with predictions obtained from
several Monte Carlo (MC) event generators, namely: PYTHIA 6 (version 6.422),
PYTHIA 8 (version 8.135), HERWIG 6 (version 6.510.3 + JIMMY) and
HERWIG++ (version 2.3) as well as to next-to-leading (NLO) pQCD predictions
obtained either with NLOJET++ or with POWHEG package which implements a
matching to PYTHIA or HERWIG parton showers. Additionally, data is compared to
results from the CASCADE (version 2.2.04) which includes parton radiation from
QCD evolution in 1/x and with the extra wide-angle gluon radiations included in the
HEJ model.

All the analysis results and details presented in this thesis were published in
CMS Analysis Notes (Cerci, Sunar Cerci et al., 2010), (Brona, Cerci et al., 2010),
CMS Physics Analysis Summary (Chatrchyan et al., 2010a) and CMS Paper
(Chatrchyan et al., 2012).
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2. THEORETICAL MOTIVATION

In this chapter, the basic theoretical and phenomenological concepts related to
the present analysis will be presented. First, an overview of the Standard Model (SM)
of particles and forces, then Quantum Chromodynamics (QCD) and pp scattering
processes will be discussed and finally Monte Carlo (MC) event generators used in
this study will be covered.

2.1. The Standard Model of Particle Physics

The SM is so far the most successful theory describing the properties and
interactions (electromagnetic, weak and strong) of the elementary particles. This
model combines QCD and the electroweak theory. The gauge quantum field theory
based on the symmetry group SU(3)c x SU(2). x U(1)y, where the electroweak sector
is in the SU(2). x U(1)y group and the strong sector is based in the SU(3)c group.
Over the years the SM has been tested in different experiments and almost all the
results obtained with high precision were in agreement with the predictions of the
SM.

In the SM there are twelve fermions (and their anti fermions), twelve gauge
bosons and one neutral Higgs particle. Fermions have half integer spin and obey
Fermi-Dirac statistics and bosons have integer spin and obey Bose-Einstein statistics.
The Higgs particle is a scalar and has spin 0. The fundamental fermions are further
divided into leptons and quarks. Each of them consists of three generations with
similar properties, e.g. electric charge g, spin J and third component of the weak
isospin lI3. Fundamental particles of the SM are shown in Table 2.1.

Leptons come in three lepton families: electron (ve, ), muon (v, p) and tau
(v:, 7). They can also be classified according to their charge: the neutral neutrinos ve,
vu, Ve and the negatively charged e, u and t . Three of the leptons e, p and z carry a
unit charge while neutrinos are chargeless and were initially believed to be massless.
But, recent observations from neutrino experiments indicate neutrinos having

nonzero mass (Karagiorgi et al., 2007).
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The quarks come in six flavors and like the leptons, they can be grouped into
three quark families: up (u) and down (d), charm (c) and strange (s), top (t) and
bottom (b). The u, ¢, t quarks have electric charge 2e/3 and the d, s, b quarks have
charge —e/3, with e being the elementary electric charge. Leptons interact via the
weak force while quarks carry an additional color charge and interact via the strong
force.

Table 2.1. Properties of the spin-1/2 particles, the fermions (Ralich, 2009).

Generation Name Symbol | Charge (e) Mass (GeV/c?)
up quark u 2/3 2.4 x10°
| down quark d -1/3 4.8 x10°
electron e -1 0.5 x 107
electron-neutriono Ve 0 0
strange quark S -1/3 0.1
| charm quark c 2/3 1.27
muon M -1 0.1
muon-neutrino v, 0 0
bottom quark b -1/3 4.8
" top quark t 2/3 172.6
tau T -1 1.7
tau-neutrino vV, 0 0

The particles and anti-particles in the SM interact via electromagnetic, weak
and strong forces. The gravity is the fourth and the weakest amongst all. In Table 2.2
fundamental forces and their mediators are given. All these fundamental interactions

can be characterized by gauge field theories.
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Table 2.2. Fundamental forces with their mediator (Ralich, 2009).

Force Strength Theory Mediator
Gravitational 10 Gravitation Graviton
Weak 103 Flavordynamics | Massive Vector Bosons
Electromagnetic 102 Electrodynamics Photon
Strong 10 Chromodynamics Gluon

The electromagnetic interaction occurs between two particles having electric
charge. Quantum Electrodynamics (QED) is the quantum approach to the
electromagnetic interaction and provides the mathematical theory associated with the
gauge symmetry U(1) and involves the exchange or production of photons. Hence
photons are the mediators of electromagnetic interaction.

The weak interaction is very short ranged and is described by quantum flavor
dynamics. The weak force mediating particles, W* and Z° are massive. All
elementary particles participate in the weak interaction, either via charged W or the

Z° neutral interaction.

Table 2.3. Properties of the spin-1 particles, the gauge bosons (Ralich, 2009).

Force Name Symbol | Charge () | Mass (GeV/c?)
Electomagnetic photon % 0 0

Weak W boson W* 1 80.4

Weak Z boson Z° 0 91.2

Strong gluon g 0 0

The strong interaction is described by QCD with an underlying non-Abelian
color symmetry SU(3). The conserved quantity is the color charge. There are three
types : red, green and blue and their anticolors.
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Quarks are the only fermions carrying a color charge. The force is exchanged
via massless gluons. They carry a color and anti-color, forming a color octet. In
nature only colorless particles are observed as free objects. Thus, free quarks or
gluons can not be observed. Quarks that form combined objects are called hadrons:
Mesons consist of a quark and antiquark pair and baryons have three quarks (anti-
quarks) (Ralich, 2009). A summary of interactions between particles described by the
SM is shown in the Figure 2.1. The dashed line between the photon propagator and
leptons indicates that photons couple only with charged leptons.

Leptons Quarks
en T U.C;l
Vor Vs Vi, d, S, b

’

Photon Gluons

Higgs Boson

Figure 2.1. Summary of interactions (http://en.wikipedia.org/wiki/Higgs_boson).

The quark-gluon and gluon-gluon strong interaction vertices are shown in
Figure 2.2.
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(&) ~ V&, (0) ~ (9 ~a,

Figure 2.2. The interaction vertices of the Feynman diagrams of QCD.

The SM theory has been tested in various experiments and the agreement
with experimental data is very high, but some questions are still unanswered. For
example only massless gauge bosons are predicted, due to the local gauge invariance,
hence, no explanation for the W and Z mass is given and the mass of the other
particles is not explained either. One possible solution within the SM is the Higgs
mechanism (Higgs, 1964). In this mechanism the scalar quantum field is called the
Higgs field. Its introduction allowed to describe how mass arises from the interaction
of particles with the Higgs field. The theory of particle physics is also strongly
relevant to some fundamental cosmological questions. For instance to answer the
question of matter-antimatter asymmetry in the universe and why there is still not a
clear particle candidate for dark matter (Ralich, 2009). One another important
question of particle physics is the unification of all four forces to one single force,
which cannot be solved in the SM framework. Thus new theories like supersymmetry
(Aitchison, 2007) or extra dimensions may provide an answer to the unification of

gravity and the SM.
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2.2. Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a quantum field theory which describes
the interaction between quarks and gluons through color charges. In the strong
interactions the color charges of quarks have the same role as electric charges of
particles in the electromagnetic interaction. So the color charge is the source of gluon
field (Boyarkin, 2007). There are three color charges which are called red (r), green
(9) and blue (b) and form a triplet under SU(3)c.

1 0 0
R=|0|, G=|1|, B=|0
0 0 1

(2.1)

A possible representation of these color states as a singlet and an octet is
given in Table 2.4. The singlet is colorless and for this reason it does not contribute
to the interaction. The gluon has eight independent color states, which are linear

combinations of a color and an anti-color charge, constituting a color octet.

Table 2.4. A possible representation of the color singlet and triplet of SU(3)

symmetry.
symmetry representation
octet rg | rb| gb|gr|br|bg| 1/ 2(rF - gﬁ) \/1/6(rF +gg - bB)
singlet \/1/3(rF+ gﬁ—bﬁ)

The precision QCD calculations and their experimental tests at pp collider are
very difficult. Basically, physics aspects of the LHC, from particle searches beyond
SM to electroweak precision measurements and studies of heavy quarks are
connected to the interactions of quarks and gluons at large transferred momentum.
All of the processes to be investigated at the LHC involve QCD to some extent. It
cannot be otherwise, since the colliding quarks and gluons carry the QCD color
charge (Catani et al., 2000).

10
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2.2.1. Perturbative QCD and Asymptotic Freedom

Perturbative QCD (pQCD) seeks to identify the structure of multi partonic
systems which are produced by QCD cascades. pQCD wants to obtain the same real
information about confinement using calculable characteristics of quark, gluon
ensembles and measurable characteristics of final hadronic states in hard processes
(Dokshitzer et al., 1991). Thus pQCD is very important for understanding of rates
and characteristics of predictions for hard processes at the LHC both for signals and
backgrounds. Interactions are described by their coupling and the coupling can be
chosen to be dimensionless to make possible a comparison of the different couplings.

pQCD is based on the strong coupling constant o given below:

1
2 — ya 2
«@)= by IN(Q?/ A2 (22)

where by = (11N, — 2n)/127z, Nc and n; are the numbers of colors and quark flavours,
respectively. Aqcp IS the scale parameter characterizing the energy scale at which the
coupling escapes to infinity. For Q*< A%qcp, which corresponds to large distances, os
increases, causing confinement of quarks and gluons. On the other hand a5 decreases
with an increasing scale of the interaction Q2. The strong coupling os as a function of
the energy scale Q is shown in Figure 2.3 (top). In this plot the current world average

value of QCD coupling is a,(M2) = 0.1184 + 0.0007 (Beringer et al., 2012). The

summary of values of a,(M?) obtained for various sub-classes of measurements is

also demonstrated in Figure 2.3 (bottom).

11
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Figure 2.3. Summary of measurements of «g as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the
extraction of as 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) (top) and

summary of values of a (M2) (bottom) (Beringer et al., 2012).

12
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The property of color confinement can be used to identify qualitatively why
free quarks and colored combinations of hadrons have not been observed in nature.
At high Q% > 1 GeV?, a5 becomes small. In this case quarks are not influenced by the
other partons in the proton and only interact very weakly with each other and can be
treated as free particles. This behavior is called asymptotic freedom. It is the
important characteristics of strong interaction which describes the behavior of quarks
inside hadrons and hadron formation and is successfully applied in theory
calculations, since it allows the application of perturbative techniques.

2.2.2. Quark Parton Model and Parton Density Function

The high energy interactions of hadrons are described by the QCD parton
model. The main idea of this model is that the hard scattering between two hadrons
can be understood as the interaction between the partons, quarks and gluons. The
Quark Parton Model (QPM) was developed by Feynman in order to explain the
scaling behaviour of the deep inelastic scattering (DIS) structure function F, as
predicted by Bjorken (Bjorken, 1969). Bjorken suggested that the structure function
of a proton is a function of variable x, parton momentum fraction. Bjorken scaling
expects F, to be independent of Q2 while depending only on x at high enough Q2
Deep inelastic scattering (DIS) is the name given to a process used to probe the
insides of hadrons (such as protons and neutrons), using electrons, muons and
neutrinos. The direct evidence for the existence of quarks inside the proton is
provided by DIS. First DIS experiments at the Stanford Linear Accelerator Center

(SLAC) proved this behaviour at x ~ 0.25 and it was explained by Feynman as a

proton being made out of point like constituents which he himself called partons. In
the QPM the structure functions F, can be written as;

F(% Q%) =2xF (% Q%) = Y & (%) (23)

where the function fi(x) is the Parton Distribution Function (PDF) of the proton.

13
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The sum runs over all quarks and anti-quarks in the proton, which have
electrical charge e,. f,(x) gives the probability of finding a parton i carrying the
momentum fraction x in the proton. f,(x) is independent of o, and any scale and
directly proportional to F,. The structure function F; is defined by the parton

densities, while F, describes the momentum densities. The QPM predicts the

longitudinal structure function F_ (x, Q% = 0, which is a consequence of the

scattering from spin -1/2 partons in the absence of QCD radiation.
F.=F-2xKr =0 (2.4)

It follows that F, = 2xF,, which is known as the Callan-Gross relationship. From the

equation 2.3, structure function of the proton can be written as:
4 _ 1 = —
Fy(x) = x(g[u(x)+u(x)] +§[d(x)+d(x) +s(x)+s(x)]+...) (2.5)

where u(x) (d(x), s(x)) is the PDF for u(d,s) quark in the proton while

u(x)(d(x),5(x) for u(d,s) antiquark.

The momentum distribution functions of the partons within the proton are
called Parton Distribution Functions (PDFs) when the spin direction of the partons is
not considered. The PDF gives the probability densities for finding a parton carrying
a momentum fraction x at Q?. The knowledge of proton PDFs mainly comes from the
DIS (Soper, 1997), HERA (Dittmar et al., 2005), fixed target and TEVATRON
(Bhatti and Lincoln, 2010) data. DIS experiments have shown that the number of
partons grows at low x with Q? and falls at high x. At low Q? the three valence quarks
become more and more dominant in the nucleon while at high Q? there are more and
more quark-antiquark pairs which carry a low momentum fraction x. Assuming the

factorization scale (Q) is equal to M, the mass of the final state, the relationship
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between the parton (x, Q%) values and the kinematic variables M and rapidity (y) is

shown both for LHC and also previous experiments in Figure 2.4.
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Figure 2.4. The Q’-x kinematic plane for the LHC and previous experiments,
showing the mass (M = Q) and rapidity (y) dependence (Tricoli, 2006).
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Some attempts to describe the evolution of the parton densities were made.
When as is large, higher order corrections are important and need to be included to
all orders. This can only be done in approximations like DGLAP (Dokshitzer,
Gribov, Lipatov, Altarelli, Parisi), BFKL (Balitsky, Fadin, Kuraev, Lipatov) etc.
DGLAP and BFKL describe the evolution of F, (x, Q%) with Q% and x, respectively.
DGLAP approximation is valid only at large enough x where as is small and In (1/x)
terms are not important. BFKL is expected to be a good approximation in a different
region, in other words at very low x but at Q? large enough in order to work with
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logically small values of as(Q?). Another model is the CCFM (Catani et al., 1990)
approximation. This model combines features from both the DGLAP and BFKL
approximations and provides a convincing description of many data in a wide
kinematic region. A schematic phase space diagram for DIS is shown in Figure 2.5
where the DGLAP and BFKL evolution directions are marked by arrows. In the non-
perturbative (NP) region Q? < A%qcp (blue area) the coupling is large and not much is
known here from the point of pQCD. The saturation region (yellow area) can be
understood by means of perturbative methods at low x (Lastovicka, 2004).

g /N
E saturation region
< BFKL
N\
8
g
2
©
]
g
5 DGLAP
2
Aqcp Q2

Figure 2.5. Schematic phase space diagram for DIS (Lastovicka, 2004).

Cross sections are calculated by convoluting the parton level cross section
with the PDFs. QCD does not predict the parton content of the proton, for this
reason the starting values of the PDFs are determined by fitting data from
experimental observations in various processes using the DGLAP evolution equation
and can not be calculated perturbatively (Placakyte, 2011). The resulting PDFs
depend on the choice of the input data, the order in which the pQCD calculation is
performed, the assumptions about the PDFs, the treatment of heavy quarks, the
correlation between as, the PDFs and the treatment of the uncertainties. The
determination of PDFs was carried out by several groups, namely MSTW (Martin et
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al., 2009), CTEQ (Nadolsky et al., 2008), NNPDF (Ball et al., 2009), HERAPDF
(Aaron et al., 2010), AB(K)M (Alekhin et al., 2010) and GJR (Gliick et al., 2008).
Figure 2.6 summarizes the variety of measurements at different experimental
facilities which are sensitive to the gluon density and their approximate x coverage
(d’Enterria, 2006).
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Figure 2.6. Examples of experimental measurements at various facilities providing
information on the gluon PDF in the range x ~ 10° - 0.8 (d’Enterria,
2006).

The data from HERA and other experiments are calculated using the QCD

evolution equations at next-to-leading order (NLO) and next-next-to-leading order
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(NNLO) by several groups and all supply consistent predictions for the LHC
processes. The fitted PDFs as determined by the HERAPDFL1.0 fit is given in Figure
2.7. The distributions  xu,(x), xd,(x), xg(x), xS(x), where
xS(x) = 2x(U(x)+xD(x)) are shown at Q*= 10 GeV2. The gluon and sea quark

distributions are scaled down by a factor of 20. At Q2:10 GeV? and x = 0.01 the

valance contribution is about 5 % and goes over the magnitude limit of the PDFs

uncertainties.

H1 and ZEUS

a 1
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I B exp. uncert.
'\\\ || model uncert.

:’ parametrization uncert.
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X
Figure 2.7. The PDF distribution determined from the HERAPDFL1.0 fit at Q2:10

GeV? for gluons, sea quarks, up (u,) and down (d,) valance quarks
(Petrukhin, 2010).
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2.2.3. Factorization Theorem

The factorization theorem provides prescriptions to separate long and short-
distance effects in hadronic cross sections. QCD factorization theorem can be used to
calculate a wide variety of hard scattering cross sections in hadron-hadron collisions.

Diagrammatic structure of a generic hard scattering process is shown in Figure 2.8.

Figure 2.8. Hard scattering process (https://inspirehep.net/record/1120513/plots).

The QCD factorization theorem states that in the presence of a hard scale the

Cross section can be written as,
Opg = fdxa A%, oy (% 1) foyp (X0 147) X [ + g (1R) Oy +.- ] gy o (2.6)

where 0,5 gives the cross section of the hard subprocess which is calculated in

pQCD. ur is the factorization scale which can be thought of as the scale which
separates the hard and soft component of the interaction and ur renormalization
scales for QCD coupling. To avoid unnaturally large logarithms reappearing in the
perturbative series ur = ur is often assumed. Formally, the cross section calculated to
all orders in perturbation theory is invariant under changes in these parameters
(Campbell, Huston and Stirling, 2006). The partonic cross section is computable as a
power series expansion in the QCD coupling as (Q) as shown in equation 2.7.
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O (Py P5Q{ -} 05(Q) =a5(Q{ 05 (P P Q{ 1)
+a5(Q)a%"” (py P Q{1
+ag(Qag (P P Q{3 +.0} 2.7)

The lowest (or leading) order (LO) term ¢

gives only an estimate of the
cross section. Thus one needs the NLO term, which is available for the most cases of
interest (Catani et al., 2000). Some important SM cross sections prediction at pp

and pp colliders are calculated using NLO in perturbation theory and are shown in

Figure 2.9.
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Figure 2.9. SM cross sections for hard scattering versus s at the Tevatron and LHC
colliders (Campbell, Huston and Stirling, 2006).
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2.3. From Parton to Hadron

The hard interaction between two colliding fundamental particles can be
described using the SM. The transition from the hard partons to hadrons can be
factorized into Parton Shower and the Hadronization.

Proton-proton scattering process can be explained as a sequence of three
stages shown heuristically in Figure 2.10.

Jets

Protons Hard arton Hadroni-
approach scatter, showers ) |zation @

Figure 2.10. pp scattering processes (Cheung, 2011).

» The partons inside each of the two incoming protons P; and P, approach each
other with some momentum fractions xi, X, and their momentum distributions
fi(x1) and fj(x.) are described by PDFs.

* One of the partons inside each of the incoming protons interact in a hard
scattering. The hard scattering occurs between the pair of partons that behave
as free particles. The cross section of this process can be calculated
perturbatively. The remaining partons, called spectator partons do not
influence the hard scattering.

» Qutgoing partons are generated from the two scattered partons and after

parton showering and hadronization, form jets (Cheung, 2011).
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2.3.1. Parton Shower

The parton shower (PS) describes parton emission from the parton in the hard
interaction and adds higher order QCD effects to the hard process. When the energy

decreases o, become larger and therefore the rate of the parton emission increases

and consequently partons hadronize when approaching Aqcp. The evolution of the
showering can be described by DGLAP equations and can be characterized by the

momentum fraction z of the radiated particles, its azimuthal angle ¢ and the flavour

of the emitted particles. The shower evolution depends to large extents on low
energetic processes. Since these processes can not be calculated analytically they are
modeled using PDFs. Radiation of partons in the initial and final state and to relate
the few partons produced in the hard processes to the partons can be explained by
parton showering. During parton showering, each of the final-state partons radiates
additional partons, in the end the original outgoing partons are replaced by a number
of low energy partons. The showering of one parton results in a jet of quarks and

gluons, moving approximately in the initial parton direction.

2.3.2. Hadronization

The transition from partons to hadrons is called “hadronization”.
Hadronization processes are responsible for the conversion of the color charged
particle into colorless hadrons. Since hadronization processes happen in a region
where o5 is large, these processes can not be calculated from perturbation theory but
can only be described by phenomenological models like Lund String and Cluster
Models.

Lund string model: The Lund string model is one of the most popular hadronization
models. It is implemented in the multi purpose generator PYTHIA motivated by the
properties of the color field between two colored particles. Two color charged
objects are bound together by a color string with the string constant « [GeV/fm]. As

the two particles move apart the color string is stretched out causing the energy in the
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string to increase. When enough energy is stored in the string it can break and new
quarks are produced. In order to conserve quantum numbers the created particles
must be either a quark-anti quark pair or a diquark-antidiquark pair. Each of the
newly created quarks connects to the old quarks with the remaining parts of the color
string. When no energy for further pair production is left, the process stops and the
resulting string fragments are combined into hadrons. Figure 2.11 (a) shows the
schematic picture of string model of hadronization.

Cluster Model: The cluster model is very different compared to the string model.
This model is based on the color pre-confinement property of QCD. After the parton
showering the remaining gluons split into either light quark-antiquark or diquark-
antidiquark pairs. The nearest quark and antiquark then combine into a color singlet
clusters. These clusters decay directly into two hadrons unless they are very heavy, in
that case the clusters decay into two clusters; or if they are too light then into a single
hadron. In Figure. 2.11 (b), schematic description of cluster model is shown for

hadronization.

(@) (b)

Figure 2.11. Hadronization using (a) string and (b) cluster models in Monte Carlo
event generators.
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2.4. Monte Carlo Generators

Multi purpose Monte Carlo (MC) event generators which allow to make
predictions on distributions expected and measured in experiments, are very
important tools in particle physics. The working principle of a hadron level MC
generation is shown in Figure 2.12. The different steps can be executed by multiple
generators, making it possible to use for example different parton shower algorithms
on the same hard scattering. Two partons from the incoming protons interact
according to the hard scattering. The outgoing hard partons together with the proton
remnants are subject to the parton shower to form the partonic final state (PFS).
These partons are then hadronized. Particles with a mean lifetime below a particular
threshold are also decayed.

‘ Detector I Observables

Simulation

______ Hadronic
® 0 0 @ final state
(,

Branching ratios

/ Phenomenological

Hadronisation Models —
/"/4 ______ final state
Parton shower /
/ Perturbative
calculations
----- Initial stat
y p Hard Scattering p nitial state
q° and MPI
Figure 2.12. Working principle of a multi-purpose MC event generator (Heinrich,
2011).
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24.1. PYTHIA

PYTHIA (Sjostrand, Mrenna and Skands, 2006) is a MC event generator
program which combines many theoretical and empirical models to describe parton
remnants, initial and final state radiation, fragmentation and multiple interactions

using the Lund string hadronization model and a p; -ordered parton showering.

PYTHIA is currently available in both a Fortran and a C++ version. The
Fortran version has been developed since 1977 (with the latest version is PYTHIA
6.4.28) and the latest C++ version is PYTHIA 8 (Sj6strand, Mrenna and Skands,
2008). PYTHIA 6 consists of a large range of physics processes. All SM 2—1 and
2—2 matrix elements, soft and hard QCD processes, heavy flavor production, vector
boson and SM Higgs production are included in this MC model. Furthermore, many
non SM processes such as supersymmetry and technicolor are included. These
processes can not be calculated using perturbation theory but phenomenological
models have to be applied to reproduce observed distributions. The hadronisation
and the multiparton interactions, as is the case for PYTHIA 6 contain a large number
of free parameters. Combinations of certain values for all of these parameters are
called tunes. It requires an underlying event model to describe the interactions
between the proton remnants (Heinrich, 2011).

2.4.2. HERWIG

The HERWIG (Hadron Emission Reactions With Interfering Gluons)
(Marchesini et al., 1992) is a general purpose MC event generator. It is based on a
parton branching process and uses an angular ordered parton shower for initial and
final state QCD radiation and a cluster model to reproduce the hadronization of the
partons. In the hadronization process, three types of non-perturbative contributions
have to be taken into account. the identification of the incoming partons as
components of the incoming particles, the transformation of the outgoing partons

into hadrons and the inclusion of multiparton interactions.
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The HERWIG-JIMMY (Butterworth, Forshaw, Seymour, 1996) is the Fortran
version of HERWIG for simulating multiple parton-parton interactions. HERWIG++
(Bahr et al., 2008) is the C++ version of HERWIG.

2.4.3. CASCADE

CASCADE (Jung et al., 2010) is a MC event generator which produces full
hadron level events for ep, pp processes. It uses the Lund string model for
hadronization and applies the CCFM evolution equation for the initial state cascade

supplemented with off-shell matrix elements for the hard scattering (Jung, 2001).

2.4.4. HEJ

The High Energy Jet ( HEJ) (Andersen and Smillie, 2011) is a MC generator
for multijet analysis. It provides a perturbative approximation of the hard scattering
matrix elements to jet production to any order in the coupling, Therefore it gives a
description directed especially at hard, wide-angle QCD radiation and is developed
to account for effects of many hard and radiative corrections. Such corrections
become increasingly important, as the centre-of-mass energy at colliders increases
(Andersen, Lonnblad and Smillie, 2011).

2.4.5. POWHEG

In the POWHEG (Positive Weight Hardest Emission Generator) (Nason and
Webber, 2012) the main idea is to produce the hardest radiation first and then feed
the event to any shower generator for subsequent, softer radiation. In shower
generators ordered in transverse momenta, the hardest emission is always the first
and in these circumstances POWHEG simply replaces the hardest emission with its
own, NLO accurate emission. It generates events with positive (constant) weight and
it does not depend on MC program used for subsequent showering. It can be

interfaced to any modern ‘shower’ analyzer.
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2.4.6. MC@QNLO

MC@NLO (Nason and Webber, 2012) is a tool for combining a MC event
generator with NLO calculations of rates for QCD processes. It can calculate the
matrix element for many processes at NLO and includes dynamic properties that
cannot be provided by standard MC generators. It makes use of either HERWIG or
HERWIG++ event generator.
(http://www.hep.phy.cam.ac.uk/theory/webber/MCatNLO/).

2.4.7. NLOJet++
NLOJET++ (Nagy, 2003) is a C++ program to calculate LO and NLO order cross

section in e’e” annihilations, DIS and hadron hadron collisions using the Catani-
Seymour dipole subtraction method.
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3. LHC and CMS EXPERIMENT

This chapter introduces the Large Hadron Collider (LHC) as well as its
experiments. Particular attention is dedicated to CMS and its most important detector

components.

3.1. Large Hadron Collider

The LHC is a proton-proton accelerator built at CERN. The accelerator
complex is located on the border between Switzerland and France between the
Geneva lake and the Jura mountains, 50-175 m underground in the 26.7 km long
tunnel which used to hold the Large Electron Positron (LEP) Collider until 2000. The
LHC is the world’s biggest high energy particle accelerator. It was built in
collaboration with over 10,000 scientists and engineers from over 100 countries, as
well as hundreds of universities and laboratories throughout the world.

On 10 September 2008, the proton beams were successfully circulated in the
main ring of the LHC for the first time, but nine days later operations were halted
due to a magnet quench incident caused by an electrical circuit fault. The following
helium gas explosion damaged over 50 superconducting magnets and their
mountings, and contaminated the vacuum pipe. After extensive repairs, on 20
November 2009 proton beams were successfully circulated again. In March 2010,
two proton beams collided for the first time at a center of mass energy of 7 TeV and
the LHC began its planned research program.

The LHC is supplied with protons from an accelerator chain with step by step
increases in proton energy. The protons are obtained by stripping electrons from
hydrogen atoms, these are accelerated in a linear accelerator (LINAC2) to an energy
of 50 MeV and subsequently fed to the booster which brings the protons to an energy
of 1.4 GeV. The protons are then injected in the Proton Synchrotron (PS) that in turn
accelerates them to an energy of 26 GeV. Then the proton beams are further
accelerated up to 450 GeV in the Super Proton Synchrotron (SPS). In the end, proton
beams are injected into the LHC and accelerated to the energy of 3.5 TeV as shown
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in Figure 3.1. A brief description of a proton accelerated through the accelerator

complex of CERN is given in the next chapter.

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron
PS: Proton Synchrotron

AD: Antiproton Decelerator

PSB: Proton Synchrotron Booster
LINAC: Lincar Accelerator
LIER: Low Energy lon Ring

ALICE\

/ West Area
€ East Area
N
- g
—_Protons
Anti-protons
Tons

_____ neutrinos to
grand sasso

Figure 3.1. Overview of the Accelerator chain. 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).
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The LHC delivered 47 pb™ of collision data during the 2010 run, 43 pb™ of these
were recorded by the CMS experiment and approximately 36 pb™ of collision data

passed quality tests and were approved for analyses. Official luminosity report is
shown in Figure 3.2.

2010/11/05 08.33
LHC 2010 RUN (3.5 TeV/beam)

50
PRELIMINARY (+10% scale)

401 _-©- ATLAS
CMS / TOTEM
30 p @. « LHCb

PRiDe 00

delivered integrated luminosity (pb™)

100 150 200 250 300

day of year 2010
Figure 3.2. Official luminosity report 2010 (http://lpc.web.cern.ch/lpc/).

The LHC resumed its operation in March 2011 at 7 TeV center of mass
energy and collected data until the end of 2012 at 4 TeV per beam. It is since then
stopped for 18 months to allow for final work to be done to increase the center of
mass energy to the design value of 13 TeV.
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3.1.1. Proton Production and Linear Acceleration

The first step of the proton production is the ionisation of hydrogen gas by
way of a Radio Frequency Quadrupole (RFQ) duoplasmatron creating a negatively
charged ion beam of 750 keV. This beam is also accelerated by a LINAC2 and is
released via a carbon foil at the end of the machine. The foil strips off all orbiting
electrons to produce a pure proton beam at an energy of 50 MeV and a current of 180
mA which is essential for the next injection step (Scheurer, 2008).

3.1.2. Booster and Proton Synchrotron

The PS Booster, a synchrotron, is the first and smallest circular proton
accelerator in the accelerator chain at the LHC. The accelerator was built in 1972,
and contains four combined rings with a radius of 25 meters. It takes protons with an
energy of 50 MeV from the LINAC2 and accelerates protons up to 1.4 GeV ready to
be injected into the PS. The PS provides beam source for several CERN experiments.
It has undergone several upgrade stages and is now capable of accelerating the

protons to an energy of 26 GeV.

3.1.3. Super Proton Synchrotron

The SPS is a particle accelerator of the synchrotron type at CERN to
accelerate electrons, positrons, protons, antiprotons and heavy ions for a variety of
experiments. It is used as the final injector for high intensity proton beams for the
LHC and is housed in a circular tunnel with circumference of 6.9 km. SPS speeds up
the proton beam from the 26 GeV and accelerates it to a final energy of 450 GeV.
Then, the beam is split and extracted via two transfer lines into the LHC main rings
in opposite directions. The protons are finally transferred both in a clockwise and
also anti-clockwise direction to the LHC where the protons are accelerated to their
nominal 7 TeV. The beams will rotate for several hours before being steered into
collisions at the different points where detectors, CMS, ALICE, ATLAS, LHCDb are
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positioned. Table 3.1 gives a short summary of the accelerator chain and shows the

corresponding beam energies in each of the different acceleration steps.

Table 3.1. Accelerator steps (Scheurer, 2008).

Accelerator Injection Energy Final Energy
LINAC2 750 keV 50 MeV
PSB 50 MeV 1.4 GeV
PS 1.4 GeV 26 GeV
SPS 26 GeV 450 GeV
LHC 450 GeV 7 TeV

3.1.4. Luminosity and Machine Parameters
The design luminosity of the LHC is 10* cm 2 s *. This leads to arround 1

billion proton-proton interactions per second. The number of generated events per

second for a particular process under study in the LHC is given by:
N=oxL (3.1)

where o is the process cross section and L the luminosity of the machine. The

production rate per second for a physical process is given by :
R=Lo (3.2)

L= Nsnb frevVF

4me B* (3:3)

where Ny is the number of particles per bunch, n, is the number of bunches per beam,

frev the revolution frequency, y the relativistic gamma factor, ¢, the normalized

33



3. LHC and CMS EXPERIMENT Semiray GIRGIS

transverse beam emittance a measure for the phase space area associated with the
two transverse degrees of freedom. The variables describing the interaction point are
the betatron function ,b’* and the geometric luminosity reduction factor F (Evans and
P.B, 2008). The most important parameters of the LHC collider are summarized in
Table 3.2.

Table 3.2. Design specifications (except energy per proton beam and energy loss per
turn) of the LHC for pp collision (Bruning et al., 2004).

Parameter Value
Energy per proton beam 3.5TeV
Number of bunches 2808
Number of particles per bunch 1.15x 10M
Bunch spacing 25ns
RMS of bunch length 7.55cm
Bunch crossing rate 40 MHz
Peak luminosity 10** cm?s?
Luminosity lifetime 14.9h
Energy loss per turn 420 eV

Figure 3.3 demonstrates the expected energy dependence of the total cross
section, left scale of some interesting physics processes which have much smaller
cross sections, while the right scale is the event rate of the physics processes at a

typical luminosity of 10**cm2s™.
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Figure 3.3. The cross section and event rate in pp collisions as a function of center of
mass energy (Sanudo, 2009).
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3.1.5. The LHC Experiments

Currently the LHC hosts seven experiments at its four underground caverns
distributed around the main ring. A Toroidal LHC ApparatuS (ATLAS) and
Compact Muon Solenoid (CMS) are two general purpose detectors. The CMS
experiment will be described in more detail later in this chapter. The other five
experiments namely A Large lon Collider (ALICE), Large Hadron Collider beauty
(LHCD), Large Hadron Collider forward (LHCf), TOTal Elastic and Diffractive
Cross Section Measurement (TOTEM) and Monopole and Exotics Detector
(MoEDAL) will be mentioned only briefly. Figure 3.4 shows LHC experiments

schema.

TOTEM

CMS

RF
cavities

Cleaning Cleaning

L WEng

D &
ATLAS ¥
LHCf
Figure 3.4. The LHC and experiments schema (http://www.lhc-closer.es/1/3/4/0).
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ALICE : ALICE (Aamodt et al., 2008) is a general-purpose, heavy-ion detector
which focuses on QCD, the strong-interaction sector of the SM. It is built to study
the quark-gluon plasma at extreme values of energy density and temperature in
nucleus-nucleus collisions. It also allows a comprehensive study of hadrons,
electrons, muons, and photons produced in the collision of heavy nuclei (Pb- Pb), up
to the highest multiplicities at the LHC. The detector consists of a central barrel and
a single arm forward muon spectrometer. Its size adds up to 26 m in length, a
diameter of 16 m and the weight of about 10 000 t.

ATLAS: ATLAS (Aad et al., 2008) is, together with CMS, one of the two general
purpose experiments designed to investigate a wide range of SM phenomena and
beyond SM (BSM) theories. It is the largest volume collider detector ever built with
a total length of 46 m and a diameter of 25 m for the barrel and endcap system. Main
property of the detector is the toroidal shaped magnet system. This system provides a
homogeneous magnetic field inside the torus. Innermost detector is a tracker in a
solenoid magnet field to measure the path and momenta of charged particles,
followed by electromagnetic and hadronic calorimeters. ATLAS has an efficient
tracking system, good electromagnetic calorimetry and near hermetic jet
measurement capability. These properties make possible for the detector to effectuate
certainity measurements on leptons, jets and photons and identify events with
missing Er. Muons, in the meantime can penetrate calorimeters and also is used to

measure the momenta of the muons to help in triggering.

LHCb: LHCb (Augusto Alves Jr et al., 2008) is an experiment dedicated to heavy
flavour physics at the LHC. Main goal of LHCD is to study a slight asymmetry
between matter and anti-matter in interactions of particles with bottom quarks. It is
designed to answer fundamental questions on the formation of universe. The detector
is built to detect particles with a low transverse momentum going forward close to
the beam line. It is composed of a forward spectrometer with planary detectors lined
up one behind the other over a length of about 21 m (Scheurer, 2008).
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LHCf: LHCf (Adriani et al., 2008) is a small experiment built inside the ATLAS
underground cavern 140 m off the interaction point. The LHCf experiment measures
the forward production of neutral particles in the proton collisions at low angles. The
results are then used to model cosmic ray air showers within the Earth atmosphere.

TOTEM: The TOTEM (Anelli et al., 2008) experiment is designed to measure the
total proton-proton cross section, elastic scattering and diffractive dissociation in the
LHC. It is also used to monitor the actual luminosity of the LHC machine. The
detector is hosted inside the CMS cavern. More specifically TOTEM measures :

» The total cross-section with an absolute error of 1mb using a luminosity
independent method,

» Diffractive dissociation, including single, double and central diffraction
topologies using forward inelastic detectors in combination with one of the
large LHC detectors,

» Elastic proton scattering over a wide range in momentum transfer up to -t =

2
10 GeV (Berardi, 2004).

MoEDAL: MoEDAL (Pinfold et al., 2009) is the latest experiment at the LHC and
shares its cavern with LHCb. The main motivation of MoOEDAL is to directly search
for the Magnetic Monopole and other highly ionizing Stable (or pseudo-stable)
Massive Particles (SMPs) at the LHC.
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3.2.CMS

The CMS (Chatrchyan et al., 2008) is a general goal detector designed to run
at the highest luminosity and is located at Point 5 of the LHC near Cessy, France. At
the design luminosity a average of 20 inelastic collisions are expected every 25 ns,
the products of which need to be collected and processed. The detector must provide
good positional and time resolution so that it is possible to distinguish interesting
events from background noise. This necessitates a large number of detector channels,
that must be well synchronized. The general requirements for such a detector are:

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

» 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 (Chatrchyan et al., 2008).

The main property of CMS is a large superconducting solenoid magnet which
provides a 3.8 T field. Starting from the point closest to the interaction area, the
individual subdetectors are the Tracker, the Electromagnetic Calorimeter (ECAL)
and the Hadronic Calorimeter (HCAL) which are encircled by a solenoid, followed
by layers of muon detectors. The overall dimensions of CMS are 28.7 m in length, a
diameter of 15 m and a total weight of 14000 t. Figure 3.5 shows a schematic layout
of the CMS detector. The detector consists of different subdetectors, each with a well

defined set of properties to measure certain phenomena.
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Figure 3.5. Schematic view of the CMS detector and its components (Bayatian et al.,
2006).

The innermost part of CMS s the silicon tracking detector which measures
the momentum of a charged particle in the magnetic field. The tracker is confined by
the electromagnetic calorimeter measuring the energy of electrons and photons.
Behind the electromagnetic calorimeter, the hadron calorimeter records energy of
strongly interacting particles. And the coil of the superconducting solenoid magnet
encloses the previous subdetectors. There are the four stations of muon chambers
embedded in the iron yoke of the magnet. Each muon station includes several layers
of aluminum drift tubes (DT) in the barrel region and cathode strip chambers (CSC)
in the endcap region, complemented by resistive plate chambers (RPC). Figure 3.6
illustrates the trajectories of different particles as they pass through the detector.
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Figure 3.6. Transverse slide of the CMS detector and particles traces in different
subdetectors (Lazaridis, 2011).

The CMS Coordinate Frame

CMS uses a right-handed coordinate system with the origin centered at the
nominal collision point inside the experiment, the z-axis along the beam pipe, the y-
axis points vertically upward and the x-axis pointing toward the center of the LHC
ring. CMS is cylindrically symmetric around the beam line and the radial distance

from the beam is defined as r, the azimuthal angle ¢ is measured from the x-axis in
the x-y plane and the polar angle & is measured from the z-axis. Pseudorapidity is

identified as n=-Intan(6/2). Hence, the physical observables, momentum
P; :‘B‘sine and energy transverse (Er ) to the beam, are calculated directly from

the x and y components (Chatrchyan et al., 2008).
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3.2.1. Tracker

The CMS tracker (Bayatian et al., 1998) is cylindrical in shape and the
detector lies closest to the beam interaction point. The design goal of the central
tracking system is to reconstruct isolated high pr tracks with an efficiency better
than 95% and high pr tracks within jets with an efficiency of more than 90% over the
rapidity range || < 2.6. It provides absolute, efficient measurement of charged
particles trajectories arising from the LHC collisions.

The inner tracking system consists of ten layers of silicon strip detector for
the absolute track reconstruction, in addition to three layer of pixel detectors for the
certain reconstruction of certain vertices in the barrel part and two pixel layers and
three plus nine strip layers in each endcap section as shown in Figure 3.7.
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Figure 3.7. Schematic cross section through the CMS Tracker. Each line represents a
detector module (Chatrchyan et al., 2008).
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3.2.1.1. Pixel Tracker

Pixel tracker is the inner-most part of the tracking system designed to provide
a supreme resolution for primary and secondary vertices and contribute three 2-
dimensional measurements to the tracking for strong track seeding and resolution
uncertainities. Pixel detector consists of three layers of pixel modules, positioned at
radii of 4.4, 7.3 and 10.2 cm and two end disks extending from 6 to 15 cm in radius
placed at 34.5 cm and 46.5 cm from the collision point. Each silicon sensor has a
surface of 100 pum x 150 um and a thickness of 300 um, with about 65 million such

channels. The spatial resolution has been measured to be about 10 um for the (r, ¢)

measurement and about 20 um for the z measurement (Lazaridis, 2011). The pixel
tracking system is divided into a pixel barrel and a pixel forward detector and covers
the pseudorapidity region of |5| < 2.5.

The pixel forward section consists of four disks, two at each side of the
vertex. The disks extend radially from =~ 6 to 15 cm and are placed at z = £34.5 cm
and z = £46.5 cm. Geometrical layout of the Pixel detector in the CMS Tracker is

shown in Figure 3.8.
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Figure 3.8. Geometrical layout of the Pixel detector (Bayatian et al., 2006).
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3.2.1.2. Inner Tracker

Next to the pixel subdetector is the inner tracker (20 < r < 55 cm), consisting
of the Tracker Inner Barrel (TIB) and of the Tracker Inner Disk (TID). TIB and TID
are the strip subdetectors that are closest to the interaction region. The first two
layers of the TIB and the inner two rings of the TID cover stereo modules for 2D
measurements. The TIB is made of four layers located at radii of 25.5, 33.9, 41.85
and 49.8 cm. Each layer of the TIB extended to |z| < 70 cm is divided into four parts,
an upper and a lower part on every side of the vertex. The TID has six identical disk
structures, three on each side of the interaction point located at distances from the
interaction point between £80 cm and +90 cm. On each disk the modules are placed
in three rings alternatively in the forward and backward parts of the disk.

3.2.1.3. Outer Tracker

The outer tracker is subdivided into three parts, the Tracker Outer Barrel
(TOB) and two Tracker End Caps (TEC) called TEC+ and TEC- with respect to their
position in the CMS coordinate system. The Outer Tracker uses larger and thicker
silicon strips than the Inner Tracker to limit the number of individual readout
channels. Tracker Outer Barrel (TOB) contains six layers with |z] < 110 cm and
contributes to track measurement up to a pseudorapidity of about |#| < 1.3. Each
layer is made of rods, with six modules inside each rod. The TEC extends in the z-
direction from 124 cm to = 280 cm and radially from 22 cm to 113.5 cm (diameter

227 cm). Each endcap includes nine disks made of a Carbon Fiber Composite.
3.2.2. CMS Calorimeters
The CMS calorimeters design goal is to measure the energies of electrons,

photons and hadrons that emerge from the collision. The calorimeter system is very

important to the physics measurements for following reasons:
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» Energy response resolution improves with energy (opposed to magnetic
spectrometers),

» It allows for measurements of neutral hadrons that cannot be measured by the
tracker system,

» It provides a trigger with quick detection of high pr.

CMS has an electromagnetic calorimeter (ECAL) and a hadronic calorimeter
(HCAL). The ECAL is used to measure electrons and photons through
electromagnetic interactions while the HCAL is used to measure hadrons through the
strong interaction. Figure. 3.9 shows the locations of the ECAL and HCAL (quarter

slice-longitudinal cross section) in and around the CMS magnet.
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Figure 3.9. Location of the ECAL and the HCAL detectors in and around the CMS
magnet (Abdullin et al., 2009).
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3.2.2.1. Electromagnetic Calorimeter

The ECAL (Bayatian et al., 1997a) of CMS is a hermetic homogeneous
calorimeter made of lead tungstate (PbWO4) crystals as scintillating material.
PbWO4 crystals were chosen because of a very high density (8.28 g cm ), short
radiation length (Xo = 0.89 cm) and small Moliere Radius (r = 2.2 cm) and also they
are fast (80% of the light is emitted within 25 ns) (Bayatian et al., 2006). These
features allow for a compact calorimeter design where electrons, positrons and
photons deposit their energy within a small depth. Aim of the ECAL is the definite
energy measurement of electrons, photons and jets. It consists of three main parts:
Barrel (EB), Endcap (EE) and Preshower (ES) as shown in Figure 3.10.
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Figure 3.10. Longitudinal view of a quadrant of CMS electromagnetic calorimeter
(Bayatian et al., 2006).

46



3. LHC and CMS EXPERIMENT Semiray GIRGIS

Electromagnetic Barrel Calorimeter: The Electromagnetic Barrel (EB) covers the
pseudorapidity range || < 1.479 and consists of 61200 PbWO4 crystals. They are
positioned in such a way that the ECAL has a homogenous crystal distribution in #.
The crystal cross section corresponds to approximately 0.0174 x 0.0174 in the n— ¢

plane or 22 x 22 mm? at the front face of the crystal and 26 x 26 mm? at the rear
face. The crystal length is 230 mm corresponding to 25.8 X,. In the barrel, silicon
avalanche photodiodes (APDs) are used. The ECAL barrel is organized into 36 so-
called supermodules. Each supermodule covers an azimuthal angle of 20° and
contains four modules with 500 crystals in the first module and 400 crystals in the
remaining three. To purify construction and assembly, crystals have been grouped in
arrays of 2 x 5 crystals which form a submodule. Avalanche photodiodes are

integrated into each submodule as photodetectors (Stober, 2008).

Electromagnetic Endcap Calorimeter: The two ECAL endcaps (EE) of CMS
cover the pseudorapidity range of 1.479 < || < 3.0 and consists of 7324 crystals. The
longitudinal distance between the interaction point and the endcap envelop is 3144
mm in the simulation even when the interaction points position changes when the 4T
magnet field is switched on. Each endcap consists of two large substructures, so
called Dees. Every Dee holds 3662 identical shaped crystals which are organized into

mechanical units of 5 x 5 crystals, called SuperCrystals (SCs).

Electromagnetic Preshower Detector: Preshower detector (ES) covers most of the
endcap surface. It includes two orthogonal planes of silicon strip sensors (so-called
micro modules) interleaved with lead. Its principal aim is to enable a good
identification of neutral pion and photon discrimination in the endcaps within 1.653
< |n| < 2.6. It also helps the identification of electrons, against minimum ionizing
particles and improves the position determination of electrons and photons with high
granularity (Bayatian et al., 2006).
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3.2.2.2. Hadron Calorimeter

The CMS hadron calorimeter (HCAL) (Bayatian et al., 1997b) is placed
outside the electromagnetic calorimeter and covers the pseudorapidity region |y| <
5.0. It plays a role in identification and measurement of quarks, gluons and neutrinos
by measuring the energy and direction of jets and also determines the missing
transverse energy. Due to photons and electrons being totally absorbed in the ECAL,
the HCAL indirectly allows for identification of these particles as well. The design of
the HCAL assumes;

e good hermeticity,
e good transverse granularity,
e moderate energy resolution and sufficient depth for hadron shower

containment.

HCAL consists of four main parts: barrel (HB), endcap (HE), outer (HO) and
forward (HF). The central barrel and endcap HCAL subdetectors completely
surround the ECAL and are fully immersed within the high magnetic field of the
solenoid. The HB and HE are joined hermetically with the barrel extending out to ||
= 1.4 and the endcap covering the overlapping range 1.3 < |y| < 3.0. HF is located
11.2 m from the interaction point and provides coverage of 3 < |5| < 5.0, while HO
procures additional coverage outside of the magnet coil (Bayatian et al., 2006).

In HCAL brass is chosen as absorbing material while for the active material
about 70000 plastic scintillator tiles are used. Figure 3.11 shows subsystem of the
HCAL.
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Figure 3.11. Longitudinal view of the four subsystems of the hadronic calorimeter
(Chatrchyan et al., 2008).

Hadron Barrel Calorimeter: Hadron barrel (HB) as shown in Figure 3.12 (left) is
located between EB and the CMS magnet and is composed of 64 segments covering
the pseudorapidity region of |5| < 1.3. Each plane in the » segmentation is divided
into a ring of 36 segments covering the complete ¢-region. This results in 2304
towers with a segmentation of Ay x A¢ = 0.087 x 0.087. The towers themselves
consist of 15 brass plates of 5 cm thickness with 3.7 mm scintillator plates between
them. The first scintillator plate has a thickness of 9 mm to produce better light
output. The HB is divided into two halves barrel sections (HB+ and HB- depending
on their z position) each composed of 18 identical wedges that cover 20" in ¢. The

numbering scheme of the wedges are shown in Figure 3.12 (right).
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Figure 3.12. Assembled HCAL half-barrel in SX5 (left), numbering scheme for the
HB wedges. Wedge 1 is on the inside (+x direction) of the LHC ring
(right) (Chatrchyan et al., 2008).

Each wedge contains brass alloy absorber plates and 16 layers of active
plastic scintillator tiles located in between the stainless steel and brass absorber
plates. The innermost and outmost absorber layers are made of stainless steel
(Bayatian et al., 2006).

Hadron Endcap Calorimeter: The Hadronic Endcap Calorimeter (HE) is a
sampling calorimeter located inside the CMS magnet and consists entirely of brass
absorber plates and overlaps with the HB in tower 16. HE subdetector’s location at
CMS is given in Figure 3.13 (left). The thickness of the plates is 78 mm and

scintillator thickness is 3.7 mm. There are 19 plastic scintillation layers and Ay x A ¢

tower segmentation for pseurodapidity range || < 1.74 matches that of the barrel,
while for higher # the size doubles. # segmentation in HE is given in Figure 3.13
(right). On the contrary the HB, the HE towers have a longitudinal segmentation. The
reason for this is the radiation environment, hence offering the possibility to correct

the calibration coefficients after scintillator degradation.
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Figure 3.13. HE Calorimeter (left), » segmentation and size increase in HE
(right)(Bayatian et al., 2006).

Hadron Outer Calorimeter: The Hadron Outer Calorimeter (HO) sits outside the
CMS magnet and ensures that enough sampling depth is provided in the barrel
region. HO consists of arrays of scintillator located outside the magnet coil and
includes five rings 2.5 m wide along the z-axis. Each ring has 12 identical ¢ -sectors.

The 12 sectors are separated by 75 mm thick stainless steel beams which hold
successive layers of iron of the return yoke as well as the muon system. The rings are
identified by the numbers —2, —1, 0, +1, +2 with increasing . The HO covers the
pseudorapidity region || < 1.26 and allows to recover shower leakage caused by the
short interaction length and thus improves the missing Er measurement (Chatrchyan
et al., 2008).

Hadron Forward Calorimeter: The Hadron Forward Calorimeter (HF) as shown in
Figure 3.14 is located 11.2 m from the interaction point and is made of steel
absorbers and radiation hard quartz fibers with a fast collection of the emitted
Cherenkov light within the fibres. There are two sets of fibres: Long (1.65 m) and
short (1.43 m) quartz fibers placed separately and readout with phototubes. Each HF
module has 18 wedges in a non-projective geometry, with quartz fibers running
parallel to the beam axis along the length of the iron absorbers as shown in 3.15
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(left). The detectors are divided into a tower geometry. There are 13 towers in 7, all
with a size given by Ay = 0.175, except for the lowest-; towers with Ay = 0.1 and the
highest-, towers with Ay =~ 0.3. In Figure 3.15 (right), » segmentations are shown for
HF. The ¢ segmentation of all towers is 10°, except for the highest-» one which has
A¢ = 20°. This leads to 900 towers and 1800 channels in the two HF modules.

Figure 3.16 presents a cross sectional view of the HF.

Figure 3.14. Overview of the HF Calorimeter (Akgun, 2003).
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Figure 3.15. CMS HF Calorimeter production wedges (left), » segmentation and size
increase in HF (right) (Bayatian et al., 2006).

R2150.0
1600.0

R&%0.0 |

34700

R i DR SRER H DU CRESSSBR GRS

2200 k-

400 —--{;

13300

2000

16500

2900

|-R1250
mii

13000

RU330

Figure 3.16. The cross sectional view of the HF calorimeter (Chatrchyan et al.,

2008).
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The signal is generated when charged shower particles above the Cherenkov
threshold generate Cherenkov light. The Cerenkov light produced by the relativistic
components of the shower is detected by an array of photomultipliers (PMT). In HF
the PMTs operate in a temperature controlled environment, inside individual
magnetic shields to protect PMTs from a moderate magnetic field. By measuring
Cerenkov light, the HF is generally sensitive to the electromagnetic component of the
shower. The neutral constituent of the hadron shower is favourably sampled in the
HF technology. HF design causes narrower and shorter hadronic showers and
therefore is ideally sufficient for the jammed environment in the forward region
(Bayatian et al., 2006). The main physics purpose of the HF calorimeter is to tag high
energy jets generated by vector-boson fusion events. The construction of the
calorimeter, which will cover the pseudorapidity interval 2.8 < || < 5.2 is driven by
the requirements of a high radiation environment. This pseudorapidity region is very
important for heavy Higgs, SUSY and low-x QCD effects in forward jet production

searches.

3.2.3. Solenoid Magnet

CMS contains an enormous super conducting solenoidal magnet (Bayatian et
al., 1997c) (Figure 3.17) which weighs 12000 t and has dimensions of 12.9 m in
length and 5.9 m in diameter. A maximum energy of 2.7 GJ can be stored in the
magnet. It is able to generate an inner uniform 4 T magnetic field whose properties,
summarized in Table 3.3 allow certain measurements of charged particles transverse
momentum. The magnetic field in the iron return yoke, which hosts several layers of
muon chambers is saturated at about 2. The silicon tracking system and the
electromagnetic and hadronic calorimeters are placed just inside the solenoid making
the detector compact in order to decrease disturbing interactions of particles with the
coil material (Ralich, 2009).
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Figure 3.17. The CMS superconducting magnet (Chatrchyan et al., 2008).

Table 3.3. Main parameters of the CMS magnet (Bayatian et al., 1997c).

Magnetic induction at impact point 40T
Peak magnetic induction on the conductor 46T
Magnetic length 1248 m
Stored energy 2.52 x10°)
Magnetomotive force 42.24 x10° At
Magnetic radial pressure 6.47 x10° Pa
Axial compressive force at mid plane 122 x10°N
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3.2.4. Muon System

The muon detectors (Bayatian et al., 1997d) are placed outside the CMS
magnet and have to provide robust muon identification and precise momentum
measurement. Additionally it is necessary to have a quick response to the passage of
muons so as to provide information to the CMS trigger system. It is the largest and
one of the most important systems of the CMS detector that cover the pseudorapidity
range of |»| < 2.4 and lie in the outermost region of the detector. The muon detector
chambers have three functions: muon identification, momentum measurement,
triggering and are designed to reconstruct momentum and charge of muons over the
the entire kinematic range of the LHC (Chatrchyan et al., 2008). Because of the CMS
geometry, the muon system has a cylindrical barrel section and two endcaps. The
system also consists of three separate gaseous detector systems: Aluminum Drift
Tubes (DT), Resistive Plate Chambers (RPC) and Cathode Strip Chambers (CSC).

In the barrel region || < 1.2 DT are used. In this part where the neutron
induced background is small and the muon rate is low and magnetic field (4T) is
uniform, drift chambers with standart rectangular drift cells are used. In the two CMS
endcaps where muon rate and background levels are high, the magnetic field is large
and non uniform, the muon system uses CSC (Chatrchyan et al., 2008). The CSCs
cover the pseudorapidity range up to || < 2.4. In addition to those, RPCs are diffused
in both the barrel and the endcap regions. The DT and CSC are used to provide good
position measurement and the bending angle of a muon. The RPCs are useful for
triggers due to their fast response with precise timing measurement. All muon
detectors contribute to the L1 trigger system, satisfying independent and
supplementary sources of information. The layout of the CMS muon system is shown

in Figure 3.18.
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Figure 3.18. Design overview of the outer CMS muon system (Bayatian et al., 2006).

3.2.4.1. Muon Barrel System: Drift Tube Chambers

The barrel DT chambers cover the pseudorapidity region |y|< 1.2. The CMS
barrel muon detector consists of four concentric cylinders around the beam line as
shown in Figure. 3.19. The three inner cylinders have 60 drift chambers each. The
outer cylinder has 70 chambers and about 172000 sensitive wires were used in this
part of the detector. Each of the 12 sectors of the yoke have four muon stations per
wheel, labeled MB1, MB2, MB3 and MB4. The yoke iron support between the

station chambers creates unavoidable dead zones in ¢ coverage. To minimize their

effect, the muon detection zones are set to no overlap in ¢ (Chatrchyan et al., 2008).
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Figure 3.19. Layout of the CMS barrel muon DT chambers in one of the 5 wheels
(Chatrchyan et al., 2008).

3.2.4.2. Muon Endcap System: Cathode Strip Chambers

The Muon Endcap Detector is made of 468 CSCs. Each Endcap consists of
four stations with chambers, labeled ME1, ME2, ME3 and ME4, in the increasing
order of distance from the interaction point as shown in Figure 3.20. The stations are
inbuilt perpendicular to the direction of the beam on the disks enclosing the magnet.
In each disk, the chambers are divided into rings around the beam axis (two for
ME2-4 and three for ME1). Each of the rings has 36 chambers, except for the
innermost rings of ME2-ME4, that have 18 chambers. Similar to the Muon Barrel,
there are layers of the double gap RPCs in the Endcaps (Gleyzer, 2011).
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Figure 3.20. Quarter view of the CMS detector. CSC of the Endcap Muon system are
highlighted (http://inspirehep.net/record/837874/plots).
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3.2.4.3. Resistive Plate Chambers

Figure 3.21. Resistive plate chamber layers (http://cms.web.cern.ch/news/resistive-
plate-chambers).

Resistive Plate Chambers (RPC) are gaseous parallel plate detectors that
combine enough spatial resolution with a time resolution comparable to that of
scintillators. The RPC basic double gap module comprises two gaps operated in
avalanche mode. The width of the gap is 2 mm and length of the strip is 130 cm,
except in MB2, where it can be either 85 cm. There are 480 RPCs in the barrel and
1020 total. RPC’s time tagging capability is better than LHC bunch crossing time
(25ns) and it provides fast response and an accurate timing measurement which is

used in the muon trigger.

3.2.5. The Data Acquisition and Trigger System

The CMS Data Acquisition (DAQ) (Bayatian et al., 2000b) and Trigger
system are designed to collect and analyse the detector information at the LHC bunch
crossing frequency of 40 MHz. DAQ system operates the Detector Control System
(DCS) for the operation, controls all detector components and general infrastructure
of the experiment (Bayatian et al., 2000a). There is a bunch crossing every 25 ns at
LHC and bunch crossing rate of the LHC leads to approximately 10° interactions per
second. The nominal event size is about 1.5 MB in case of pp collisions and 100 TB

of data results in per second. Since this amount is too large to store and process in
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any tape or disk, a trigger system is used in CMS. CMS trigger system consists of

two independent trigger levels:

* Level 1 Trigger (L1),
» High Level Trigger (HLT).

Schematic view of the CMS trigger and DAQ system is shown in Figure 3.22.

40MHz | Level H Detector Front-Ends
Trigger
Readout
Systems
v
Event , Control
10° Hz Manager | | N Builder Network 100GB/s [~  and
Monitor
¢ Filter
Systems
2
10° He Computing Services

Figure 3.22. CMS trigger and DAQ system (Bayatian et al., 2006).

3.2.5.1. Level 1 Trigger

The Level-1 (L1) triggers contain the calorimetry and muon systems, as well
as some correlation of information between these systems. The Level-1 decision
depends on the subsistence of “trigger primitive” objects such as photons, electrons,
muons and jets above set E; or p; thresholds. It also uses global sums of E; and

miss

E (Chatrchyan et al., 2008). Calorimeter and muon system work in parallel and
analyse the data locally. They combine the information and generate the output
passed to the DAQ. As the L1 trigger system is located 90 m outside the detector,
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has a latency of 3.2 us between the bunch crossing. L1 trigger goal is to analyse
every 40 MHz pp collision and decrease the data rate passed on to the HLT to 100
kHz. It accepts signals and raw readout data are then buffered and sent to a computer
farm for the HLT processing. Since L1 has to have a high and carefully understood

efficiency it is arranged into three basic subsystems:

* L1 Calorimeter Trigger,
e L1 Muon Trigger,
* L1 Global Trigger.

The L1 Global Trigger combines the output of L1 Calorimeter Trigger and L1
Muon Trigger, as shown in Figure 3.23. L1 Muon Trigger consists of information
from RPC, CSC and DT specific triggers are combined in so called L1 Global Muon
Trigger.

L1 Accept
I

Global Trigger l’: Trigger Control System

4y with MIPISO bns/‘ WET. Hy. 12 Ny, ™

I_Global Muon Trigger Global Calorimeter Trigger

~
,/ 4y MIP/ISO bits I
2x4p
DT CSsC

; 7 Regional Calorimeter Trigger
Track Finder Track Finder
T T RPC I
Local Local Trigger
DT Trigger CSC Trigger I Trigger Primitive Generators
1 T T ) T
DT CSC RPC ECAL HCAL HF
| Muon Trigger | | Calorimeter Trigger |

Figure 3.23. Level-1 Trigger architecture (Chatrchyan et al., 2008).
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3.2.5.2. High Level Trigger

High Level Trigger (HLT) system is a software system and uses the detector
signals that pass the L1 trigger. HLT is responsible for reducing the L1 output rate
down to the target of 100 Hz. The HLTs have access to all the information used in
L1 since this is stored locally in the L1 trigger crates. It can run on high resolution
and provides a full reconstruction of the event. The HLT decisions are based on the
informations from all subdetectors This information includes data from the tracker
and the full granularity of the calorimeters. In order to make efficient use of the

allocated trigger decision time, the HLT code is divided in three virtual layers:

e Level-2,
e Level-25,
e Level-3.

Level-2 uses muon and calorimeter information, level-2.5 additionally uses
hit information from the pixel detector and level-3 uses full detector information
(Lazaridis, 2011).
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3.3. Forward Detectors

3.3.1. CASTOR Detector

The CASTOR (Centauro And Strange Object Research) detector is an
electromagnetic (EM) and hadronic (HAD) calorimeter of CMS. It is located at 14.39
m from the interaction point, covering the pseudorapidity range 5.2 < |5| < 6.6.
Figure 3.24 shows the location of CASTOR in the CMS forward region.

CASTOR is designed for the very forward rapidity region to search for
strangelets and centauro events in heavy ion collisions, kinds of exotic matter
potentially formed in the baryon dense region, and for diffractive and low-x physics
in pp collisions at the LHC

CASTOR

Figure 3.24. Location of CASTOR in the CMS for\}vard region (Chatrchyan et al.,
2008).
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CASTOR is constructed from layers of tungsten (W) plates as absorber and
fused silica quartz (Q) plates as active medium. The main advantages of quartz
calorimeters are radiation hardness, fast response and compact detector dimensions,
making them sufficient for the experimental conditions encountered in the very
forward region (Chatrchyan et al., 2008). The CASTOR detector is a Cerenkov effect
based calorimeter. A high energy particle will shower in the tungsten volume and
will generate relativistic charged particles that emit Cerenkov light in the quartz
plate. The Cerenkov light is then collected and transmitted to the photodetector

devices through air-core light guides (Aslanoglu et al., 2007).

3.3.2. ZDC Detector

A set of two Zero Degree Calorimeters (ZDC) (Grachov et al., 2006) cover
|7| > 8.3 pseudorapidity and are designed to complement the CMS very forward
region, notably for heavy ion and pp diffractive research. Each ZDC has the EM and
HAD sections. Two identical ZDCs are located between the two LHC beam pipes at
~140 m on each side of the CMS interaction region at the detector slot of 1 m length,
96 mm width and 607 mm height inside the neutral particle absorber TAN (Hoyer,
Turner, Mokhov, 1998). The TAN is located in front of the D2 separation dipole and
was designed to protect magnets and detectors against debris generated in the pp

collisions, and against beam halo and beam losses (Chatrchyan et al., 2008).
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4. JET RECONSTRUCTION at CMS

In this chapter, properties of jets, jet types and basic information on the
forward jet reconstruction algorithms are presented. Then the MC jet performance
studies are shown in Section 4.5. Here the jet energy response and the jet

reconstruction resolution in both energy and position are presented.

4.1. Jet Definition and Kinematics

In hadronic interactions the final state partons are quarks and gluons. Because
of confinement, quarks carry a color charge and cannot exist in a free form.
Therefore they fragment into hadrons before they can be directly detected, becoming
jets. These jets can be measured in a particle detector and studied to define the
properties of the quark. A jet is a cone of hadrons and other particles produced by the
hadronization process of quarks and gluons. It is the experimental signature of a
parton and is usually described at one of three levels: parton, particle and calorimeter
jets as shown in Figure 4.1.

calorimeter jet

Calorimeter
shower

material,
¥¥— Magnetic field

qr Out of cone

l: ,’ partons
Q—#*—0
2 QY g

Figure 4.1. A representation of the different stages of jet production and
reconstruction: parton, particle and calorimeter level (Ellis et al., 2007).
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Partons produced after the collisions are called “parton jets” before they
fragment into other particles. A parton materializes into many particles through
hadronization or fragmentation. These particles are defined as “particle jets” and
their number increases in a cone shape along the direction of the original quark or
gluon. When we want to measure the energy of a jet, we need to use a calorimeter.
The hadronized particles deposit their energy in an approximate circle on the
calorimeter and we use this energy cluster to measure the energy of the jet and call it
“calorimeter jet”.

A jet can also be described using pr (transverse momentum), ¢ (azimuth
angle), y (rapidity) and m (mass) variables. The four components of momenta are
(Ellis et al., 1996) :

o :(Wcosh(y), p, sing, pTcosq),Wsinh(y)) 4.1)

where the rapidity is;

1, (E+p
=" |nl =—= 4.2
y Zn(E—pZ) 4.2)

and p; is the momentum along the beam direction. For m — 0, the rapidity is equal to
the pseudorapidity, #.

- L4
n= Intan(z) (4.3)

A jet is defined as a cluster of transverse energy Er in a cone size AR which is given
by;

AR=\/(An)* +(Ag)? (4.4)
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Jet transverse energy (Er), jet pseudorapidity () and jet azimuth (¢) are described as

(Ellis et al., 2007);

ETjet :E ETi (45)
i€jet
1
Niew = > ETi77i (4.6)
ETJ_Et i€jet
1
P == > B4 (4.7)
ET- i€jet

where i is the protojet.

4.2. Jet Types at CMS

There are four types of reconstructed jets at CMS depending on the utilized
subdetectors. These jet types are: Calorimeter jets, Jet-Plus-Track jets, Particle-Flow

jets and Track Jets.

4.2.1. Calorimeter Jets

Calorimeter Jets (CaloJets) are reconstructed using the information from the
ECAL as well as the HCAL calorimeters. The building blocks for CaloJets
measurements are calotowers which are made of the HCAL towers and the
corresponding ECAL crystals. A sketch of the so-called *“calorimeter towers” is

shown in Figure 4.2 for the barrel region.
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HCAL tower

ECAL-cells
Calorimeter tower

5x5 cells — ECAL tower

Figure 4.2. Sketch of calorimeter towers used for jet clustering. 5x 5 ECAL-cells and
one HCAL tower are logically combined to form a calorimeter tower in
the barrel region (Kirschenmann, 2010).

CaloJets are simple objects which use only calorimeter information and are
strongly affected by the non-linearity of the calorimeters. CaloJets are usually used
by the trigger system since the readout of calorimeter measurements is fast
(Schroder, 2012). In order to decrease noise in the HCAL towers and the amount of
data transferred forward, zero suppression is applied. In order to supress the
contribution from extra pp interactions in the same bunch crossing (pileup)
calorimeter towers with the transverse energy of E°"*" < 0.3 GeV are not used in jet
reconstruction. An application of a lower cut on the energy or the transverse energy
of a calorimeter, readout cell or calorimeter tower built from a calorimeter cell.
Towers and cells with energy that is below the cut are not used in jet reconstruction.
These thresholds are listed in Table 4.1. The Figure 4.3 shows the calorimeter

segmentation in » and ¢ with energy deposition in calorimeter towers in event

display of a dijet event. While blue part shows energy deposition in HCAL, red part
shows energy deposition in ECAL.
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Table 4.1. Calorimeter cell thresholds (Zielinski, 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)
EBsum 0.2
EEsum 0.45

Only towers with Er>0.3 GeV are shown

NjetZ

|| CMS Experiment at LHC, CERN
/| Run / Event: 140383 / 191703493
5 Lumi Section: 21 |

Figure 4.3. Observed dijet event in the CMS calorimeters.
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4.2.2. Jet-Plus-Track Jets

Jet-plus-track jets (JPT), which are CaloJets complemented with tracking
information use the momentum of charged particles measured in the tracker and the
energy of a jet reconstructed from calorimetric energy depositions is corrected. The
JPT algorithm requires inter-calibration between the calorimeter and tracker since it
does not depend on cluster finding algorithms running on calorimeter cells. However
the JPT is insensitive to the low energy clustering in the calorimeter and track-cluster
matching while averaging the measurement capabilities of the two subsystems. The
JPT algorithm and the associated data based calibration and correction methods
improve the jet resolution and response by combining the calorimeter and tracking

measurements.

4.2.3 Particle-Flow Jets

The Particle Flow (PF) algorithm reconstructs PF jets which are clustered
from the four momenta of the particle candidates. It combines the information from
all CMS subdetectors as shown in Figure 4.4 to identify and reconstruct all stable
particles existing in an event namely electrons, muons, photons, charged hadrons and
neutral hadrons, towards an optimal determination of their direction, energy and
type. Electrons are reconstructed by a combination of a track and energy deposition
in the ECAL while muons are reconstructed from a combination of the tracker and
muon chamber. Charged and neutral hadrons deposit their energy in HCAL. Charged
hadrons are reconstructed with the tracker in addition to the HCAL (Bernet et al.,
2009). The resulting list of particles can be used to build different higher level
objects and observables such as jets, missing transverse energy (MET), taus, lepton
and photon isolation, b-jet tagging, etc. The PF building blocks are in the form of
charged tracks, calorimeter clusters and muon tracks. The CMS tracker information
improves the jet p; resolution versus pure calorimetric jet reconstruction. PF jets
provide more information with respect to the other types and are therefore used by

most physics analyses within CMS.
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Figure 4.4. The Particle Flow algorithm. Particles in the CMS detector are seen as
tracks and energy depositions and the algorithm attempts to fully
reconstruct an event by combining information for all CMS subdetectors
(Gleyzer, 2011).

4.2.4. Track Jets

Track jets are constructed from the reconstructed charged particle tracks in
the tracker. The algorithm uses well-measured tracks correlated to the primary
vertex. Track jets have very good angular resolution and are independent of
calorimetric measurements. Track jets are similar to the charged component of PF
jets. While PF jets are focused on the energy measurement and include very low
momentum tracks with large impact parameters, in track jets the track selection is
stricter and track jets are a very reliable way to find jets down to very low pr.

4.3. Jet Reconstruction Algorithms

Observing jets provides information about the feature of the original partons
produced after collisions. Jets have to be defined by an algorithm. There are many jet
finding algorithms and the best choice often depends on the subject of interest. Jet
finding algorithms can be classified into two major groups:
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» Cone-based Algorithms (Midpoint Cone, Iterative Cone, SISCone),
» Sequential Recombination Algorithms (kr, Cambridge/Aachen, Anti-kr ).

Cone algorithms are based on the concept of the parton showering and
hadronisation dynamics and a jet is spatially restricted into a cone shaped region with
an axis along the direction of the initial parton. On the other hand, the sequential
recombination algorithms repeatedly combine the objects which are closest
according to some distance measure and in this way reflect the process of parton
showering.

Jet reconstruction algorithms apply a set of rules for combining particles into
jets, usually by some distance measure to decide whether two particles belong to the
same jet and usually satisfy these conditions (Salam, 2010):

relatively simple to implement in an experimental analysis,

 relatively simple to implement in the theoretical calculation,

» defined at any order of perturbation theory,

 yielding finite cross sections at any order of perturbation theory,

» producing a cross section that is relatively insensitive to hadronisation,

« efficient at finding all physically relevant jets in an event and the same jets,
should also be found at the parton level, particle level and calorimeter level,

» numerically efficient in identifying jets,

e collinear (IRC) and infrared safe.

Collinear (IRC) and Infrared safety are the fundamental requirements for jet
algorithms.
Collinear safe: The jet finding methods should treat a collinear pair of particles
likewise to a single particle with their combined momentum. From the theoretical
perspective this means that the jet finding is independent of a particle splitting into
two parallel travelling partons and should not change the results of the jet clustering.
From the experimental perspective, such a feature means that the jet finding is
mostly independent of the granularity of the detector.
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Infrared safe: The jet reconstruction should be insensitive to the soft radiation in the
event and theoretically consistent with pQCD calculations. Experimentally, cuts to
compress the detector noise are applied to make the jet finding as independent as
possible of low energy deposits.

The configurations of the infrared and collinear safe algorithm are shown
separately in Figure 4.5. From the top figure we can see that adding a soft gluon
should not change the jet clustering results (Infrared safety) and from the bottom
figure splitting one parton into two collinear partons should not change the jet
clustering results (Collinear safety).

Figure 4.5. Configuration of Infrared (top) and Collinear (bottom) safe algorithm
(Blazey et al., 2000).

Three jet clustering algorithms are currently implemented and supported in
the CMS software. These are:

* ky (cone size 0.4/0.6),
» seedless infrared safe (cone size 0.5/0.7),

» anti-kralgorithm (cone size 0.5/0.7).
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4.3.1. Iterative Cone Algorithm

It is a simple cone-based algorithm which has a fast response and is usually
used for triggering purposes. This algorithm merges the energy deposits located in a
cone around the most energetic calotowers and is applied to a list of input objects.
Iterative cone algorithm is neither collinear nor infrared-safe but the CMS software
has implemented iterative cone algorithm with cone size R =0.5.
The steps taken to create the iterative cone jets can be summarized as below;

* an Er-ordered list of input objects is created,

» acone of size R (R is free parameter of the algorithm) in (y, ¢) space is cast
around the seed, the object with the largest Er,

* in order to calculate the feature of the protojet, the objects which are inside
the cone are used to calculate:

An. XE-. N XE-.
ETZEiETi,n:E'(?E'X TI)'¢:EI(éX T|)
! T (4.8)

» the protojet is used to seed a new protojet,

» the procedure is repeated until the direction of the protojet is no longer
changing and the jet is manifested stable,

» the stable protojet becomes a jet and the objects belonging to this jet are
removed from the list of input particles and the procedure is repeated until the

list is empty.
4.3.2. Seedless Infrared Safe Cone Algorithm
The Seedless Infrared-Safe Cone (SISCone) jet algorithm (Salam, 2007;

Salam and Soyez, 2007) is another cone algorithm. It is both collinear and infrared
safe in all orders of perturbation theory and uses a concept of a stable cone with a
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circle of radius AR in the »—¢ space and the sum of all the momenta of the particles.

The algorithm attempts to identify all the stable cones as shown in Figure 4.6.

Figure 4.6. Cone-type Jet Algorithm: a) listing of initial 4-vectors, b) and c) finding
stable cones, d) splitting/merging algorithm applied, e) final jets.

The algorithm does not use a seed as the iterative cone algorithm. It is
acquired using pairs of particles with a distance smaller than twice the chosen jet
radius. In the first step the algorithm finds all the stable cones, which are circles in

n—¢. When all stable cones are found, another step is applied in which the overlap of

cones is either split between the two jets or the jets are merged. This step is called
split merge procedure and another parameter is introduced that steers the behavior of
the algorithm in such cases. Since the algorithm is both very CPU- time-consuming
for events with many input objects and also does not work for the events with high
pile-up activity, is not used as the standard jet finding algorithm in the CMS

experiment.
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4.3.3. Anti-kt Algorithm

Anti-ky algorithm (Salam, 2010) is an infrared and collinear safe algorithm
and is highly recommended within the CMS experiment. The anti-kr is a special
form of kr algorithm. The detailed description of the production of anti-ky jets is
listed below.

« Starting from an input list of objects, the algorithm defines d;and dj;. Here d;;

is distance between particle (or calorimeter tower) i and j.

s

(4.9)

=t

2
d; =min iziz X A—F\‘)‘ (4.10)
E: Ej R

Here the dimensionless parameter R is the radius of jet and AR;j is the distance (iny,

¢ space) between each pair of protojets. In a more general form distance equation

can be written as (Salam, 2010);

d; =min{ pf°, pi°} x (A_FF:‘i) (4.11)

distance d;; (between i and beam (B)) is defined as:

dg = p12'ip (4.12)

AR =(y -y, P+ (-9, (4.13)
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The parameter p governs the relative power of the energy versus geometrical (ARij)

scales and can be positive, negative or zero.

* p =1 for the kr algorithm (firstly soft particles are clustered),
e p = 0 for the Cambridge-Aachen algorithm (an energy dependent clustering
algorithm),
* p =—1 for the anti-kr algorithm (firstly hard particles are clustered),
o if the minimum value is a d;, particle i is removed from the list of particles
and called a jet,
 if the minimum value is a dj;, particles i and j are recombined into a single
new particle according to Eq. (4.8),

» the procedure is repeated until all particles are ended.

The behavior of different jet algorithms on parton level is illustrated in Figure
4.7. As it can be seen there, the anti-kt jet algorithm produces the best results. CMS
supports k; algorithm with cone sizes R = 0.4 and R = 0.6 and supports anti-k;
algorithm with cone sizes R = 0.5 and R = 0.7. In this thesis, jets are reconstructed

using anti-kr algorithm with cone size parameter R = 0.5.
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Figure 4.7. lllustration of different jet algorithms in parton level (Salam, 2010).

4.4. Jet Energy Corrections

The calorimeters have electronics noise and detect presence of pileup events
from other pp collisions in the same bunch crossing. On the other hand calorimeters
have non-linear response to the energy deposited by particles and they are not
straightforward to translate the measured energy to the true energy of the particle. To
mitigate this problem, a set of jet energy corrections (JEC) has been developed and is
applied to the measured jet energy depositions in order to correct detected jets on
average to an observable definition that is independent of the response of the CMS.

There are several levels of factorized corrections which are implemented in
CMS as shown in Figure 4.8. Each of them has a different effect. The first three

levels of corrections are required for any physics analysis, while the last four are
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optional corrections. In Figure 4.8 required correction levels are shown with red

color and optional correction levels are with orange.

Required Corrections Optional Corrections

(EMF)HFIavo }[ HPartonJ‘-

Figure 4.8. Factorized Jet Energy Corrections in CMS (Kirschenmann, 2010).

e A\

If only required jet corrections are included, a relation of the CaloJet energy
and the uncorrected CaloJet energy is expressed mathematically as (Zielinski et al.,
2010):

ECorrected = (EUnoorrected - Eoffset) x CRel (7]’ p,T,) X CAbs(p,T) (414)

» where py is the transverse momentum of the jet corrected for offset,
o pr=prx Cqy(m pr) is the transverse momentum of the jet corrected for

offset and pseudorapidity dependence,
» Cg, is the relative correction obtained by removing variations in the jet
response relative to the central region,

» C,, Is the absolute correction for variations in jet response versus p;.

Equation 4.14 which includes the offset, relative and absolute corrections can
be extended further by multiplying the right hand side with optional (EMF, Flavour,

UE and Parton) correction factors.
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4.4.1. Required Jet Energy Corrections

Level 1 (L1) (Pileup) Offset Correction: The offset correction is the first step in the
chain of the corrections. The goal of the L1 correction is to remove the energy not
associated with the high pr collision which is undesirable energy coming from
electronic noise in the calorimeter electronics, extra pp interactions within the same
bunch crossing (“in-time pile-up”), additional energy integrated by the calorimeter
read-out electronics from bunch crossings before and after the trigger event (“out-of-
time pile-up”). This extra energy can be substracted from the output and includes
contributions by applying offset correction (Zielinski et al., 2010).

Level 2 (L2) (4 dependence) Relative Jet Correction: This correction should be
done after the offset correction. The aim of the L2 relative correction is to make the
jet response flat as a function of #. The response of each position in 7 is related to the
detector response averaged over || < 1.3. L2 correction is achieved by correcting a
jet with the MC truth and a data driven dijet balancing method. The dijet balance
method measures the energy response of a reconstructed jet at arbitrary
pseudorapidity, relative to a control region. The control region is chosen to be the
barrel (|| < 1.3) because it is a uniform detector (Kousouris et al., 2010).

Level 3 (L3) (prdependence) Absolute Jet Correction: The goal of the L3 absolute
correction is to make the jet response flat as a function of pr. The parameters are
obtained from MC simulations and are always applied on L2 corrected jets. The
absolute scale only has to be fixed precisely in an arbitrary pseudorapidity region

since the response is uniform in # after the relative correction.

4.4.2. Optional Jet Energy Corrections

Level 4 (L4) Electromagnetic Fraction Correction: The response of the detector as
a function of the fraction of the jet energy deposited in the electromagnetic
calorimeter (EMF) is described by L4 correction. Its aim is to improve the jet energy
resolution by correcting dependence on the jet electromagnetic fraction (EMF) of the

jet energy response.
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Level 5 (L5) Jet Flavor Dependence Correction: Since the particle content for the
various jet flavours is different, specific correction is needed to correct with respect
to the flavour of the jet. L5 jet energy correction addresses the dependence of
response on the jet flavor.

Level 6 (L6) Underlying Event Correction: The underlying event is dependent on
the hard scattering in the proton collision therefore the energy contribution of the
underlying event to the total energy of the jets in the event will be different for
various physics processes. L6 correction aim is to remove underlying event energy
from the jet due to soft interactions involving spectator partons. L6 correction is
often part of the correction to the parton level.

Level 7 (L7) Parton Correction: The final jet energy correction aim is to correct the
jet energy to the original parton energy in order to correct for the energy loss due to
radiation. L7 correction translates back to the parton level, making the CaloJet (JPT

or Particle Flow Jet) pr equal to the average of the original parton pr .
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4.5. Jet Reconstruction and Performance in HF

General information on the jet reconstruction algorithms was given in the
section 4.3. Jet reconstruction is a two-stage procedure. In the first stage, an input
collection is processed as a set of Lorentz vectors. Every Lorentz vector fulfilling
energy and/or p; requirements is used by the jet-clustering algorithm. In the second
stage, after jet clustering is finished, the jet type information is extracted from objects
contributing to the jet and the corresponding values are related to the jet. In this part
we will discuss MC jet studies, jet energy response (JER) and the jet reconstruction
resolution in both energy and position. The goal of the analysis is to commission jet
reconstruction at forward rapidities and to check the sensitivity for the future studies
of low-x parton distributions. Jets are reconstructed with the anti- k; (R = 0.5)
algorithm in the HF calorimeter in the range 3.2 < |y| < 4.7 and in the transverse
momentum range p; = 20 — 120 GeV/c.

4.5.1. Performance of the Forward Jet Reconstruction in Monte Carlo

In order to evaluate performance of the jet reconstruction algorithms, the
created CaloJets are compared to the GenJets, which are independent of the response
of the CMS detector. Applying the same jet reconstruction algorithm to the stable
particles that are coming out of the hadronisation process makes GenJets. Since
GenJets can only be accessed from the simulated information, they can not be
observable jets. Equivalently, in the actual detected event are CaloJets which are in
fact similar to GenJets right after they reached the detector. For MC studies the
official Springl0 MC samples were used. They were reconstructed with
CMSSW _3 5 6 software. The MC samples were;

* QCD Pt15/Spring10-START3X V26A 356ReReco-v1/GEN-SIM-RECO
* QCD Pt30/Spring10-START3X V26A 356ReReco-v1/GEN-SIM-RECO
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The detailed MC simulation of the CMS detector response is based on
GEANT4 (Agostinelli et al.,, 2003). Simulated events were processed and

reconstructed in a similar way as collision data.
4.5.2. Jet Energy Response

JER describes how well a jet clustering algorithm works. For all passing
GenJets the Corrected Jet Response is measured as below:

CorrCaloJet p;

Corrected Jet Response =
GenJet p; (4.15)

here, CorrCaloJet pr is the transverse momentum of the reconstructed calorimeter jet
and GenJet pr is the transverse momentum of the jet reconstructed from all the
generated stable particles. CorrCaloJet is produced from L1 (pedestal), L2 (n
balancing) and L3 (p; balancing) jet corrections, which correct the CaloJet to have

the same pr as the GenJet on average. In this study JER is plotted in bins of GenJet
pr listed in Table 4.2.

Table 4.2. Bin edges of GenJet pr in GeV/c used for the studies of the jet response.
20 27 35 45 57 72 90 120

All GenJets in the forward pseudorapidity range of 3.2 < |jgenset| < 4.7 are
selected and were matched with CaloJets in the (, ¢) space with A R=0.2. The AR

variable is defined as:

AR = Ag? + Arf? (4.16)
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here Ay and A¢ denote respectively the jet pseudorapidity and azimuthal angle

separations. The AR distributions for two bins in pr are given in Figure 4.9 and
Figure 4.10. If the closest CaloJet is not within AR = 0.2 the GenJet is discarded.

Figure 4.9. AR distributions for the jet pr bin 20-35 GeV/c for the anti-kr (R = 0.5)
algorithm.

Figure 4.10. AR distributions for the jet pr bin 80-120 GeV/c for the anti-kr (R = 0.5)
algorithm.
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Corrected jet response histograms fitted with a Gaussian function in the

interval £1.5 o centered around the mean for the anti-ky (R = 0.5) algorithm are

shown in Figure 4.11. Each histogram corresponds to a different range in pr

GenJet

The corrected jet response peaks near 1, showing a good performance of the applied

corrections.
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Figure 4.11. Corrected jet response distributions for different pr bins and for anti-kr

(R =0.5) algorithm.

The corrected jet response as a function of GenJet pr and # are given in

Figure 4.12 and Figure 4.13. The response curves for forward jets are flat within a

few percent of the preferred value of 1 in the range pr°®™® = 20-120 GeV/c.
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Figure 4.12. Corrected jet response as a function of pr°®™* for the anti-kr (R = 0.5)
algorithm.
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Figure 4.13. Corrected jet response as a function of #7genget for the anti-kr (R = 0.5)
algorithm.

In Figure 4.12 and Figure 4.13 the dashed lines indicate the desired response
of 1 as well as £3% deviations.

88



4. JET RECONSTRUCTION at CMS Semiray GIRGIS

4.5.3. Jet Energy Resolution

Jet energy resolution (Brona, Cerci et al., 2010) is the uncertainty on the
measured jet energy after applying the required corrections. The o parameters of the
Gaussian fits were extracted from Figure 4.11 and used as data points to identify the

GenJet

jet energy resolution curve as a function of pr as shown in Figure 4.14. The

resolution curve was then fitted with the below function;

2
fo= a 2+ b + 2
(pr) — psenJeI ,p](—;en\]e[

(4.17)

Here a, b, ¢ values are fit parameters and these parameters are quoted in the
legend of Figure 4.14. In this figure red line represents fit function of resolution
curve.

Figure 4.14. Energy resolution as a function of pr°®™® for the anti-kr (R = 0.5)
algorithm for jets reconstructed in 3.2 < |n | < 4.7.
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Figure 4.14 shows that the pr resolution for forward jets reconstructed with
the anti-kr algorithm is ~ 15% at pr = 20 GeV and decreases to ~12% for pr = 100
GeV.

4.5.4. Jet Position Resolution
The jet position resolutions in azimuth (¢) and pseudorapidity (n) are

measured in HF calorimeter and determined from the distributions of the following
variables for the matched jets.

A¢ = ¢CanJet - ¢GenJet (418)

- ‘nGenJet

AT] = ‘nCaloJet (419)

The distributions of these variables for different pr bins are presented in
Figures 4.15 and 4.17. The distributions fitted with Gaussian functions are used to

calculate the resolutions in ¢ and 7 as functions of p>*™* given in Figures 4.16 and

4.18. The position (n, ¢) resolutions for jets in HF are very good, the measured

values are o,, = 0.035 at pr=20 GeV and o, ~ 0.02 above 100 GeV.
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5. INCLUSIVE FORWARD JET CROSS SECTION MEASUREMENT in
PROTON-PROTON COLLISIONS at+/s =7 TeV

This chapter discusses measurements of the cross section of inclusive forward
jets in pp collision, applied unfolding procedure that was used to translate
reconstructed spectra into true spectra and finally, systematical uncertainties related

to the measurements and theoretical uncertainties.
5.1. Forward Jet Production

First forward jet measurements were performed in pp collisions at Vs = 7 TeV
in CMS. The CMS experiment has detection capacity at forward rapidities (|| > 3)
which allows it to reconstruct jets in a kinematic range of interest for various Higgs
and QCD physics studies in pp collisions at TeV energies.

Forward jet production gives important information on the underlying parton
structure and its dynamical evolution in the proton. Especially, it provides valuable
information on the gluon density xG(x,Q?) in a regime of low momentum fraction
(d’Enterria, 2009) ;

X= pparton/phadron < 10_2 (51)
where Py, is the momentum of parton and ., is the momentum of hadron. In
CMS calorimeter, jets in HF are sensitive to x = 0.0004. From leading-order (LO)

kinematics, rapidities (y1 and y,) and momentum fractions of two colliding partons

(x1and x,) are related via:

Xy, = (PT/‘/E) (e +e¥2), x, = (PT/‘/E) (e +e72) (5.2)
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In pp collisions, the minimum parton momentum fractions as probed in each
proton in a 2 — 2 process with a jet of momentum p; produced at pseudorapidity #

are:

min - Xz XT e’l and Xmin XT e_n
2X, - X € 2 2-x¢
2 T T

(5.3)

where x; = 2p;/+/s and x4 decreases by a factor of ~10 every 2 units of rapidity.
The extra e lever arm motivates the interest of forward jet production measurements
to study the PDFs at small values of x from Equation (5.3) (Cerci et al., 2009). Figure
5.1 shows the log (x12) distribution for parton-parton scattering in pp collision at v/s
=7 TeV in the HF acceptance.

GenJet: p+p->jet1+jet2,\f§=7 TeV
jet, , in HF (3.0 <pn| <5.2)

N |\5|

IIIIIIIIIlIIIIlIIII|IIII|IIII

-6 5 -4 -3 2

A1
|Og1 0(x1,2)

Figure 5.1. Log(x, ») distribution of two partons producing at least one jet above py =
20 GeV/c at forward rapidities in pp collision (Cerci et al., 2009).
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The hadronic final state in charged current DIS can be characterized in terms
of the production rate of jets, that is jet cross sections. The simplest cross section is
the inclusive jet cross section. “Inclusive” means that all jets passing the relevant
kinematic cuts are counted. Figure 5.2 shows the diagram for inclusive forward jet
production. If more than one jet is present, the one with highest p; is considered, as

shown in Figure 5.2.

forward jet

 — |— — (g —— — — ——
—64-202462)1ab

Figure 5.2. Feynman diagram for inclusive forward jet production (Cipriano, 2014).

Measurement of inclusive jet production is performed at the LHC over a
kinematic range in transverse momentum and rapidity much larger than in any
previous collider experiment (Rabbertz, 2012). Basic comparisons with SM
theoretical predictions are based either on NLO QCD calculations, or on NLO
matched parton shower event generators. NLO calculations are supplemented with
nonperturbative (NP) corrections predicted from MC event generators (Hautmann,
2013).
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5.2. Data and Monte Carlo Samples

The data set used in the analysis was reconstructed with CMSSW 3 8 X
version. The kinematic range of this measurement is shown as a function of the jet
pr. MC samples from PYTHIA 6 (version 6.422), PYTHIA 8 (version 8.135),
HERWIG 6 (version 6.510.3) + JIMMY and HERWIG++ (version 2.3) are
reconstructed with CMSSW 3_7_X version. In this analysis the reconstructed data
was prepared as ROOT ntuples using calorimeter cleaning and basic data quality
cuts. The CMS standard relative (L2) and absolute (L3) corrections for  and pr
variation of the jets were applied using the official tag. A residual correction was also
applied to account for differences between data and MC. Finally events that were
affected by the HF PMT hits were removed. The good runs were selected based on
official CMS JSON files. The data and MC samples used in the analysis were
following.

Data Samples :

* JetMETTau / Run2010A-Nov4ReReco-vl /RECO

* JetMET/Run2010A-Nov4ReReco-vI/RECO

* MinBias/Commissioning10-SD-JetMET TauMonitor-Jun9thSkim-v1/RECO
* JetMETTauMonitor/Run2010A-Jun9thReReco-v1/RECO

MC Samples:

*  QCD-Pt-XtoY-TuneD6T-7TeV-pythia6/Summer10-START37-V6-v1/GEN-
SIM-RECO

* QCD-Pt-XtoY-CTEQ6L1-7TeV-herwig6/Summerl0-START37-V6-v2/GEN-
SIM-RECO

* QCD-Pt-XtoY-7TeV-pythia8/Summer10-START36-V10-S09-v1/GEN-SIM-
RECO
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5.3. Event Selection and Analysis Cuts

For inclusive forward jet analysis (Cerci, Sunar Cerci et al., 2010),
(Chatrchyan et al., 2010a) the HLTJet15U (uncorrected jet p, > 15 GeV) trigger was
used. All triggered events were required to have a good primary vertex (PV) and the
PV is reconstructed from at least five tracks that lie within |zpy| < 24 cm of the center
of the detector. In order to filter away the beam scraping events, we require the
fraction of high-purity tracks with respect to the total number of tracks to be at least
25% for events with more than 10 tracks. Jets were reconstructed using the anti-kr

algorithm with cone size 0.5 (AR =/A¢® + An® ).

In data, large calorimetric signals arising from noise, beam halo energy
deposits, or cosmic ray showers can be observed from the hard scattering of the beam
protons. All these sources of noise and non-collision data can generate large amounts
of transverse energy E. In order to remove all these unwanted effects some analysis

cuts were applied for this study and are described in sections 5.3.1 and 5.3.2.
5.3.1. HF Noise Cut

A charged particle can produce fake signals when it travels over the window
of PMT of the HF detector. Such particles are beam halo muons or late showering
hadrons. The property of the PMT hit events is such that they are localised to a single
PMT, i.e. only one of the channels in one readout tower register large signals. Events
with exceptional noise due to charged particles directly hitting the window of the HF
PMTs are flagged with different algorithms and removed from the inclusive jet

analysis.
5.3.2. Jet Quality Criteria Cut

The Jet Quality Criteria (JetID) (Harel, 2009 and 2010) cuts were used to

remove unphysical energy deposits in the HF calorimeter originating from the
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detector such as calorimeter noise, hot cells and defects of the detector electronics or
beam background noise: beam-pipe and beam-gas collisions.
The HF detector is divided into two regions: HFa (3.8 > || > 3.0) and HFDb

(In| > 3.8) and the following jet quality criteria (loose) cuts are applied:

e n"'>1+2.4(Inpr"™ - 1) in HFa,
e n"*>1+3(Inp;"™" -1) in HFb,
¢ 0.6 +0.05(max(0, 9 - In E™))* > o s > -0.2 - 0.041(max(0, 7.5 - In E™"))*?,

CaloJet, ECanJet and

The Jet ID cuts are based purely on the jet properties: pr

hit

number of RecHits events clustered into jet n™" and o s (a fraction of electromagnetic

component of the total jet energy).
5.4. Inclusive Forward Jet Cross Section Measurement

The single jet cross section can be defined in several ways. Theoretically
inclusive forward jet cross section calculations are described in the sense of the

. . d’o . .
invariant cross section EdT' Experimentally, the measured variables are the
p

transverse energy pr, pseudorapity n and azimuth angle ¢. From the point of these

3
variables, the triple-differential cross section is expressed as do where the
dp, dndg
two are related by:
3 3 2
E do do 1 do (5.4)

d’p ) d®p,dy -~ 27p; dp.dn

where y is the rapidity of the jet and 1/2m is ¢. In this analysis the differential

inclusive jet cross section is measured simply using the number of jets N observed in
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a given 5 and pr interval normalized by the total luminosity L defined by the basic

formula 5.5:

d’c _C N,
= S b/(GeV/c)]. 55
T Loe ap Ay IPDI(GeVIC) (5.5)

where:

*  Neus Is the number of jets counted in a bin,

» L isthe integrated luminosity,

» ¢ reflects the efficiency of the jet trigger,

e Ceorr is the resolution unsmearing or MC correction factor,

* Apr and Ay are the pr and rapidity bin sizes, respectively.

The starting value of binning has been chosen to be 35 GeV because of the
trigger limitations.

Table 5.1. Resolution based binning in jet transverse momentum pr, (GeV/c).
35 45 57 72 90 120 150

5.5. Jet Trigger and Trigger Efficiency

The jet trigger uses the electromagnetic and hadronic transverse energy sums
computed in calorimeter regions (4 x 4 trigger towers), except for the HF region
where it is the trigger tower itself. The jets are characterized by the transverse energy
Er in 3 x 3 calorimeter regions. This region’s sliding window technique spans the
complete (,¢) coverage of the CMS calorimeter as shown in Figure 5.3. The
summation spans 12 x 12 trigger towers in barrel and endcap or 3 x 3 larger HF
towers in the HF. Jets are labeled by (5, ¢) indices of the central calorimeter region,
while ¢ size of the jet window is the same everywhere. The # binning gets somewhat
larger at high » because of the size of calorimeter and trigger tower segmentation
(Bayatian, 2000a).
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Figure 5.3. Jet Trigger Algorithm (Bayatian, 2000a).

In this analysis the highest non-prescaled trigger stream is considered for the
trigger efficiency. For this reason, SD JetMET TauMonitor and JetMET TauMonitor
data sets were used. In these datasets all events were recorded at 12 nb™ low
luminosity. On the other hand the prescale factors were also taken into account since
the luminosity was increasing. The analysis was limited to the events selected by the
“HLTJetl5U” single jet trigger stream. The turn-on of the single jet trigger in data is
specified as a ratio to the lower pr trigger (“HLT L1Jet6U”). Table 5.2 lists features
of the trigger that were included in this analysis.

Table 5.2. L1 and High Level Trigger jet descriptions.

Trigger name L1 Seeds Information
HLT_L1Jet6U L1 SingleJet6U A jet with E1 > 6 GeV

A single jet trigger, requiring > 1 jet
HLT Jet15U L1_SingleJet6U at HLT with E1 > 15 GeV. The jet
energy threshold is chosen based on

uncorrected jets.

Figure 5.4 shows the jet pr spectrum procured from the single-jet trigger
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stream (left plot), alongside the corresponding trigger turn-on curve compared to the
monitor trigger (right plot). The final spectrum will be used only from 35 GeV
upwards. In this prcut (35 GeV) the selected trigger was 100% efficient. The trigger
efficiency for jets with corrected pr > 35 GeV as a function of # is shown in Figure
5.4 (bottom). It is flat, at the 100% level.
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Figure 5.4. Jet pr spectrum (before applying JEC) of the trigger stream used for
forward jet analysis (left), jet trigger turn-on of the HLTJet15U stream
vs. corrected jet pr (after applying JEC) (right) and Jet trigger efficiency
vs. jet n (bottom).
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5.6. Luminosity Calculation

In this analysis the official luminosity measurement rules for CMS physics

analysis recommended by the CMS luminosity group were applied. The luminosities

for different trigger paths were directly calculated using lumiCalc.py script which
generated JSON output file from the GRID (CRAB) root tuples. This file contained

only the lumi sections (LS) that were later analyzed. Figure 5.5 shows the total (left)

and effective (right) luminosity trigger and prescale factor (bottom) run by run for
the HLT Jetl5U trigger.
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Figure 5.5. Total luminosity shown run-by-run (left), effective luminosity obtained
from the trigger HLTJet15U shown by run number (right). The prescale
factors of HLT Jet15U trigger is shown by run number (bottom).
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5.7. Unfolding Method

Due to detection efficiency, measurement resolutions and systematic biases,
the measured distribution can vary from the true distribution. Some events may never
get reconstructed or migrate to neighbouring bins. To obtain precise measurements
from the data, different effects of the detector need to be corrected. To correct for
these effects, an unfolding procedure has been applied. There exist several alternative
methods for unfolding of the measured distributions. Bin-to-Bin MC method and the
Ansatz method were used in this analysis. Events from the PYTHIA 6.4 and
HERWIG + JIMMY MC generators were compared before and after passing through
the detector simulation, labeled generator (HAD) level and reconstructed (REC)

level, respectively.
5.7.1. Bin-to-Bin Monte Carlo Method

The bin-to-bin MC method is used to perform the final results of the Inclusive
Forward Jet analysis. To unfold the cross section by applying bin-by-bin correction
factors, the MC sample has to be compatible with the data sample and the bin widths
have to be chosen such that migrations between bins are small enough. When we
look at a bin i on the detector level and the same bin i on the hadron level we should
see the same results, but unfortunately because of some unwanted processes in the
detector this is often not the case. For this reason a correction factor had to be found.
We used two methods:

In the first method, the hadron level measurements were divided by the detector
level measurements and correction factor was determined from MC samples
generated by PYTHIA 6.4 and HERWIG + JIMMY MC event generators.

N:l?tja:ats(Er?:Idag bl r]i ) = Nngtja:ets(Eggtag bl ni ) Ccorr (5 6)
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_ Nales(Enge bin))

corr — \yMC MC . |
N s (Eges €0IN;)

(5.7)

where;

N2 (Eng € biny) is the number of jets on hadron level in bin i,

«  NiSs(Ege€bin) is the number of jets on detector level in bin i.

Figure 5.6 shows the reconstructed pr spectrum for inclusive forward jets.
This is compared to MC events passing through full detector simulation and analysed
in the same way as the data. The data are calibrated through the JES normalisation,
but not unfolded nor corrected to the stable-particle level. From the Figure 5.6 we
can say that PYTHIA 6 (D6T) MC generator is more compatible with the data than
the HERWIG 6.510 (+JIMMY). Only in the last bins this compatibility breaks.

CMS, pp—jet +XNs=7TeV,L =3.14pb*
T T T T T T
105; ----- —e— Data (before unfolding) E

- PYTHIA 6 (D6T)
-------- HERWIG 6 (+JIMMY)

T

d?o/dp_dn [pb/(GeV/c)]
|_\
Q

=
o
N
T T T
|

. Anti-k,, R=0.5
10¢ 3.2<n <47 3

40 60 80 100 120 140
incl. forward jet P, (GeVl/c)

Figure 5.6. Measured differential cross sections for jets as a function of pr before
unfolding the energy resolution (black dots), compared to detector-level
MC simulations generated with PYTHIA 6 and HERWIG 6.
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Inclusive Forward CaloJets p; and # cross section on detector level for DATA and

MC simulations, PYTHIA 6.4 and HERWIG + JIMMY are shown in Appendix B.

In the second method the correction factor is calculated using acceptance (A),
background (B), purity (P) and stability (S) terms as shown in Equation 5.8.

(1-B") p*

Ccorr T 7 AMC ' oMC
AT 8 (5.8)

The acceptance is explained as the number of matched jets divided by number
of all jets on hadron level as shown in Figure 5.7 (left).

N ocched jets (pTg’\echg bin,)

Acceptance (AY°) =
p (A ) Na'\llll(j:as(pTg'\elzlncg bini)

(5.9)

The background is defined as the number of jets on the detector level that can
not be matched to a jet on the hadron level as shown in Figure 5.7 (right).

N ocched jats ( PTa £hin)
N\ (PTe g hbin)

Background (B““)=1-
(5.10)

Since the detector has limited resolution, a jet in bin i on the hadron level can
be reconstructed in another bin on the detector level. This is an undesirable situation.
To measure these migrations into and out of a bin, the purity and stability are used
respectively. Purity is defined by how many jets on the detector level really belong
to this bin.
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Purity (PMC N jes (Bl €biny AE e bin)
urity (B™) = N he
matchedjets( det € |ni)

(5.11)

Stability is defined by how many jets remain in the bin while going from the
hadron to detector level.

- MCy _ Nr’:'A\a?chedjets(Er:\ggg bin AEj ¢bin)
Stability (§™) = - e
N ratched jets (Enaa € DITY)

(5.12)

For CaloJets Purity was found to be 0.5 which means that 50% of the jets
measured in one bin on the detector level are also in the same bin on the hadron
level, 50% of the jets have migrated into that bin for CaloJets as shown in Figure 5.8
(left). And stability is found to be 0.6 for CaloJets which means that 60% of the jets
in one bin on the hadron level are also found in that bin on the detector level. Figure
5.8 (right) shows the stability of jets. Acceptance, Background, Purity and Stability

plots for PF jets are also shown in Appendix A.
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Figure 5.7. The acceptance (left) and background (right) as a function of corrected
CaloJets pr for PYTHIA 6.4
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Figure 5.8. The purity (left) and stability (right) as a function of corrected CaloJets
pr for the bins in which cross section measurements are performed shown
for PYTHIA 6.4.

Figure. 5.9 shows the unfolding correction factor obtained for the PYTHIA 6
(D6T) and HERWIG 6.510 (+JIMMY) as event generators differ by < 5%. The
hatched band in all panels represents the uncertainty of changing the jet pr resolution
by £10%. It is observed to cover the range of differences found for the two methods

of unfolding the data.
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Figure 5.9. The bin-by-bin unfolding correction factors as a function of pr for
inclusive forward jets.
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5.7.2. Ansatz Method

Inclusive jet cross section measurement as a function of p; is the fold of the
real particle jet spectrum convoluted with the detector finite p, and y resolutions.
While the p; smearing effect must be corrected, the effect of the y resolution can be
disregarded to the first order. The unsmearing corrections for the jet p; spectra in

these studies are derived from the Ansatz Method and are used for comparing the
bin-to-bin MC method and obtaining the pr resolution uncertainty. In this method a
functional description of the unknown particle jet cross section was taken into
account as expressed by Formula 5.13.

B
f(pT):No.p;“(l—%) exp(—y/ pr)
S (5.13)

Here No, a, # and y are fit parameters, pr * term defines the QCD matrix element and

208N (Y,
Js

proton momentum fractions x as well as its dependence on rapidity. The measured

B
the term (1— )pT) indicates the behavior of the parton densities at high

cross section is fitted with a smeared Ansatz function F(pr) as a fold of the particle
jet spectrum with the detector resolution:

F(p)= [ 1 (B R( pr) o} (5.14)

R(p;, pr) is an area-normalized Gaussian centered at 0 and with a width equal to the

jet pr resolution. It can be formulated as:

_(p;—pT)ZI

1
R(p., = -
(Pr. Pr) J2ro(p)) 20°(py)

(5.15)
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o(pr) is a parameterization of the relative o dependence of pr, it can be written as:

olpr) :\/sgn(N).(ﬁ) +S pit+C?
Pr Pr (5.16)

where N is a noise term while S is a stochastic term and C is a constant term. The fit
for calorimeter jets is procured by limiting N >0 and m = 0, see Figure 5.10.
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Figure 5.10. Inclusive forward CaloJets pr resolution with CMS MC simulation
PYTHIA 6.4.

Once the measured spectrum is fitted with the smeared Ansatz function, in the

last step the correction factor is calculated for every bin as :

_Join f (p; )dp,
JuinF (pT )de (5.17)

bin
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5.7.3. Full Unfolding

When the detector level distribution is represented by a finite set of
parameters y and the hadron level distribution is represented by x, we can write it as :

y =R, (5.18)

where R is a response matrix. The response matrix R in the unfolding method
is derived using simulated MC samples.

The matrix element rj is expressing the possibility to observe an entry in
histogram bin i of the histogram vy, if the true value is from histogram bin j of the
histogram x. To perform the unfolding, matrix R has to be reversed and used only

with the distribution that was measured in the experiment n:

S —p-1
X=R"n (5.19)

The procedure is acceptable if the statistical uncertainties on X, y and n can be
ignored. If this is not the situation large fluctuations in the final unfolded spectrum
may lead to random results. Statistics for response matrix is illustrated in Figure
5.11. In this figure each entry demonstrates the cross section of CaloJets and GenJets
in a given pr bin. To build the matrix, numbers involved in the dashed line box are
matched pairs where the matching parameter is AR < 0.2. The numbers outside of the
dashed line box indicate the not matched CaloJets and GenJets.
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Figure 5.11. Matrix element between CaloJets and Generated jets.

The diagonal elements are large, whereas the non-diagonal elements are small
and for this reason prone to statistical fluctuations. As a consequence the MC
statistics with the full unfolding and response matrix inversion is not credible and

therefore was not used.
5.7.4. RooUnfold Method

The RooUnfold package was designed to provide a framework for different
unfolding algorithms. At present RooUnfold applies or interfaces to Iterative Bayes,
Singular Value Decomposition (SVD), TUnfold, Bin-By-Bin correction factors and
Unregularized Matrix Inversion methods.

The smearing matrix, as described in the Figure 5.11, has been used in
RooUnfold to check the unfolding. As a control mechanism, the Bin-to-Bin method

has been applied using the smearing matrix. The correction factors agree completely
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with the ones procured in the previous section. To check the unfolding, PYTHIA

event generator has been used and the results are presented in Figure 5.12.
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Figure 5.12. Bin-by-Bin unfolding using RooUnfold. The measured, MC true and
unfolded cross section (left). Ratio of unfolded to MC true cross section

(right).

While the left plot shows the cross section as a function of p; at detector level

(meas), after unfolding (reco) and the MC prediction at hadron level, the right plot
shows the ratio of unfolded to hadron level prediction. As expected the ratio is
exactly one. In this analysis another unfolding method called d’Agostini (Bayes
unfolding) is also shown in the following Figures 5.13 — 5.17 for different number of
iterations. When only 1 iteration is used at large pr we saw agreement between the
unfolded results and the prediction, on the other hand in the smaller pr bins large
fluctuations can be observed. With increasing number of iterations, the fluctuations

become even more apparent.
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Figure 5.13. Bayes (D’Agostini with 1 iteration) unfolding using RooUnfold. The
measured, MC true and unfolded x-section (left). Ratio of unfolded to
MC true x-section (right).
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Figure 5.14. Bayes (D’Agostini with 2" iteration) unfolding using RooUnfold. The
measured, MC true and unfolded x-section (left). Ratio of unfolded to
MC true x-section (right).
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Figure 5.15. Bayes (D’Agostini with 3rd iteration) unfolding using RooUnfold. The
measured, MC true and unfolded x-section (left). Ratio of unfolded to
MC true x-section (right).
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Figure 5.16. Bayes (D’Agostini with 4" iteration) unfolding using RooUnfold. The
measured, MC true and unfolded x-section (left). Ratio of unfolded to
MC true x-section (right).
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Figure 5.17. Bayes (D’Agostini with 5th iteration) unfolding using RooUnfold. The
measured, MC true and unfolded x-section (left). Ratio of unfolded to
MC true x-section (right).

The results of unfolding using Singular Values Decomposition (SVD) as a
function of the regularisation parameter kterm are also demonstrated in Figures 5.18
-5.22.

‘ Unfold Response Training True—> Training Measured hRecoSVDlterl Unfold Response Training True— Training Measured hRecoSVDIter
Entries 11 Entries 108
= Mean 2919 c Mean 9250
VI K RMS 9424 =t RMS 347
> F 518r
[0] S [ L
Sl * 1eco Qu6l
Sl 270
IS 3 F
2 —meas gL M
For 2 I
Q4 r
10°g Q12
o —true >
0 r [0} i
T L o 4
Y X o L
10 &0.8; —k—
E c L —*-
I , 08- *
10 A r A
F 04
r na
1= y 0 r
:\\\‘\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\‘\\\‘\ 07\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

n, (GeVic) n, (Gevic)

Figure 5.18. SVD (with kterm = 1) unfolding using RooUnfold. The measured, MC
true and unfolded cross section (left). Ratio of unfolded to MC true
cross section (right).
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Figure 5.19 SVD (with kterm = 2) unfolding using RooUnfold. The measured, MC
true and unfolded cross section (left). Ratio of unfolded to MC true
cross section (right).
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Figure 5.20. SVD (with kterm = 3) unfolding using RooUnfold. The measured, MC
true and unfolded cross section (left). Ratio of unfolded to MC true
cross section (right).
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Figure 5.21. SVD (with kterm = 4) unfolding using RooUnfold. The measured, MC
true and unfolded cross section (left). Ratio of unfolded to MC true
cross section (right).
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Figure 5.22. SVD (with kterm >= 7) unfolding using RooUnfold. The measured, MC
true and unfolded cross section (left). Ratio of unfolded to MC true
cross section (right).

The fluctuations observed using d’Agostini and SVD methods are not
appropriate for steeply falling distributions. For this reason we have applied
corrections obtained from the Bin-to-Bin method, as described in the previous

section.
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5.7.5. Bin Centre Correction

The jet p; cross section in each bin p; is drawn at the bin center to avoid
extensive and error-prone numerical integration in two dimensions. It is computed
using an initial unsmeared Ansatz fit. Figures 5.23 (left) and 5.24 (left) present a
smeared Ansatz fit to the corrected, normalized jet p, spectrum obtained from data
and PYTHIA 6.4 respectively. Figure 5.23 (right) and Figure 5.24 (right) shows the
ratio of the measured distributions over Ansatz fits for data and PYTHIA 6.4.
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Figure 5.23. Smeared Ansatz fit to the jet p, spectrum for DATA (left), Quality of

the fit: fractional difference between the fitting curve and the “data”
points. Error bars are statistical only (right).
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Figure 5.24. Smeared Ansatz fit to the jet p, spectrum for MC (left), Quality of the

fit: fractional difference between the fitting curve and the ”data” points
for MC (PYTHIA 6.4). Error bars are statistical only (right).

118



5. INCLUSIVE FORWARD JET CROSS SECTION

Semiray GIRGIS

The fit parameters and individual y?/NDF are listed in Table 5.3.

Table 5.3. Smeared Ansatz fits to the inclusive jet cross section.

Rapidity bin No a B y x%/NDF
DATA 4.04e+12 +2.23e+12 |-448x0.12 |8x0 | 1.612+0.8 5.3/4
MC 1.47e+15 £ 2.8e+13 -5.7+0.044 | 8+0 | -51.312+ 0.262 | 4.6/4

Comparison of the correction factors obtained from MC method (average
PYTHIA 6.4 and HERWIG + JIMMY) and Ansatz method are also given in Figure

5.25. In this plot the black points show the correction factors obtained with the

Ansatz method for the data spectrum while the blue squares for the PYTHIA 6.4

spectrum. Yellow band shows p; resolution uncertainty for Ansatz method with fit to

MC. More details can be found in Appendix C.

o 12
9 - MC Correction
S [ —e— Ansatz Correction (DATA Fitted)
L'C' 11— —&— Ansatz Correction (MC Fitted)
o i | ] Resolution Uncertainty
5 i
O 08
o L
O i
0.6—
0.4
0.2—
i CMS Preliminary
ol L v | |

40 60

80

| ‘ |
100

120 1

40

P, [GeV/c]

Figure 5.25. The comparison of the correction factors obtained from MC method and

A

nsatz method.
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MC (average PYTHIA 6.4 and HERWIG + JIMMY) correction and Ansatz
method correction for data was applied to the partly corrected spectrum (after JEC)
and can be seen in Figure 5.26 (top). The comparison of corrected cross section is in
Figure 5.26 (bottom).
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5.26. The final unsmeared cross sections obtained after the application of correction
factors from MC method and Ansatz method and their ratio of cross sections
obtained from both methods (bottom).

Differences between these corrections obtained from MC and Ansatz method
were in the range of 1% -10% when changing from bin to bin. For the further
analysis the MC method was chosen for the unfolding. To account for differences
between both MC models and between the Ansatz and MC methods, an uncertainty

was attributed to the final unfolded results.
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5.8. Systematic Uncertainties

Because of the non-perfect understanding and simulation of the physics and
of detector effects the corrected observables can be systematically mismeasured. In
this study all the systematic uncertainties were added to the statistical errors and are

shown as error bars in figures. Systematic uncertainties are twofold:

» Experimental Uncertainties

e Theoretical Uncertainties

5.8.1. Experimental Uncertainties

These are some of the primary sources of experimental uncertainty in the jet
cross sections measurements: Jet Energy Scale, Unfolding, Jet pr Resolution and

Luminosity uncertainties.

5.8.1.1. Jet Energy Scale

The inclusive jet cross section measurement is sensitive to the Jet Energy
Scale (JES) because of the steeply falling nature of the spectrum with increasing jet
pr. The JES uncertainty comes mainly from the uncertainty on the single particle
response and it is the dominant source of systematic uncertainty. It affects both the
reconstruction of the transverse energy of the selected jets and also the reconstructed
kinematic variables measured with the calorimeter. In this analysis jet energy
corrections were applied to take into account inefficiencies, non-linearities and finite
resolutions in energy and position of the reconstructed jets, energy loses in dead
material besides event and jet selections. The jet energy correction (JEC)
uncertainties are utilized according to the JetMET group recommendations
(Chatrchyan et al., 2010b). The systematic uncertainty of the whole calibration factor

is the sum in quadrature of the relative scale (n dependent) and the absolute (p;

dependent) scale uncertainties.
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At forward rapidities, the HF calorimeter has a JES calibration uncertainty
that differs between 3% and 6%, based on the pr and # of the reconstructed jet. This
uncertainty must be convoluted with that relevant to a ~0.8 GeV energy shift per
pileup-event because of the existence of other hadrons around the forward jet axis.
Jet-by-jet JEC uncertainty values were propagated. For this reason main pr spectrum
was obtained with JEC. JEC values were recalculated using the uncertainty of JEC
which were used to correct the jet pr. Then with new JEC, two jet pr spectra were
obtained as JES up and JES down and shown in Figure 5.27. JES uncertainty band
were calculated using JES up, JES down and central spectra. The formulas below
describe bin-by-bin computation of JES uncertainity bands.

%JESUp = Pr. sesp™ Pr.cea 499 (5.20)
, Central
9%6JESDown = cema™ Pr.semoin 49 (5.21)
pT,Central
——  10°E
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Figure 5.27. Corrected jet p; spectrum with JEC.
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In Figure 5.27 dashed lines represent corrected jet p; spectrum with

recalculated JEC. Here JEC are obtained using JEC uncertainty up (increased) and
down (decreased) values.

5.8.1.2. Jet pr Resolution

The JetMET group recommends a +10% uncertainty on the jet p; resolution.
This amount translates into an uncertainty of 3 to 6% (with increasing pr) on the final
cross sections. The jet p; resolution uncertainty is presumed by smearing the Ansatz
with changing resolutions (£10% within uncertainties) and comparing results to
smeared central Ansatz. The uncertainty of the jet energy resolution is the ratio
between the central smearing and the extreme values (x10%).

Additionally uncertainty of 3% was added in quadrature, because the model
dependence of the correction factors described by the difference between the
PYTHIA 6 and HERWIG 6 MC event generators was used to unfold the cross

sections.

5.8.1.3. Jet Quality Criteria

In order to estimate the systematic uncertainties related to the jet quality
criteria “Tight” cuts are applied in the following manner to the jet selection:

o nMt > 14 2.7(npk*” — 0.8) in HFa,

o nMt > 14 3.5(npi*” — 0.8) in HFb,

nlit > 1.5 max (0, Inpt™” — 1.5) in EF jets,

e 0.5+ 0.057(max(0.9 — INE™™))15 > o,
;s> max (—0.6,—0.1 — 0.026 max (0.8 — [nE™)22 in HF
;s> max (—0.9,—0.1 — 0.05 max(0.5 — Inpr*)? in EF,

* 0, and g, are both in the range (107'°,0.12).

Here the EF jets are identified as jets with 2.6 < [p|< 3.4 and 0.1 <f ¢ <0.9.
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Transverse momentum spectrum obtained with the “TIGHT” Jet ID cut was
compared to the one obtained with “LOOSE” Jet ID cut. In Figure 5.28 the ratio
between the p; distribution obtained with the LOOSE and TIGHT Jet ID is shown.

Here the average systematic error was estimated to be 0.5 %.
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Figure 5.28. The ratio between the p; distribution obtained with the “LOOSE” and
“TIGHT” Jet ID.

124



5. INCLUSIVE FORWARD JET CROSS SECTION Semiray GIRGIS

5.8.1.4. HF Cleaning

In the CMSSW framework there are three versions of the HF cleaning called
V1, V2 and V3. In this analysis all versions are used to estimate the effect of the

choice of the cleaning method on the forward jet transverse momentum spectrum.

V1 cleaning:

* s developed using 0.9 TeV collision data,

» the short fiber RecHits are flagged using the Polynominal Energy Threshold
(PET) algorithm ( with energy > PET and R < 0.98),

» the long fiber RecHits are flagged using the S9/S1 algorithm (with energy >
PET and S9/S1 < energy-dependent S9/S1 cut). In this algorithm the noise
hits are defined by calculating a ratio of the energy in a long fibre and a sum
of energies in 9 of its neighbours. If this ratio is smaller than a threshold
identified as a function of long fibre energy, the RecHit is flagged as a PMT
hit,

» long fiber RecHits in in ring 29 are flagged using the PET cleaning algorithm
(with R > 0.98).

V2 cleaning:

* isoptimized on 7 TeV collision data,
» the short fiber RecHits are the same as V1 (here R <-0.8),

* long fiber RecHits are the same as in V1 cleaning.

V3 cleaning:

* isoptimized on QCD FlatPt samples,

» the short fiber RecHits are the same as in the V2 cleaning,
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» long fiber RecHits are flagged using the S9/S1 algorithm (with energy > PET
and S9/S1 < energy-dependent S9/S1 cut),

» long fiber RecHits in in ring 29 are flagged using the PET cleaning algorithm
(with R > 0.8).

These three versions of the HF cleaning were compared by analyzing the
following data with CMSSW 3_6_1 patch2.

* /JetMETTau/Run2010A-Junl4thReReco v2/RECO

Figure 5.29 shows the ratio between the p; distribution obtained with the V1
and V2 (full line) and V3 and V2 (dashed line).
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Figure 5.29. The ratio between the p, distribution obtained with the V1, V2 and V3
of the HF cleaning.

We can infer from the Figure 5.29 that, as expected, the V2 is tighter than V1
but looser than V3. The average systematic uncertainty found with the selection of
the HF cleaning method is of the order of 1.0 %.
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5.8.1.5. Primary Vertex Cut (|z|)

In this analysis the primary vertex is reconstructed with |z < 15 cm and
influence of the |z| cut is investigated by analyzing the data with |z| < 24 cm. Figure
5.30 shows the ratio between the p, distribution obtained with the |z| < 24 cm and |z]

< 15 cm. The systematic error due to the |z| cut was found to be 0.5%.
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Figure 5.30. The ratio between the p; distribution obtained with the |z| < 24 cm and
|z| <15 cm.

5.8.1.6. Pile-Up Effect

Multiple pp collisions during the same bunch crossing and electronic signals
from previous bunch crossings that are still present in the detector cause a pileup
problem. In order to remove this effect, pileup calculation needs to be performed. To
estimate the pile-up of the instantaneous luminosity of each bunch crossing we
considered for each luminosity section (LS) (23.3s). The pile up events expected rate,

per second for the minimum bias cross section, was multiplied with the instantaneous
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luminosity. Poisson distribution from the expected number of pile-up events was
generated and weighted by its integrated luminosity for each LS and crossing.
Results obtained using the official pile-up estimation script are given in Figure
5.31(left). In Figure 5.31(right), the change of pile-up is demonstrated with regard to

the number of primary vertices in each run.
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Figure 5.31. Average pile-up estimation obtained for the each run number used in the
analysis (left). Average pile-up estimated per run with respect to
number of primary vertices per run (right).

In the sample of events selected for the inclusive forward jets analysis the
average pile-up was found to be 1.18.

5.8.1.7. Offset Correction

Offset correction is an important parameter used to evaluate the influence of
pileup and calorimeter noise. The main goal of this study was to estimate the energy
not related to high pr scattering. For this reason the energy with contributions from
calorimeter electronic noise and pileup effect was separated.

In order to calculate the only noise contribution, Zero Bias events were used.

That means: without any pre-conditions (except a beam crossing), events from
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random trigger were selected and in these events, a veto on the Minimum Bias
trigger events was applied because vetoing the Minimum Bias trigger events gives a
pure noise sample. As a result the contribution from noise is found to be less than

0.01 GeV in p; over the whole n range covered by the HF calorimeter.

In order to calculate the offset from one additional interaction event,

Minimum Bias trigger events in early runs were selected and E,ffrge () were

calculated. The measured energy can then be attributed to noise+one pile-up. This
study shows that the contribution from noise + one pileup is large in the forward
region up to 7 GeV in energy but it is small in pr up to 0.35 GeV for || = 3.5 and
decreasing to 0.1 GeV for |n| = 5. Earlier studies indicated that difference between
the estimated and the true offset can be as large as factor 2 for the forward region.
This factor is taken into account when calculating the possible systematic effect for
forward jets. In section 5.8.1.6 for the inclusive forward jets analysis the average
pile-up was found to be 1.18. Therefore the uncertainty in the present analysis is 0.35
x 1.18 x 2=0.80 GeV.

In order to cross check the pile-up estimation, the ratio of the detector level p;
distributions obtained for forward jets, coming from events with only one good
primary vertex reconstructed and for all forward jets are shown in Figure 5.32 (left).
To calculate the ratio, both distributions were normalized to unity. Then same ratios
were plotted for forward jets from events with single vertex and for forward jets from
events with single vertex applying first a shift of 0.5, 1, 2 and 3 GeV to the p; of
each jet, Figure 5.32 (right). This shift shows the effect of pileup. Ratios shown in
Figure 5.32 (right) differs from 1, while the ratio from Figure 5.32 (left) is
compatible with 1. From this observation we can conclude that pile-up does not play
an important role in the measurement and 0.80 GeV is rather a safe estimate for the
possible shift of the spectrum.
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Figure 5.32. The p; distributions for jets from events with exactly one vertex
reconstructed and for jets from all events (left). The p; distribution for

jets from events with exactly one vertex reconstructed and the same
distribution after applying to each jet a p; shift of 0.5, 1, 2 and 3 GeV

(right).

5.8.1.8 Summary of the Experimental Systematic Uncertainties

The different contributions to the experimental uncertainty are shown as a
function of jet p; in Figure 5.33. The grey areas represent the total uncertainty, while

the two hatched areas indicate the uncertainties on the JES and the unfolding
procedure.
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Figure 5.33. Experimental uncertainties as a function of jet p; for inclusive forward

production.

The experimental systematic uncertainties on the forward jets cross section

measurement are summarized in Table 5.4.

Table 5.4. Summary of the systematic uncertainties.

Model dependency (PYTHIA 6.4 +HERWIG+JIMMY)

Jet quality criteria

HF cleaning criteria

Primary vertex selection

Pileup and detector noises

Integrated luminosity
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5.8.2. Theoretical Predictions

The theoretical predictions consist of a next-to-leading-order (NLO) QCD
calculation and a Non-Perturbative (NP) correction to account for the multiparton
interactions and hadronisation effects. In this analysis, uncertainties of factorisation
and renormalisation scales as well as PDFs uncertainties have been evaluated. For
this reason the measured differential jet cross sections are compared to predictions
from different pQCD approaches such as general purpose event generators PYTHIA
6 (version 6.422) with D6T and Z2 tunes, PYTHIA 8 (version 8.135) with Tune 1
HERWIG 6 (version 6.510.3) with underlying-event modelled with JIMMY and
HERWIG++ (version 2.3).

5.8.2.1. Next to Leading Order (NLO) Calculations

Next-to-leading order pQCD theoretical predictions are calculated using
NLOJET++ within the fastNLO (Kluge, Rabbertz and Wobisch, 2006) package with
CT10 parton distribution functions (PDF) (Lai et al., 2010), as well as with the
POWHEG framework matched to the PYTHIA 6.4 parton shower MC.
Additionally, measured distributions are compared to results from the CASCADE
(version 2.2.04) which includes parton radiation from QCD evolution in 1/x and to
HEJ which includes extra contributions from wide-angle gluon radiation, that are not
available in the other models.

The PYTHIA 6 and HERWIG 6 event generators use the CTEQ6L PDFs
(Pumplin et al., 2002) while the PYTHIA 8 uses CTEQ5L PDFs (Lai et al., 2000)
and Herwig++ uses MRST2001 PDFs (Martin et al., 2002). CASCADE MC includes
Set-A unintegrated parton distributions and p; cuts of the matrix-element partons of

14 GeV/c. The HEJ event generator uses the MSTW2008NLO PDFs (Martin et al.,
2009). The default renormalisation and factorisation scales have been set to i, = |, =

p; for both NLO calculations.
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5.8.2.2. Non Perturbative (NP) Corrections

The NLO pQCD calculations give predictions at the parton level, while the
experimental data are corrected to the particle level. For this reason the NP effects
must be considered when a comparison between the data and the theoretical
predictions is needed. pQCD predictions include initial state radiation which forms
parton scattering from hadron-hadron interactions. It is very important to compare
these predictions with experimental high energy physics data. The experimental data
was corrected for detector and collider effects. NLO predictions of pQCD generated
by MC events are corrected for non-perturbative (NP) effects which include
hadronization and multiple parton interaction (MPI). Before comparing the data to
parton-level theoretical predictions, NP uncertainties related to off-jet hadronisation
and splash in UE within the jet area were also specified. NP effects were calculated
by comparing the PYTHIA 6 and HERWIG 6 + JIMMY parton-level spectra with
the corresponding particle-level predictions after hadronisation and UE activity. For
this analysis the correction factors shown in Figure 5.34 are determined as the
average between the predictions derived from the PYTHIA 6.4 and HERWIG +
JIMMY event generators.
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Figure 5.34. Non-perturbative corrections to NLO QCD calculations. The error bars

correspond to half the spread between the predictions from PYTHIA
6.4 and HERWIG + JIMMY.
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The NP correction factors amount to 1.10 (1.02) at the lowest (highest) p; bin
considered in this study. Half of the difference between these two predictions, shown
as a function of forward jet p; in Figure 5.35, is taken as an estimate of the total
systematic uncertainty related to this NP effect.

For NLO predictions (NLOJET++ and POWHEG), the uncertainties relevant
to the PDF and the strong coupling ag can be estimated following the PDF4LHC
interim recommendations (Alekhin et al., 2011). While the PDF uncertainty is
estimated from the maximum envelope procured from the 68% confidence level
eigenvectors (CL68) of the CT10, MSTW2008 and NNPDF2.1 (Ball et al., 2011)
sets, the strong coupling ag uncertainty is derived from separate fits using the CT10
PDF where aj(M,) is changed by +0.002 and is added in quadrature to the
uncertainty on the PDF. At the end, the quality of the pQCD approach at NLO is
appraised by varying the renormalization (ur ) and factorization (uf ) scales by
factors in the following six combinations: (ur, puf) = (p+/2, p+/2), (p/2, P1), (P1» P+/2),
(P7 2p;), (2p7, P7) and (2p;, 2p;). All the sources of theoretical uncertainties are
shown in Figure 5.35 (left). The NP corrections dominate for p, < 60 GeV/c, while
PDF and ag uncertainties dominate above that p, Scale uncertainties are less
important at all transverse momenta. These three sources of uncertainty are added in
quadrature into a single theoretical uncertainty band.

Figure 5.35 (right) shows the same NP and scale uncertainties, but different
PDF obtained using the HERAPDF1.0 (Aaron et al., 2010) parton densities. We used
33 HERAPDFL1.0 eigenvalues corresponding to 68% confidence-level uncertainties
of this PDF set that account for experimental, model and parametrisation
uncertainties of the HERA data fit. Two more HERAPDF1.0 fits, with ag changed by
+1 standard deviation of the world-average value (0.1176+0.002), were also used and
added in quadrature to the PDF uncertainty. HERAPDF1.0 sets have fewer
constraints on the gluon density at high-x than other globally-fitted PDF and also
HERAPDF includes extra uncertainties on the initial shape of the parton
distributions. For this reason, at high p; jets, HERAPDF1.0 uncertainty is larger than
the PDF4ALHC uncertainty.
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Figure 5.35. Uncertainties on the predicted NLO inclusive forward jet spectrum. The
contributions from NP effects, choice of PDF and the value of the
strong coupling ay (computed with the PDF4LHC prescription) and

uncertainties associated with the renormalization and fragmentation
scales (left). The uncertainties from NP, PDF and ag (obtained with

HERAPDF1.0) and the theoretical scales (right). Total uncertainties are
obtained by adding quadratically the uncertainties on NP, PDF and the
scales.

The unfolded data cross section values, fNLO and various MC models on
hadron level and differences between each other are tabulated in Appendix D.

5.8.3. Inclusive Forward Jet Spectrum

The fully corrected inclusive forward jet cross section as a function of p; is
shown in Fig. 5.36 (left) compared to the models discussed above. Figure 5.36 (right)
shows the ratio of theoretical to experimental jet cross sections, including the NLO
band of uncertainty. The error bars on all data points (which, in (left), are smaller
than the size of the markers) reflect just statistical uncertainties, with systematic
uncertainties plotted as grey bands. The dark band in 5.36 (right) shows the
theoretical uncertainty on the NLO predictions. From the Figure 5.36 we can

conclude that forward jet spectrum is consistent with all predictions within the
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theoretical and experimental uncertainties. On the other hand POWHEG has a less

steeper p; spectrum than the data and CASCADE seems to have a more “concave”
spectral form than the data in the intermediate p; region. A diminution of the

experimental uncertainties, mostly the jet energy scale, is needed in order to extract

more certain conclusions from the data-theory comparison.
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Figure 5.36. Inclusive jet cross section at forward pseudorapidities (3.2 < |n| < 4.7),
fully corrected and unfolded, compared to particle-level predictions
from PYTHIA 6, PYTHIA 8, HERWIG 6, NLOJET++ corrected for
non-perturbative effects, POWHEG, CASCADE and HEJ (left). Ratio
of theory/data for the forward jet spectrum (right).

The NLO predictions compared to the data in the form of bin-by-bin ratios of
data to theory are displayed in Figure 5.37. Here, NP correction, renormalisation and
factorisation scale uncertainities, common to all theoretical predictions, are added in
quadrature and shown by the dashed (magenta) lines around the ratio at unity in
Figures. 5.37 (left) and (right). Uncertainties on individual PDF sets are
demonstrated as bands. To improve readability, comparisons to data are performed
separately in panel (left) using the central values of all investigated PDF sets relative
to CT10, in panel (right) for MSTW2008 and NNPDF2.1 and in panel (bottom) for
HERAPDF1.0 and ABKMO9.
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Figure 5.37. The NLO predictions compared to the data. For all the central PDF pre

dictions (left), for the MSTW2008 and NNPDF2.1 sets (right) and for
the HERAPDF1.0 and ABKMO09 PDF (bottom). The corresponding
PDF uncertainties are shown as colored bands around the ratios.
Common theoretical uncertainties from choices of scale and non-
perturbative corrections are indicated by dashed (magenta) curves in
(right) and (bottom).

All NLO predictions for different PDFs are similar and compatible with the

data, even th

central value

ough these predictions have tendency to systematically overestimate the
s of the measured forward jet cross sections by ~20% in all p; bins.
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5.9. Forward-Central Dijet Production

Forward-central jet cross section measurement (Chatrchyan et al., 2012) is
sensitive to both the multiplicity of jets and also their p, distribution. Understanding
the dynamics of forward jet production, with/without accompanying central jets is
also necessary for modeling multijet backgrounds at the LHC. The selection
procedure for the forward—central dijet production shown in Figure 5.38 (Cipriano,
2014) is similar to the one for the inclusive forward jet production. Additively, a
central jet within || < 2.8 pseudorapidity with a pr > 35 GeV is necessary.

central jet forward jet

\E‘E /

I | o
3' 4 04 ; L :E g & roton
proton : 200 Bl s el oz ad 2o dm a0 e e e e du o il g ) f\p

| | 1 1 1 | 1 i |
-6 4 =2 0 2 4 6 Niab
®

=

Figure 5.38. Feynman diagram for forward—central dijet production.

The associated production cross section of one central (c) jet and one forward
(f)jetat+/s =7 TeV is given as (Zhu et al., 2011):

d*o

dp; dp; dn°dn’

(5.22)

The formula can be given for the forward ( f) and central (c) regions separately:

do _ 1 d'o
dol An' dptdp!dndn’

— P2 >35GeV A

n°l<2.8 (5.23)
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Dijet events were taken with the dijet trigger requiring two jets with pr above
35 GeV. Trigger efficiencies were determined from the ratio of the yield of events
involving forward-central jets that pass the HLT requirements. Figure 5.39 shows the
reconstructed jet p; spectrum for forward jets in dijet events. This is compared to MC
events and analysed in the same way as the data. The data shown are calibrated
through the JES normalisation, but not unfolded.
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— 105 T T T T T T
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Figure 5.39. Measured differential cross sections for forward jets in dijet events as a
function of p;, before unfolding the energy resolution (black dots),

compared to detector-level MC simulations generated with different
versions of PYTHIA and HERWIG for forward jets in dijet events.

The second correction (unfolding) of the measured jet spectrum was applied
to determine the finite energy resolution of the calorimeters. For forward jets, the
relative pr resolution, obtained from full-simulation studies and verified by the
momentum imbalance in dijet data is below 12% for p; > 35 GeV/c.

The JES uncertainties translate into uncertainties of the order of £(20-30)%

in the final forward jet cross section. The +10% uncertainty on the jet p; resolution
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(Fig. 5.39) translates into an uncertainty of 3 to 6% (increasing with p;) on the final
cross sections. Model dependence uncertainty which results from the difference
between the PYTHIA 6 and HERWIG 6 event generators was found to be 3% and
was added in quadrature. The uncertainty of the integrated luminosity was concluded
to be 4% on the overall normalization of the spectra.

Different contributions to the systematic uncertainty were demonstrated as a
function of jet p; in Figure 5.40. In this figure the grey areas indicate the total
uncertainty, whereas the two hatched areas show the uncertainties on the JES and the
unfolding procedure. Here uncertainty on the calibration of the JES was calculated to
be ~30%. Statistical uncertainty was found to be 1-2% in the low pr bin while this
amount was 5-10 % for the highest bin. In consequence regarding systematic
uncertainty, we can say that the statistical uncertainty is small and is calculated by

adding individual contributions.
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Figure 5.40. Systematic uncertainties as a function of jet p; for forward jet spectra in

dijet events. The outer limits of the grey areas show the overall
uncertainties, from adding in quadrature uncertainties from the JES, the
unfolding and the luminosity.
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The fully corrected cross section for the production of at least one forward
and at least one central jet is presented in Figure 5.41 for forward jets. In this figure
the grey bands indicate the systematic uncertainties and the cross sections obtained
with PYTHIA 6 for D6T and Z2 tunes, PYTHIA 8, POWHEG (using PYTHIA for
parton showering and hadronisation) and CASCADE were superimposed on the data.
On the other hand the cross sections obtained with HERWIG 6, HERWIG++,
POWHEG (using HERWIG for parton showering and hadronisation) and HEJ were
shown in the next Figure 5.42. The error bars on all data points reflect statistical

uncertainties, with systematic uncertainties plotted as grey bands.
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Figure 5.41. Differential cross sections as a function of jet pr for dijet events with at
least one forward jet for PYTHIA, POWHEG (+PTYHIA®G),
CASCADE.
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Figure 5.42. Differential cross sections as a function of jet p; for dijet events with at
least one forward jet for HERWIG, POWHEG (+HERWIG), HEJ.

Figure 5.43 and Figure 5.44 show the ratio of theory to data for differential
cross sections as a function of p; for forward jets produced in dijet events. Here the
HERWIG 6 and HERWIG++ MC event generators appear to be consistent with the
data. The other generators and different tunes, do not describe the data over the full
range of p, values. PYTHIA 8 with Tune 1 and PYTHIA 6 with Tune Z2 were more
compatible with the data (but not tune D6T). Changes in the normalization of the
underlying events and initial and final state radiation can only partially explain the
incostincy between PYTHIA and the data. The NLO MC POWHEG matched to the
HERWIG parton shower reproduced well the dependence on p;, however the
normalization was overestimated by ~40%. CASCADE predicts a different p,-
dependence which might come from the initial-state parton showers. The HEJ

describes the data reasonably well but is used only at parton level here.
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Figure 5.43. Ratio of theory to data for differential cross sections as a function of p,,

for forward jets produced in dijet events for PYTHIA, POWHEG
(+PTYHIAB), CASCADE.
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Figure 5.44. Ratio of theory to data for differential cross sections as a function of pr,
for forward jets produced in dijet events for HERWIG, POWHEG
(+HERWIG), HEJ.

143



5. INCLUSIVE FORWARD JET CROSS SECTION Semiray GIRGIS

Summary of the p,-dependent differential cross sections for inclusive forward
jets (second column), and for forward (last column) jets in dijet events can be found
in Table 5.5. The first (second) uncertainty reflects the statistical (systematic)

contribution.

Table 5.5. The measured, fully corrected p, differential jet cross sections and their
associated uncertainties.

pr bin (centre) d’o pb/(GeVic) % pb/(GeV/c)
GeV/c dp,dn dp,dn
35-45 (39.3) (89+0.2'%) x10? (21+0.2°5%) x10°
45-57 (50.2) (20£0.1°2) x 10° (9.2+£0.122) x 10°
57-72 (63.2) (4.4£0.04"%) x10° (2.9+0.06"7) x10°
72-90 (79.2) 8802102 690+30"7
90-120 (101.0) 115:47 110:6°%
120-150 (132.0) 10+1.2%2 10+2.3%
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6. CONCLUSIONS

The primary goal of the LHC is the search for new physics beyond the SM.
Many models predict the production of new, coloured particles which eventually
decay into quarks and gluons and observed as particle jets in the detector. Therefore,
a certain understanding of the properties and production of jets in hadron-hadron
collisions is necessary to study the underlying partonic QCD processes and parton
density functions (PDFs) of the colliding hadrons. The large calorimetric coverage of
CMS detector permits to perform a study of jet production for the first time in a
region of pseudorapidity [n| > 3, which has never been investigated before (Cerci,
Sunar Cerci et al., 2010). In this thesis three different measurements were presented.
To find new physics, the detector first has to be understood completely by studying
the detector response and resolution for known SM processes. For this reason in the
first study using the official Springl0 PYTHIA MC QCD event samples, jet
response, jet energy resolution and jet position resolution analyses have been
performed. In order to reconstruct jets in the HF calorimeter anti-k; jet algorithm in

the 3.2 < |n| < 4.7 pseudorapidity range were used. Jet reconstruction and
performance studies indicate that the response curves for forward jets were flat in the
range p?e'”e‘: 20-120 GeV/c. On the other hand the p; resolution for forward jets
was found to be ~15% at p; = 20 GeV and decreased to ~12% for p, =100 GeV,
while the jet position resolutions kept o,, = 0.035 at pr = 20 GeV and o, ~ 0.02
above 100 GeV.

The main part of this thesis was dedicated to the study of jet cross sections.
The hadronic final state can be characterized from the point of the production rate of
jets, in other words jet cross sections. In the second analysis, inclusive forward jets

cross section have been measured as a function of p;, in the 3.2 < |n| < 4.7

pseudorapidity range with transverse momentum range of 35-150 GeV using 3.14

pb? data. The jet transverse momentum spectrum was obtained with the anti-k;

algorithm (R = 0.5) in the HF calorimeter. Data was compared with the different MC
samples as well as with the theoretical models, and certain models were found to
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describe the data better within the uncertainty band. The results show that POWHEG
+ PYTHIA 6 gives the best description while PYTHIA 6 and PYTHIA 8 describe the
data reasonably well. CASCADE underestimates the cross-section while HERWIG 6
+ JIMMY overestimate it. Within the large theoretical and experimental uncertainties
NLOJET++ overrate the data. The total uncertainties are around +25-30% and the
jet energy scale is the dominant systematic uncertainty. This measurement is
important because it provides the first test of perturbative QCD calculations in the
forward region at the highest energies, in addition, it is the first cross-check for QCD
background.

In the third measurement, the single-jet cross section has been calculated
using 3.14 pb™ data in pp collisions at Vs = 7 TeV for the two leading jets in
inclusive dijet events including at least one forward (3.2 < |n| < 4.7) and one central
(Inl < 2.8) jet. Jets were reconstructed using the anti-k; algorithm (R = 0.5) in the p,
range 35-150 GeV/c. The total systematic uncertainties were found to be +(20-30)%
and were dominated by the absolute JES. Within the experimental and theoretical
uncertainties, pQCD calculations, as implemented in PYTHIA and HERWIG, as well
as in the combined DGLAP+BFKL resummation of the CASCADE model and with
the extra wide-angle gluon radiations added in the HEJ model, are in a good
consistent with the measured inclusive single-jet forward cross section. NLO
calculations using recent sets of PDF also describe the data, but on the contrary the
predicted absolute cross sections are about 20% larger.

For the inclusive dijet events, in the forward regions, above p; = 35 GeV/c all
PYTHIA tunes were found to overestimate the absolute cross sections for the
simultaneous production of jets. NLO contributions from POWHEG to both of these
parton shower MC generators increase the cross sections at all p, and are
consequently responsible for the disagreement with data. POWHEG + PYTHIA 6,
which was the best prediction for inclusive forward jet cross section, gives similar
result as PYTHIA 6 alone. CCFM CASCADE have problem describing the data for
low-p; forward jets. Finally HEJ gives the best description being closely followed
by HERWIG 6 and HERWIG ++.
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The measurements presented in this thesis offer an important test of pQCD in
the forward region of hadronic collisions at the highest available energies and also
provide a first check of models for multijet production concerning other processes at
the LHC, characterised by forward/backward jet production. The forward-central
dijet analysis gives information on multiparton radiation, DGLAP and BFKL
dynamics and can contribute to the study of the QCD background in the search of the
Higgs boson produced via vector-boson fusion (Chatrchyan et al., 2012).

All the measurements presented in this thesis were approved by physics
committee in the CMS and consequently published.
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A. Unfolding to the Cross Section

Acceptance, background plots were shown as a function of corrected PF jets
pr for PYTHIA 6.4 MC generator in Figure A.1.
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Figure A.1. The acceptance (left) and background (right) as a function of corrected
PF jets p; for PYTHIA 6.4.

Purity, stability plots were shown as a function of corrected PF jets pr for
PYTHIA 6.4 MC generator in Figure A.2.
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Figure A.2. The purity (left) and stability (right) as a function of corrected PF jets p;
for PYTHIA 6.4.
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B. Inclusive Forward Jet Cross Section
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Figure B.1. Inclusive Forward Calo jets pr cross section on detector level for DATA
and MC simulations, PYTHIA 6.4 and HERWIG + JIMMY.
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Figure B.2. Inclusive Forward CaloJets n cross section on detector level for DATA
and MC simulations, PYTHIA 6.4 and HERWIG + JIMMY.
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C. Bin-to-Bin Correction : Ansatz Method
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Figure C.1. Comparison of MC correction factor obtained from PYTHIA 6.4 and
HERWIG + JIMMY MCs for CaloJets for 3.2 < |n| < 4.7 (left), and a

comparison of correction factor obtained within the range of 3.2 < |n|

< 4.6 (right).
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Figure C.2. A comparison of correction factor obtained within the range of 3.2 < |n |
< 4.7 for PF jets.
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D. Theoretical Uncertainties

Table D.1. Theoretical Uncertainty.

pr [GeV] NP PDF Scale Total
35 10.35657 -10.23393 | 4.985139 -4.265666 | 1.105769 -5.608525 11.48909 -12.57816
45 7.521651 -7.399003 | 6.178792 -5.011699 | 0.8073563 -5.160905 | 9.657997 -10.47141
55 4239107 -4.11646 | 7.372444 -5.757731 | 0.9565628 -5.160905 | 8.390071 -8.881421
70 3.493074 -3.370427 | 8.715303 -6.652971 | 0.9565628 -5.459318 | 9.310669 -9.286509
87 1.702596 -1.579948 | 10.9534-7.99583 | 1.1057690 -5.608525 | 11.08057 -10.02776
107 2.299422 -2.027568 | 13.78833 -9.786308 | 0.8073563 -6.802177 | 13.86543 -12.23326
132 2.747041 -2.624394 | 17.96611-12.17361 | 0.06132357 -10.23393 | 18.06582 -16.22889

Table D.2. The unfolded data cross section values, fNLO and various MC models on

hadron level.
pr o o o o o o o
[GeV] | (DATA) | (fNLO) | (CASCADE) | (PYTHIA®6) | PYTHIA8 | HERWIG | POWHEG
39.3047 | 89090.79 | 104199 79609.6 91886.9 107763 78968.8 95424.9
50.1909 | 19861.91 | 23875.3 18134.2 21615 23361.3 21867.9 21021.3
63.4487 | 4406.658 | 5205.31 3674.03 4467.78 4581.27 5257.13 4246.8
79.6988 | 879.768 | 1037.13 659.344 832.14 853.09 1044.98 781.401
101.879 | 114.4967 | 146.39 86.9074 106.662 107.807 145.91 109.086
132.027 | 10.10628 | 12.3279 8.25389 7.95577 8.17454 11.8949 11.401
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Table D.3. Difference of the unfolded data cross section values with various MC

samples on hadron level.

pr (GeV) o(DATA) o(DATA) o(DATA)
o(PYTHIAG) o(PYTHIAS8) o(HERWG)
39.3047 0.0304301 0.173268 -0.128177
50.1909 0.0811067 0.149794 0.0917307
63.4487 0.0136813 0.0381147 0.161774
79.6988 - 0.0572362 -0.0312726 0.158099
101.879 - 0.073455 - 0.0620508 0.215292
132.027 - 0.270308 - 0.236311 0.150371
Table D.4. Difference of the unfolded data cross section values with fNLO and
various MC samples on hadron level.
pr (GeV) 1 o(DATA) o(DATA) o(DATA)
o(fNLO) 0(CASCADE) o(POWHEG)
39.3047 0.140159 - 0.119096 - 0.124447
50.1909 0.199043 - 0.0952747 - 0.0783708
63.4487 0.164583 - 0.199407 - 0.0432178
79.6988 0.114944 - 0334308 0.0680776
101.879 0.172159 - 0.317456 0.348142
132.027 0.274858 - 0.224426 0.628618
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