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In this thesis, two analyses related to jet energy scale corrections focus on
the low pr region are performed. The first part of the thesis is dedicated to the
Monte Carlo (MC) truth jet energy corrections for 2015 no pileup QCD PYTHIAS
sample. Particle-Flow Charged Hadron Subtraction (PFCHS) jets are reconstructed
by using the anti-kr clustering algorithm with the cone size parameters of 0.4. The
study is performed in the pseudorapidity region of |5| <5.191 and jet pr region of
10 <p, <905 GeV. The second part presents the calibration of the jet energy scale
with respect to residual differences between data and simulation after simulation-
based pre-calibrations is applied. This correction is called as L2 relative residual jet
energy correction. In this analysis, Vs = 13 TeV low pileup data of 2015 and
PYTHIA8 MC samples are used. The correction factors depending on jet pr and 7
are derived by using two different methods based on the dijet final states in the
region of |5| <5.191 pseudorapidity and 20 <p, <114 GeV. This will make an
important contribution to the analysis to be performed using the low pr jets in the
physics analysis.
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Bu tezde, diisiik pr bolgesine odaklanan jet enerji Olgegi diizeltmeleri ile
ilgili iki analiz sunulmustur. Tezin ilk boliimii, yi1ginlik bilgisi olmayan 2015 QCD
PYTHIA8 o6rnegi icin Monte Carlo (MC) gercek jet enerji diizeltmelerine
ayrilmigtir. Pargacik Akis1 Yikli Hadron Cikarimi (PFCHS) jetleri, 0.4 koni
parametresine sahip anti-kr kiimeleme algoritmasi kullanilarak yeniden
yapilandirilmistir. Calisma, 7] <5.191 psiidorapidite bolgesinde ve jetlerin dik
momentum 10 < pr < 905 GeV bolgesinde gerceklestirilmistir. Ikinci kisim,
simiilasyon tabanli 6n kalibrasyonlar uygulandiktan sonra jet enerji 6lgeginin veri
ve simiilasyon arasindaki artik farkliliklara gore kalibrasyonunu sunmaktadir. Bu
diizeltmeye L2 goreceli artik jet enerji diizeltmesi denmektedir. Bu analizde,
2015’de v/s = 13 TeV’lik diisiik yigmlikli proton-proton garpisma verisi ve
PYTHIA8 MC ornekleri kullanilmistir. Jet pr ve 7’ya bagh olarak diizeltme
faktorleri, dijet olaylarin1 kullanan iki farkli yontem ile |5] <5.191 psiidorapidite
ve 20<p,. <114 GeV bolgesi i¢in tiretilmistir. Bu diizeltmelerin elde edilmesi,
diisik pr jet bilgisi kullanilarak yapilacak fizik analizlerine onemli bir katki
saglayacaktir.

Anahtar Kelimeler: CMS, Jet, Jet Enerji Diizeltmeleri, KRD, Diisiik pr
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GENISLETILMIS OZET

20. yilizyiln baslangicinda, gozlenebilir fiziksel olgular hakkindaki
yorumumuzu kokten degistiren iki fizik alanmi ortaya ¢ikmustir: 6zel gorelilik ve
kuantum mekanigi. Bu iki kurami temel alan Pargacik Fiziginin Standart Model
(SM)’1, maddeyi olusturan temel parcaciklari, bu pargaciklar ile tasiyici par¢aciklar
arasindaki etkilesimleri (elektromanyetik, zayif ve giiclii etkilesim) tanimlayan
kuramsal ¢ergeveyi olusturmaktadir. Bu modelde fermiyonlar ve bozonlar olmak
lizere iki grupta bulunan toplam 17 adet parcacik vardir. Bunlardan 12 tanesi
maddenin temel bilesenlerini (6 kuark, 6 lepton), 5 tanesi (W%, Z°, v, g, H
bozonlar1) ise bu pargaciklar arasindaki tasiyici parcaciklari temsil etmektedir. Son
45 yilda, kuramin bircok Ongoriisii, binlerce bilim insaninin is birligiyle farkli
deneylerde kesfedilmistir. Ornegin, W* ve Z° bozonlar1 1983’te Super Proton
Synchrotron (SPS)’de kesfedildi, 1995 yilinda Tevatron’un CDF ve DO is birlikleri
tarafindan st (¢) kuark kesfedildi, 4 Temmuz 2012’de CERN’in Biiyiik Hadron
Carpistiricist (BHC) nda yer alan ATLAS ve CMS deneyleri tarafindan uzun siire
aranan Higgs bozonu ile tutarli yeni bir parcacigin kesfi duyurulmustur. 14 Mart
2013’te ATLAS ve CMS is birlikleri bu yeni parcacigin gercekten de temel
parcaciklara kiitle veren Brout-Englert-Higgs mekanizmasinda merkezi rol
oynayan bir Higgs bozonu oldugunu dogrulamistir. SM’nin, biiylik basarilarina
ragmen, hala gesitli kuramsal eksiklikleri vardir. Ornegin; SM, elektrozayif kuram
ile elektromanyetik ve zayif etkilesimlerin yiliksek enerji dlgeklerinde birlesmesini
aciklamaktadir ancak kuarklar ve gluonlar arasinda bir etkilesim olan giiclii
etkilesmenin elektrozayif etkilesim ile birlestirilmesini Ongdrememektedir. Bu
nedenle, SM’in oOtesindeki fizigi kesfetmek igin alternatif yeni modeller ve
kuramlar gelistirilmistir.

BHC, bu yeni fizik ve yeni pargaciklarin kesfi i¢in tasarlanmistir. Simdiye
kadar yapilmis en giiglii proton-proton (p-p) carpistiricist olan BHC, 27 km ¢evre
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uzunluguna sahiptir ve yerin 100 m altinda bulunmaktadir. Bu hizlandirici,
pargacik carpismalarinda hi¢ beklenmeyen enerjilere ulagsmayi (Tera-elektronVolt
Olceginde) ve boylece maddeyi yeni dlgeklerde arastirmayi ve SM’i derinlemesine
test etmeyi miimkiin kilmaktadir. BHC iizerinde bulunan dort biiyiikk deney,
iiretilen c¢arpismalardaki sinyalleri toplamaktadir ve carpisma olaymi miimkiin
olabildigince en iyi sekilde yeniden yapilandirmaya ¢alismaktadir. Bu deneylerden,
ATLAS ve CMS, tiim fizik alanlarim1 kapsayan genel amagli deneylerdir. LHCb
deneyi, ylik-parite ihlali 6l¢timlerine ve ¢esni fiziginde nadir olusan bozunumlara
odaklanmaktadir. BHC’de p-p ¢arpigsmalarinin yani sira birka¢ hafta boyunca agir
iyon ¢arpigsmalari da gergeklestirilmektedir. ALICE deneyi, bu ¢arpisma verilerini
analiz ederek kuark-gluon plazmasmi tanimlama ve kesfetme ¢aligmalarini
gergeklestirmektedir.

Bu tezde analiz edilen veri, CMS (Siki Miion Solenoid) dedektdrii
tarafindan kayit edilmistir. CMS dedektorii, p-p ve agir iyon g¢arpismalarinda
ortaya ¢ikan parcaciklarin 6zelliklerini 6lgmek i¢in tasarlanmistir. Adi, dedektoriin
li¢c onemli Gzelligini belirtmektedir: siki tasarimini, i¢ dedektérde homojen bir
manyetik alan bulunmasini, miion Glglimii i¢in 6zel tasarimini. CMS dedektort,
etkilesim noktasi ¢evresinde katmanlar halinde bir yapiya sahiptir. Dedektoriin alt
sistemleri igten disariya dogru su sekilde tanimlanmaktadir; i¢ izleyici, dis izleyici,
elektromanyetik kalorimetre, hadronik kalorimetre, solenoid ve miion sistemi.

Bugiinkii mevcut bilgimiz boélinmez madde pargaciklarinin, kiitlesiz
gluonlar ile birbirine bagh olan kuarklar oldugudur. Kuantum Renk Dinamigi
(KRD), kuarklar ve gluonlar arasindaki giiglii etkilesmeyi tanimlayan bir kuramdir.
KRD’nin kendine 6zgii bir yonil, renk hapsi adi verilen bir 6zellik nedeniyle
kuarklarin ve gluonlarin higbir zaman dogrudan makroskopik diizeyde
gozlenememesidir. Bunun yerine, hadron olarak bilinen bilesik parcaciklar
olustururlar. Protonlar ii¢ kuarktan olusmaktadir; iki yukar1 (u) kuark ve bir asagi
(d) kuark. KRD, proton carpismalarinin etrafina jetler seklinde imzasini

birakmaktadir. Jetler, ¢arpismalarda fazladan yiiksek momentum kazanan kuarklar
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ve gluonlar tarafindan baslatilan toplanmis pargacik spreyleridir. Hizlandirilmis
kuarklar ve gluonlar tekrar tekrar kuarklara ve gluonlara ayrilir ve sonunda
deneyde tespit edilebilen bir parton (kuark/gluon) dusu olusturmaktadir. BHC
deneylerinde yeni fizik arastirmalari i¢in kullanilan en giiglii analiz nesnelerinden
biri jetlerdir ve birgok ilging fizik ¢alismasi i¢in deneysel arka plan giiriiltiistinii
olusturmaktadir. Bu nedenle, jetlerin liretimini ve 6zelliklerini incelemek oldukga
onemlidir.

Bir jetin dort-vektorii, neredeyse tek bir nesneye yakin olan parcaciklari
kiimeleyen bir jet algoritmasi ile tanimlanmaktadir. Temel olarak, koni ve
kiimeleme tipi olmak iizere iki farkli algoritma bulunmaktadir. Kiimeleme tipi
algoritmasi kendi iginde {ige ayrilmaktadir; kr, Cambridge-Aachen ve anti-kr jet
algoritmalari. Bu tezde kullanilan jetler anti-kr algoritmasina gore yeniden
yapilandiriimistir. CMS analizlerinde ti¢ farkl: jet tipi kullanilmaktadir: kalorimetre
kulelerinden gelen enerji bilgisini kullanarak yeniden yapilandirilan kalorimetre
jetleri, izleyicide Olgiilen yiiklii pargaciklarin momentumu ile kalorimetre jetleri
kullanilarak yeniden yapilandirilan Jet-Arti-Iz (JPT) jetleri, tiim alt dedektdrlerden
gelen bilgileri kullanarak bir olaydaki tiim pargaciklari tanimlayan ve yeniden
yapilandiran Parcacik Akisi (PF) jetleri.

Yeniden yapilandirilmis jetlerin enerjisinin birka¢ nedenden dolay: kalibre
edilmesi gerekmektedir. Birincisi, kullanilan yeniden yapilandirma jet algoritmalari
hadronizasyon sirasinda olusan pargaciklari jet konisi i¢inde diizgiin bir sekilde
toplayamayabilir. Boylece, jetin 6zellikleri dogru bir sekilde belirlenemeyecektir.
Ikincisi, alt-dedektdrlerin kalibrasyon problemleri jetlerin enerjisinin 6l¢iimiinii
bozmaktadir. Bu yiizden, CMS’de bu etkileri uygun sekilde diizeltmeyi amaglayan
faktorlii bir jet enerji diizeltme yaklasimi benimsenmistir. Boylece, her biri belirli
bir etkiyi diizelten birkag diizeltme seviyesi tanimlanmistir. Her seviye bir 6nceki
seviyeye uygulanan diizeltmelere baglidir, bu nedenle bu diizeltmelerin uygulanma
siras1 6nemlidir. Ug farkli diizeltme diizeyi vardir: Seviye-1, Seviye-2 ve Seviye-3.

Seviye-1 diizeltmesi, yigilik ve dedektor giirtiltiisiiniin etkilerini diizeltmektedir.
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Seviye-2 ve 3 diizeltmeleri, jetlerin dik momentum ve psiidorapiditelerine bagl
olarak jetlerin yeniden yapilandirma verimliligindeki degisiklikleri diizeltmeyi
miimkiin kilmaktadir. Bu diizeltmeler hem verilere hem de simiilasyona
uygulanmaktadir. Veri ve simiilasyon arasindaki kalan farklar1 diizeltmek igin artik
diizeltmeler adi verilen diizeltmeler elde edilmektedir. Bu diizeltmeler yalmzca
verilere uygulanmaktadir. Boylece, jet enerji diizeltmeleri ile yeniden
yapilandirilmis jet enerjisi, gercek jet enerjisiyle iliskilendirilebilmektedir.

Tezin ilk ¢aligmasinda diisiik pr bdlgesi (10 < pr< 905 GeV) i¢in mutlak
ve bagil jet enerji diizeltme faktorleri (L2L3 MC truth) yiginlik bilgisi olmayan
Monte Carlo (MC) 6rnegi kullanilarak belirlenmistir. MC olarak QCD PYTHIAS
ornegi kullanilmistir. Simiile edilmis olaylarda jet yamti (p5°°/pa°") farkli pr ve
n araliklart icin hesaplanmistir. Belirlenen jet yanitinin tersi diizeltme faktori
olarak uygulanmaktadir. Bu seviye, simiile edilmis olaylardaki diizeltmeleri
tamamlamaktadir.

Tezin ikinci kisminda diisiik pr bolgesi (20 < pr< 114 GeV) i¢in L2 artik
jet enerji diizeltmeleri elde edilmistir. Bu ¢alisma, 2015 yilinda CMS dedektoriinde
toplanan disiik yiginliga sahip p-p carpisma verileri ve QCD/MinimumBias
PYTHIA8 MC ornekleri ile gergeklestirilmistir. Bu diizeltme, MC ile veri
arasindaki karsilagtirmadan kaynaklanan jet enerji Olgegi farkliliklarini
diizeltmektedir. Analiz sirasinda dijet olay se¢imi kullanilmistir ve bu jetler 0.4
koni yarigapina sahip olup anti-kr jet algoritmasi ile yeniden yapilandirilmistir. L2
artik diizeltmeleri, iki farkli yontem kullanilarak elde edilmistir: pr denge metodu
ve kayip dik enerji projeksiyon fraksiyonu (MPF) metodu. Diizeltme faktorleri 7 ve
prin bir fonksiyonu olarak tiiretilmistir. MPF metodu kullanilarak elde edilen

diizeltmeler L2 artik diizeltme faktorleri secilmistir.
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1. INTRODUCTION

Particle physics or high energy physics is a branch of physics dedicated to
the study of the elementary constituents of matter and their interactions. The
Standard Model (SM) of particle physics has allowed a very precise description of
elementary constituents and their interactions since early 1970s. In total, it
describes the intermediate bosons of the electromagnetic, weak, and strong
interactions and their interactions with the 12 fermions of the model. SM represents
the studies of many thousands of scientists based on theoretical ideas and
experimental results. Over the past 45 years, many predictions of this theory have
been discovered at different experiments by the collaboration of many thousands of
scientists, e.g. W* and Z° bosons were discovered at the Super Proton Synchrotron
(SPS) in 1983, the top quark was discovered by the CDF (Collider Detector at
Fermilab) and DO collaborations of Tevatron in 1995, the discovery of a new
particle consistent with long-sought Higgs boson is announced by ATLAS (A
Toroidal LHC ApparatuS) and CMS (Compact Muon Solenoid) experiments at
CERN’s Large Hadron Collider (LHC) on July 4, 2012. On 14 March 2013,
ATLAS and CMS collaborations have confirmed that the new particle is indeed a
Higgs boson which plays a central role in the Brout-Englert-Higgs mechanism
giving mass to elementary particles. Despite its great success, this theory still
suffers from various theoretical deficiencies. For example, the SM foresees the
unification of electromagnetic and weak interactions at high energy scales but not
of the strong interaction which is an interaction between quarks and mediated by
the exchange of gluons. Therefore, alternative new models and theories have been
introduced to understand what is beyond the SM and the experiments at the LHC
will help us to find more of new physics.

One of the powerful analysis objects used in LHC experiments for new
physics searches is jets which are collimated streams of particles. The reason for
this is that new hypothetical particles originate from protons collisions in the LHC

1
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and these particles have to be linked with quarks and gluons which then fragment
into jets. Therefore, it is quite important to study the production and properties of
jets that constitute the experimental background noise for most of the physics
processes studied at the LHC. On the other hand, jets represent the main tool for
accessing information concerning the dynamics of parton interactions during
proton-proton (p-p) collisions at high energy. So, the jet production plays a critical
role to test predictions of perturbative QCD (pQCD) over a wide kinematic region
and constrains the parton distribution function of the proton.

Chapter 2 briefly summarizes the concepts of the SM in particle physics.
As we mentioned above, unifying the electroweak interaction and strong
interaction at a high energy scale is not possible in the SM. The strong interaction
is described by Quantum Chromodynamics (QCD) and is more difficult to study.
The second part of Chapter 2 is devoted to the QCD which improves the detailed
description of the SM physics. The different evolution equations which are used to
calculate the parton density functions in different kinematic regions of phase space
are discussed at the end of this chapter.

The work presented in this thesis is interested in the identification of the
low pr jets produced in the p-p collisions of the LHC and was carried out in the
CMS experiment collaboration. The third chapter is devoted to the instrumentation
of the LHC and then specifically to the features of the CMS detector which is one
of the two large general-purpose detectors at the LHC.

Chapter 4 is devoted to the tools used to simulate and reconstruct data. A
physics analysis should be tested on simulated data before comparing the results
with real data. These simulated data come from Monte Carlo (MC) event
generators that describe the physics corresponding to quantify expected detector
performance. In the second part of this chapter, methods for the reconstruction of
high-level objects such as jets will be presented. This chapter will conclude with
the description of the missing transverse energy which has an important role in

physics analysis.
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The analyses presented in this thesis include the extraction of two different
jet energy scale (JES) corrections based on both data and MC samples. Chapter 5
presents the factorized approach to jet energy corrections used in CMS in detail.
The aim of these corrections is that the reconstructed jets is calibrated to have the
correct energy scale.

Chapter 6 will present the analysis related to MC truth jet energy
correction which was explained in the previous chapter. This chapter presents the
different stages of this analysis with the definition of the selection of events, the
results obtained by the study of the determination of MC truth correction and the
closure test.

Finally, Chapter 7 presents the results obtained by the study of the
determination of L2 relative residual jet energy correction by using low pileup
(PU) data at 13 TeV. Two different methods, pr-balance and the Missing
Transverse Momentum Projection Fraction (MPF), are used to determine the
response in data and simulated events.

The last chapter presents the summary and conclusions of both analyses.
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2. THEORETICAL FRAMEWORK

In this chapter, the main limits of the SM are briefly discussed. QCD which
represents one of the most accredited theories for the description of the SM physics

1s also introduced.

2.1. The Standard Model
2.1.1. Phenomenology

The SM is a commonly accepted theory, used to describe interactions
among elementary particles in processes occurring in a range of energies up to 1
TeV. The fundamental interactions between elementary particles are treated in this
model by a local gauge invariance by the symmetry groups SU(3)c ® SUQ2)L ®
U(l)y. The SM can provide a quantitative description of three of the four
interactions in nature: electromagnetism, weak, and strong interaction. The group
SU(3)c describes strong interactions through QCD, which will be discussed in this
chapter from Section 2.2 on, while the group SU@2). ® U(l)y describes the
unification of weak and electromagnetic interactions through the Glashow-
Weinberg-Salam model (Glashow, 1961; Weinberg, 1967).

The constituent particles of matter in this model are fermions that are
divided into leptons and quarks. They are the simplest components in the sense that
they do not have substructures at the smallest distances probed by the high-energy
accelerators. There are 12 fermions in the SM: 6 quarks and 6 leptons. Leptons and
2-by-2 quarks are grouped into three generations with identical quantum numbers
but different masses. A doublet of quarks with three different color charges, a
neutrino, and an electrically charged lepton is included in each generation in the

SM (Altarelli, 2005):
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Each of the 12 elementary particles is associated with an antiparticle that
has the same mass, but with opposite quantum numbers and charge: there are
therefore 24 elementary constituents of the matter. The general properties of the

fundamental particles of the SM are summarized in Figure 2.1.
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Figure 2.1. The figure shows the fundamental particles and the interactions which
described in the SM (Galbraith, 2012).

Leptons are composed of electrons, muons, tau with the negative electrical
charge and each lepton linked with a non-massive, electrically neutral particle:
neutrinos. All these leptons have the same spin of %.

The constituents of hadrons are quarks which consist of six different
6
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flavors: up (u), down (d), strange (s), charm (c), bottom (b), and top (t). Quarks can
interact via electromagnetic and weak interactions as well as leptons, but also
through the strong interaction which responsible for their confinement within
hadrons. Hadrons are divided into two subgroups as baryons and mesons: (anti)
baryons contain three valence quarks (or three antiquarks), while mesons are
valence quark-antiquark systems, these quarks are linked together by gluons.

The interaction between elementary particles occurs through the exchange
of particles, known as bosons, and identifies four fundamental interactions. All

four of them have a specific relative strength, a specific range, and mediators. The

W= and Z° bosons are the mediators of the weak interaction and are massive. The
photon, vy, is the mediator of the electromagnetic interaction has no mass. The
charge of the strong interaction is called color and it can take three values (red,
green, blue) and their anti-values (anti-red, anti-green, anti-blue). The sum of the
three color charges is neutral. The strong interaction is mediated by massless
gluon, which also carries color and anti-color charge. As illustrated in Figure 2.2, if
an elementary particle has several charges, it can be affected by more than one
interaction (Woithe et al., 2017). The SM does not include gravitational interaction,
which is negligible compared to other interactions in subatomic physics processes.
The graviton is responsible for the gravitational interaction but has not yet been

discovered.
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: QED (electromagnetic)
matter particles: 9.9 V2 v,V
QCD  (strong)
interaction particles: 8 3 WL 7o H = 5
BEH (Higgs)

Figure 2.2. The matter can be classified into three groups: (quarks (g), antiquarks

(9)), (leptons (/), antileptons (/)), and (neutrinos (v), antineutrinos (v)).
Gluons (g) couple to quarks, antiquarks, and gluons. Photons ()
couple to electrically charged particles. The W*, Z° bosons couple to
all the fermions and also interact with the y through the weak
interaction. The Brout—Englert—-Higgs field interacts with all the
particles which have mass (Woithe et al., 2017).

2.1.2. Lagrangian Formalism

The mathematical expression of the SM is formulated in a compact
description, so-called ‘Lagrangian’. Joseph—Louis Lagrange introduced Lagrangian
mechanics as an alternative formulation of classical mechanics in 1788. The
Lagrange function or Lagrangian is shown in Equation 2.1 in the case of particles

or rigid bodies that can be treated as particles in classical mechanics:
L(g.4.0) = T(q.4.t) — V(gq.t) 2.1

where ¢ is the generalized coordinates (say, q(?)=x), q is their time derivatives
(q(t)=wx), t is the time, T and V are respectively the kinetic and scalar potential
energy of the system.

We define an action potential function S[q(t)] from time ¢ to #.is given by
the integral,

Sla®] = J* L(q. ¢, dt (22)
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Hamilton’s principle says that for the actual motion of the system between
the fixed times #; and #.is such that the integral is a minimum for the path q(t) of

motion, therefore dS must be zero for this path. In this case, we can write as

8S[q(®)] = 0.
t .
5s[q(®)] = J;? 6L(q.¢,)dt = 0 23
Using the variation of the Lagrangian into Hamilton’s principle,

iy oT . aT v _
ftl {Zi [a_qi&li + a—qi&li - a—qi5qi]}dt =0 2.4))

where 8§¢; = £ 8 ; and we integrate the first term in the integral by parts;
qi = 4794

t, 0T . T t2
Vil 5764 =564
qi &

— tzi(j—;)Sqidt =0 (2.5.)

t1 9q; t1 dt

Since 6q(t;) = 0 and 8q(t,) = 0;

12 {2 -5 () saude + 560 - 5-5a,] e = 0 (2.6)

Since &q; is arbitrary, the term in [] must be zero for all i, so we have finally

(Gavin, 2016);

d (dT aT |, v
E%ﬁ_£+£_0 2.7)
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49L_ 9L — 0 where L(q,q,t) =T(q,q,t) —V(q,t) (2.8

dtoq dq

The formalism presented in Equation 2.8 can be extended to the case of

continuous space-time systems. A Lagrangian density is a function of generalized

fields @(x, y, z, ¢) with four-vectors of Lorentz (x, y, z, 1) = x,,.

L(g,q.t) - L(qﬁ(x,l),%, %) 2.9)

where Lagrangian density £ defined as L = [ Ldx3.
The relativistic formulation of the Euler Lagrange Equation 2.8 becomes

(University of Oulu, 2004);

9 oL ar _
ax, (a(a¢/axﬂ)) 20 (210

We will pick the Lagrangian density L as follows;

1 1

L=20,p0"¢ - Emquz (2.11)
Substituting this into the Euler-Lagrange equation we get;

9 (39 _2¢ =

o, (ax”) m¢p =0 (2.12))
By using the covariant notation (Webber, 2006);

1 92
0,0 = i V2 (2.13))

10
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(0,0* + m*)¢$p =0 (2.14.)

We end up with the Klein-Gordon equation. Hence, this tells us that the evolution
of a free and relativistic particle by governed by the Klein-Gordon equation.

In the relativistic quantum field theory, the Klein-Gordon equation
successfully describes spin-0 particles but it admits positive-¢p and negative-¢
energy free field solutions when m? > 0. Since the negative energy solutions have
negative probability densities of the particle, this result led Dirac to develop a new
relativistic quantum equation. He succeeded by requiring an equation that can be

thought of in terms of a “square root” of the Klein-Gordon equation.

(Y9, —mp =0 (2.15.)

where the coefficients p# = (yO, y) = (yO, y] , y2, y3) have defined as 4 x 4 unitary

matrices and Y is a four-element column matrix (Johannesson, 2014).

0 _ 1 0 i_( 0 O'i>

where 0 denotes a 2 x 2 null matrix, I denotes a 2 x 2 identity matrix, and the

0i=1,2,3 are the matrices of Pauli (Johannesson, 2014):

=y )

o = (‘1) (1)) by = (‘l) Bi), g3 = ((1) _01) 2.17)

11
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2.1.3. Quantum Electrodynamics

Quantum Electrodynamics (QED) is perhaps the simplest formulation of
quantum field theory in the SM. One can start by defining the Lagrangian density
for a field theory in which electrically charged Dirac particles and antiparticles, i.e.

electrons and positrons;

Lo =P(iy*8, —m)p (2.18.)

where 1 = yTy® (Hollik, 2010). We apply a so-called global U(l) gauge
transformation to the Lagrangian vy field (Pich, 2007):

¥ 28y () = expliQB} p(x) (2.19)

in which Q8 are an arbitrary constants. We should note that the case where 6
depends on the space-time coordinate (say, under local phase redefinitions 8 =
0(x)), the Lagrangian density, Ly, is no longer invariant under the phase

transformation. This invariance can be restored by inducing an extra term;

0, (x) & exp{iQ8} (0, +iQ0,6) P(x) (2.20.)

It means that the same phase convention should be taken at all-space time
points in order to be consistent with the theory however, this looks unnatural.

The gauge symmetry requires that the local U(1) phase invariance be held
locally. This can only be done if an additional term is applied to the Lagrangian in
order to cancel the previous d,,6 term in Equation 2.20. To do this we introduced a

vector field A, (x), called gauge field, transforming as;

12
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v . 1
A, () — A (x) =A4,(x) —£0,60(x) (2.21.)
and we introduced a new covariant derivative (Pich, 2007):
Dp(x) = (9, + 1eQA, (1)) (x) (2.22)

These replacements lead to a new Lagrangian which is invariant under local U(1)
transformation and describes the interactions between the fermions ((x)) and the

gauge field (4, (x)) for the photons.

L = ip)y* Dy (x) — mp(x)h(x)
= Lo + ep()y* D (XA,
= Lo+ Lins (2.23.)

in which L, is the free field part and £L;,; describes the interaction part. Now, we
need a kinetic term for this gauge field 4, (x) as in a physical field. The gauge
field A, (x) corresponds to four-potential and the Lagrangian is the free

electromagnetic field for the photon;

1
L= —ZF,F" (2.24.)

where F,, = 0,4, — 0,4, is the electromagnetic field tensor (Pich, 2007).

1

Since a possible mass term (Lm = EmzA“AM) is not invariant under gauge

transformations, adding this term for the gauge field is forbidden; therefore, it is
expected to be massless for the photon field. Experimentally, it is known that m, <

6.107"7 eV (Yao et al., 2010).

13
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The final QED Lagrangian is thus given by:
Loso = (Wy*dup — mipyp) — (2 Eu ) + (ehytpa,) (2.25.)

2.2. Quantum Chromodynamics
2.2.1 The Lagrangian of QCD

QCD is the theory that describes and explains the interaction between
quarks and non-Abelian massless gauge bosons called gluons. The formalism of
the QCD Lagrangian is the same structure as the QED Lagrangian but the local
gauge theory is based on symmetry group SU(3)c which is a non-abelian group,
where the subscript C stands for the color charge.

The free-particle Lagrangian density for the quarks take the form (Pich,
1995);

where ¢, = column(q;,qlf,q;) is a three-component wave function that represents the

quark field in color space. “f” describes the six different flavors (u, d, s, ¢, b, t) of
quarks and y* are Dirac gamma matrices and m stands for the mass of quark (Pich,
1995).

We assume the free Lagrangian is invariant under the local SU(3)c

transformations to derive the interaction (Halzen and Martin, 1984):
q(x) > Uq(x) = " ®™Mq(x) 2.27))

where U is an arbitrary 3 X 3 unitary matrix and the a®(x) are real-valued

functions of the space-time coordinates x“ = (¢, x, y, z). The T% a =1..8 are

14
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generators of SU(3) transformation and obey the commutation relation (Halzen and

Martin, 1984);
[T%,TP] = ifebeTe (2.28.)

where f9°¢ = %€ (qa,b,c =1,2,...,8) is so-called structure constant of the
symmetry group SU(3) which are real and antisymmetric in [abc] with values of

(Paganini, 2014);

F123 =1,

F147 = _f156 — 246 — (257 — £345 — _ 367 — %’
458 — £678 — g,

fabc — fbca — fcab i _fbac — _facb’

faab i fabb =0,

fa¢ =0. for other index permutations

One can take the Gell-Mann matrices for a representation of the generators
T* =1,/2,1 < a <8where A,is the Gell-Mann SU(3) matrices (Paganini,
2014);
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In order to ensure the local gauge invariance on the Lagrangian (Equation
2.26.), one has to replace the partial derivative d, with the covariant derivative D,

(Halzen and Martin, 1984);
. A

0y~ D,=0,+ lg;“G,f (2.30.)
where g is the strong coupling constant which determines the strength of the
interaction. Here, we introduce eight-gauge fields G, which describes the massless
gluons and the kinetic term of the gluons is given by the gluon field strength tensor
(Li, 2009);

GI > GF —19,a% — fabeqbGe (2.31.)

u g O u 2L
Finally, the Lagrangian of QCD can be written down as follows (Pich, 1995);
1 — .

The Lagrangian density includes the interaction of the quark currents with the
gluon fields as well as the gluon self-interactions (three-gluon and four-gluon

vertices as in Figure 2.3.) which are responsible for asymptotic freedom, color

confinement, and chiral symmetry breaking.

Figure 2.3. Self-interactions of gluons (Ji, 2007).
16
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2.2.2. The Running Coupling Constant

Considering a dimensionless physical observable R which depends on a
single energy scale, Q, which is much bigger than mass can be an example in order
to introduce the concept of a running coupling. Because of the assumption Q > m,
we can set the m — 0 (assuming that R has this limit) and naive scaling would
suggest that R should have a constant value that is independent of Q. Nonetheless,
this simple scale invariance is not true in the renormalizable quantum field theory.
Calculating R as a perturbation series in the coupling (which in QCD is ag =
g?/4m) requires renormalization in order to remove ultraviolet divergences. This
renormalization procedure introduces a second mass scale x and in general, R
depends on the ratio Q /¢ which is not constant. The renormalized coupling a also
depends on the second mass scale s

The choice of the renormalization scale, x4, is arbitrary. Since the
Lagrangian density of QCD does not mention the scale x4 R cannot depend on the
choice made for it. It can only depend on the ratio Q?/47 and the renormalized
coupling a; since R is dimensionless.

We can write down the x dependence of R as follows (Ellis and Stirling,

1990):
2 d p (@ =[,20_ 4 ,29% 9 |p_
u dMZR(MZ,aS)_[u S+ aﬂzaaS]R—O (2.33))

And Equation 2.33 is called the “renormalization group equation (RGE)”. The
resulting sum depends on the renormalization scale because only a few first terms
of variables can be calculated. This shows the running coupling constant is well

approximated by

121
(33-2np) In(u2/A3cp)’

as(u? Agep) = 12 > Agcp (2.34)
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where 1y denotes the number of quark flavors contributing in the qg loops with
mg < p?. Ajcp is a scale parameter of QCD determined experimentally from the

measurement of a; and can be defined as (Barr et al., 2016);

121

A%gcu _ ‘uZe_(33—2nf)as(H2) (2.35.)

The evolution of the coupling constant as a function of energy scale Q by using the
results from different experiments is presented in Figure 2.4. Here, the range of
energy scale is from 5 GeV up to 2 TeV and experimental points from different
experiments are compared to theoretical predictions. There are two consequences
according to the lowest and highest threshold of energy scale;

Asymptotic freedom: At large u?(u? » AéCD), the coupling as tends to zero
logarithmically, which means that quarks do not interact much and can be treated
as free particles for short-distance interactions. In this regime, the cross sections
can be calculated within the pQCD (Pich, 2000).

IR slavery: At small values of u?(u? ~ A%gcu)a the coupling constant becomes too
large, so-called Landau pole, quarks and gluons will arrange themselves into
strongly bound clusters, namely, hadrons and perturbation theory are no longer

valid. So, a non—pQCD has to be applied when y? ~ A%ch (Brodsky et al., 2016).
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Figure 2.4. The coupling constant, o, as a function of energy scale Q is shown for
different measurements obtained from the CMS (CMS Collaboration,
2013, 2014, 2015), DO (DO Collaboration, 2009, 2012), H1 (HI
Collaboration, 2017), and ZEUS (ZEUS Collaboration, 2012)
experiments. The black dots represent the inclusive jet cross section

measurement at v/s = 8 TeV. There is a good agreement between data
points and the theoretical prediction which is the CT10 NLO PDF set
as can be seen as a solid line in the figure (CMS Collaboration, 2017).

2.2.3. The Quark Parton Model

The model of the partons formalized by Bjorken and Paschos (1969) and
formulated by Feynman (1972), considers the nucleon as a set of point-like centers
of charge with spin 4, called “partons”. These centers were later identified with the
quarks invented by Gell-Mann (Gell-Mann, 1964) and Zweig (Zweig, 1964). The
“parton” is a collective name for quarks and gluons (and antiquarks) in QCD.

The quark-parton model has been developed to allow the calculation of the
cross section of the lepton-hadron scattering process in which the partons are
considered as free and independent of each other. To describe the process, it is
necessary in this case to distribute the total momentum of the nucleon between its
constituents. If we represent the associated four vectors as k* = (k*, k) and k'*

for the incoming and outgoing leptons, respectively, and then the momentum of the
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target hadron can be represented by p* = (p*,m?/(2p*),07) where k* =
(k° 4+ k?)/+/2. The four-momentum transfer is given by qg# = k* — k'*, then the

kinematic of the process are defined by various Lorentz invariants:

Q*=—-q*, p*=M?*s=(p+k)?

_Qe* _ @? _ap _ .
X= e~ mamy Y =xp-L1TE/E (2.36.)

where s represents the center-of-mass (CM) energy squared, Q2 is the negative of
the invariant mass squared of the virtual exchanged boson, x is the Bjorken
variable which is the fraction of the momentum of the incoming nucleon taken by
the struck quark, and y gives a measure of the amount of energy transferred
between the lepton and the hadron systems and also it is related to the scattering
angle in the lepton-quark CM frame (Devenish and Cooper-Sarkar, 2003). When
the electron or muon participate in the process as a lepton, then a virtual photon

exchange occurs in the scattering as shown in Figure 2.5 (Ellis and Stirling, 1990).

p

Figure 2.5. Deep inelastic charged lepton-proton scattering (Webber, 2008).

The application of this model to hadronic processes, such as deep inelastic

scattering and Drell-Yan scattering, reveals a dimensionless quantity F called the
20
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“structure function” that parametrizes the hadron structure in the collision and can
be measured in experiments. The structure function F;(x,Q?) parametrizes the
structure of the target as “seen” by the virtual exchanged boson. Experimentally it
is observed that the structure functions depend only on the dimensionless variable x

over a wide range:

F;(x,Q%) » F;(x) (2.37.)

This was predicted by James Bjorken in 1968 (Bjorken, 1969) and is
known as Bjorken scaling which defined as Q2, p-q — o with fixed scaling
variable x. This approach was confirmed at Stanford Linear Accelerator Center
(SLAC) (Breidenbach et al., 1969). The structure function F; (x) = 1/2Y,; ¢ f;(x)
measures the parton density as a function of the energy fraction x carried by the
parton, whereas the structure function F,(x) = X; g7 xf;(x) = 2xF; (x) describes
the momentum density, and each being weighted by the parton charge g;. The
function xf;(x) are called parton distribution functions (PDFs) and describes the
probability of finding a parton of type i carrying a fraction x of the momentum of a
proton. The equation F,(x) = 2xF;(x) is known as the Callan-Gross relation
(Callan et al., 1969), which is a direct consequence of assuming that the partons are
made of point-like constituents and it was experimentally observed in the SLAC
experiments, showing that the partons were, in principle, quarks. This relation was
also observed at CERN by the Gargamelle detector (Eichten et al., 1973) and they
provided evidence that quarks constituents carry about 50% of the proton’s
momentum. Then something else must be in the proton to carry the rest of the

proton’s momentum, it is attributed to gluon constituents.
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2.2.3.1. Hadronization

The partons that produced during a QCD process are only “free” at very
short distances and only colorless combinations are detected. In a collision
experiment, the transition from a parton to a final state consisting of observed
hadrons is called hadronization. The process of hadronization is shown in Figure
2.6, a hadron is generated in several stages: PDFs, the hard process, the
development of the partonic shower, hadronization, and underlying event. These

stages will be discussed in more detail in Section 4.1.1.

shower

process

7 event A
P P

Figure 2.6. A p-p collision schematically showing the underlying event, hard
process, parton shower, and hadronization (Butterworth et al., 2012).

The hadronization processes take place in a region where a  is too strong
and cannot be calculated in pQCD. A strong interaction on a typical Q scale occurs
on the distance scale with the order of 1/Q with the uncertainty principle.
Meanwhile, the subsequent hadronization process occurs on a much later time
scale, characterized by 1/4 (A is the typical hadronic scale where strong coupling

strengthens).
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It is then necessary either to resort to non-perturbative models or to rely on
data measured in many experiments and, according to the factorization theorem, to
assume the universality of the fragmentation functions. The detailed descriptions of
the hadronization processes are provided by models. One general approach to
hadronization is the local parton-hadron duality which supposes that the flows of
energy-momentum and flavor quantum numbers at the hadronic level should
follow the flow at the partonic level. This approach does not try to describe the
mechanism of hadronization and we must resort to models. Two of the main
models, cluster and string hadronization (Figure 2.7) (Webber, 1994, 1999), are
described in the following:

1. Cluster model (Marchesini and Webber, 1984, 1988; Webber, 1984; Marchesini
et al., 1992, 1996): This model developed by Webber, is based on the idea to force
“by hand” all virtual gluons to split into qg pairs, g = qq, at the end of the parton
shower and also based on preconfinement. A new set of low-mass color-singlet
clusters is obtained after the splittings, formed only by quark-antiquark pairs.
These color-singlet qg combinations have a smaller mass than that of the virtual
gluon due to preconfinement property of parton shower. This model has few
parameters and a natural mechanism to produce transverse moments and to
suppress heavy particle production in hadronization. Nevertheless, it has problems
dealing with the decay of very massive clusters and also suppressing the
production of baryon and heavy quarks.

2. String model: The Lund group of Andersson, Gustafson, and Sjostrand
(Andersson et al., 1980, 1982) had developed this model and it is known also as the
“Lund” model. This model is based on the idea of combining fragmentation with
the concept of the color string, which is stretched from the quark via the gluon to
antiquark. The aim of this color string is to break first to produce a hadron which
carries a significant fraction of the gluon energy. The rest of the gluon energy is
then distributed between the two parts of the broken string, which are fragmented

independently in their respective center-of-mass systems. The Lund model today is
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the most commonly used model for simulating the properties of fragmentation

processes.
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Figure 2.7. Sketch of cluster (left) and string (right) process hadronization
(Webber, 1999).

2.2.4. Cross Sections and Parton Distribution Functions

In collision experiments, the most basic measurement consists of counting
and categorizing the produced entities of interest, e.g. specific types of particles or
jets according to their kinematic quantities. The counts, of course, depend on the
efficiency of the respective particle collider, expressed in terms of its luminosity.
Measured reaction rates N are then related through the underlying physical
reaction, which is defined by its cross section, o, that is independent of

experimental conditions such as the collider performance.
N==L-o (2.38)

Equation 2.38 can be written in term of the integrated luminosity L;,; over a period

of data taking:
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N=o[Ldt=0Ly (2.39.)

It is now possible to compare the measured cross section with predictions

of any adopted theory, such as the SM of particle physics, and a nice summary of

the cross section SM particles produced in association with jets by the CMS

collaboration is shown in Figure 2.8, where each marker presents a different

analysis. There is a good agreement between the measurements and the respective

theoretical expectations.

September 2019 CMS Preliminarv
a - @ 7 TeV CMS measurement (L < 5.0 fb) ]
o 104 - o 8 TeV CMS measurement (L < 19.6 fb™) —
—_ F == @ 13 TeV CMS measurement (L < 137 fo) E
© I Theory prediction
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Figure 2.8. Summary of SM production cross sections for a variety of W, Z, and
Higgs bosons production process with and without jets at /s = 7 (red
markers), 8 (blue markers), and 13 (green markers) TeV. The SM
production cross sections are compared to their theoretical
expectations (gray lines). The range of production cross sections
varies from 10~ mb to 0.1 fb, thus there is an excellent agreement
over 8 orders of magnitude (CMS Public Combined Physics Results,
2019).
The differential form can be used to make a clear kinematic dependency,
e.g. on apr;
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do 1 N
22— R (2.40.)
dpr  €Lint Apr

where Apr is the measurement interval in pr and the factor & represents
experimental efficiencies.

When selected entities are counted in the same event irregardless of
everything else that is produced within the same event then the cross section is
inclusive. On the other hand, exclusive cross sections set limits on the presence of
further jets in an event, so-called jet vetoes, for example. As a result, the exclusive
cross sections are precision to all energy depositions or particles in an event and
are more difficult to handle experimentally and theoretically.

We can write down the double-differential inclusive cross section as a

function of the jet pr and, if feasible, of the jet rapidity y.

d%c 1 Njets
dprdy  &Lint Aprldy

(2.41)

where Njg;s is the number of jets counted within a bin and corrected for detector
defects, € is the experimental efficiency, Apy and Ay are the bin widths in jet
transverse momentum and rapidity (Rabbertz, 2017).

The measurement of the production cross section at hadron colliders is
based on an understanding of the distribution of the momentum fraction x of the
partons within the proton in the corresponding kinematic range for both signal and
background processes. (Campbell et al., 2006). The PDFs encode this knowledge
in the collinear QCD factorization system. PDFs cannot be calculated
perturbatively and have to be determined using data from various hard scattering
cross sections obtained experimentally in various hadron collisions. (Gao et al.,
2018).

PDFs are often presented as functions of x and ur and are generally defined

as the probability densities to find a parton within a hadron, with its momentum
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fraction between x and x+dx. The evolution of PDFs according to the factorization
scale (ur) can be calculated by the set of coupled integrodifferential evolution
equations (Gribov and Lipatov, 1972; Altarelli and Parisi, 1977).

The evolution of PDF along with x is however not analytically calculable.
Their determination is based on global fits to data from deep inelastic scattering
(DIS), Drell-Yan (DY), and jet production at precision measurements in hadron
colliders. Many PDF sets are available, which differ by the adjustment method
used, the number of parameters involved, and the data sets considered. The most
common are CTEQ (Lai et al., 2010), MSTW (Martin et al., 2009), HERA (Aaron
et al., 2010), or even NNPDF (Ball et al., 2012). The LHC’s energy range provides

access to new areas in PDFs: at high energy and small x, as shown in Figure 2.9.

%
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Figure 2.9. Representation of the parton kinematics of different experiments in
(x, Q%) phase space. The LHC covers the high energy and small-x
region which is unexplored by previous experiments (Glazov and H1
Collaboration, 2007).
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2.2.5. Perturbative QCD and Factorization Theorem

From the QCD point of view, the asymptotic freedom regime makes it
possible to apply a perturbative method, since the coupling constant is low, which
is no longer the case in the confinement regime. The goal of pQCD is to
quantitatively describe the structure of multi-partonic systems formed by QCD
cascades in order to gain some actual knowledge about confinement by comparing
the computable characteristics of quark-gluon ensembles with measurable
characteristics in hard processes of the final hadronic state (Dokshitzer et al.,
1991). The confinement of quarks implies non-perturbative effects of the strong
interaction which must be considered for the calculation of a cross section.

The cross section of the interaction process between hadrons /4; and 4 can

be written as an incoherent sum of partonic processes (Dissertori et al., 2003):

do(hih, — CD) =
Jdxydx; Yo p fasn, 1) foyn, (x2)do? = (xy, %) Desyc (21)Dgop(z2) (2.42.)

where f(x;) represents PDF and o(xy,x;) is the cross section of the partonic
process that contains the effects at short-distance. The summation is made on the
set of possible partonic processes where the indices a and b € {q,q,g}. A
combination of the partonic process at short- and long- distance allows us to
calculate the overall cross section. (Collins et al., 2004). The short-distance process
can be calculated in perturbation theory, but the long-distance process is not
calculable within this model. The factorization theorem (Drell and Yan, 1971) is
one solution to this problem and allows us to express predictions for these cross
sections, by factorizing the calculable short-distance scattering of quarks and
gluons from the long-distance with hadronic binding. For example, the
factorization theorem makes it possible to decompose the calculation of the cross

section 0y p,-cp into a convolution product. In order to use the factorization
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theorem, it is necessary to introduce a factorization scale ur for the cross section of

the hadronic process,

Oninycp = PDFS ® Gyartonic ® FFs (2.43)

Ohyhycp = L[, (X1, QD) ®fn, (2, Q2)|® 0 (21, x5, Q?)®D (2, Q?)
U(hlhz d CD) =

f Za,b dx, dxzfa/h1 (x1, #12:)]39/}12 (x2, #%)da(ab_wd) (QZ' ﬂ}zr)Dc—m (21)Da-p(22)

The first term, f; /hj (x]-, .Ll}z:'), corresponds to PDFs, which depend on the structure

functions F;(x), represent long-distance effects and cannot be completely
determined by perturbative processing. The second term represents the partonic
section and includes only perturbative physics. Finally, the last term, D;_,;(z),
corresponds to the fragmentation functions, they give the probability that hadron
results from the fragmentation of partons by taking away the momentum fraction z.
The ingredients of this process are illustrated in Figure 2.10. The decomposition
allowed by the factorization theorem implies the choice of a factorization scale ur,
which separates the perturbative regime (partonic section) from the non-
perturbative regime (PDFs), but also the choice of a fragmentation scale ur which
fixes the separation between hard and fragmentation processes.

The final hadronic cross section should not depend on this scale but the
fact that the perturbative calculations are only carried out to a certain order in
perturbation introduces a dependence of this cross section on the scale of
factorization. The terms of calculation which involve terms In(Q?/u2) do not
become too large so that the perturbative approach remains valid, the factorization
scale must remain the order of the scale Q. For this reason, the choice of scales is
often: up-pu-Q (Dissertori et al., 2003).

In pQCD, the PDFs, fi/hj(x]-,Qz), cannot be calculated and must be

determined experimentally. Nevertheless, knowing the PDF at a certain value Q2
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within the region of applicability pQCD allows us to determine the f; /h; (x]-, QZ)

(Donnelly et al., 2017). It can be done by using so-called evolution equations as

will be discussed in the next Section 2.3.

Figure 2.10. A schematic illustration for the hard collision of two hadrons #; and 4.
with the production of final state partons ¢ and d. Here, f; /h; is the

parton distribution functions, 6(@2~¢® is the cross section of the hard
partonic process, and D(Z]-) presents the fragmentation functions.
Reproduced from Reference (Dissertori et al., 2003).

2.3. QCD Evolution Equations

As a result of the theorem of factorization, once perturbative parton
distributions are determined at a scale u, they can be predicted at any scale ' by
using QCD evolution equations for a given order. The scale dependence of the
PDFs is a consequence of effects of gluon emission and gluon splitting that are
incorporated into three different evolutions schemes, called DGLAP (Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi) (Kuraev et al., 1976, 1977; Balitsky and Lipatov,
1978; H1 Collaboration, 2000), BFKL (Balitski-Fadin-Kuraev-Lipatov) (H1
Collaboration, 1997, 2000a; ZEUS Collaboration, 2002) and CCFM (Catani-
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Ciafaloni-Fiorani-Marchesini) (H1 Collaboration, 1995, 1996, 2000b, 2002; ZEUS
Collaboration, 2000).

Figure 2.11 shows the proton and its evolution with the scale of the
process. The left part of the illustration shows a proton as seen by an exchanged
boson with virtuality Q4. By considering the virtual boson as a probe of the proton,
the exchanged boson’s virtuality has a spatial resolution scale ~1/Q,. On the right,
the proton is probed by an exchanged boson with higher virtuality Q > Q4. This
illustration is a physical picture of the DGLAP evolution equation that will be

discussed in the next section.

Q, < Q
—_— =
partons partons
Proton Ax=1/Q, Proton Ax=1/Q
(x,Q3) x,Q")

Figure 2.11. Tllustration of the DGLAP evolution equations. Virtual boson with
virtuality Q? is large than Q3, it can resolve more partons inside the
proton (Kovchegov and Levin, 2012).

2.3.1. The DGLAP Equations

The DGLAP evolution scheme uses the leading log(Q?) approximation
(LLA) to resum terms (x, Q%) in the perturbative expansion in af*In Q2. The
pQCD does not predict the complete dependence in x and Q? of structure function
F>, but, the DGLAP kinematics predicts the densities of partons as a function of Q2
when Q? is large enough, usually larger than 1 GeV?. These predictions can be

formulated as integrodifferential equations (Lipatov, 1974; Dokshitzer, 1977);

dfi(x.Q?) _ as(@?) ldz X
Ao’ = om 2l ~Pijza)f (;,Q) (2.44.)
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where P;; is the splitting function which depends on two terms; the splitting
variable z and the running coupling ag(u?). They can be calculated as a power

series in ag (say z = x'/x) (Botje, 2013):
L0 as HNLO 5\% LNNLO
Pij(z,a5) = PE(2) + 2 PO (2) + (£2) PYMO(2) + -+ (2.45))

The splitting functions can be interpreted as the emission probability
densities of a parton i by a parton j carrying an energy fraction z from a parent
parton. They are quark flavor-independent since the strong interaction is flavor
independent and are the same for quarks and antiquarks at any order in a; (Botje,

2013):

Faiq; = Pasa; (2.46.)
Pya; = Py (2.47.)
Faig = Paig = Fag> (2.48.)
Fyq; = Pga; = Fyq (2.49.)

Graphically the splitting functions are summarized in Figure 2.12. The leading-
order splitting functions are (Botje, 2013)

P =53] = ) =] + 2801 -2), (2.50.)
Pog = 5122 + (1 - 2)2], 2.51)
Pyq = S, (2.52)
Py =6["2+2z(1—-2) + o |+ [2-2]s0-2. (2.53))
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where 7 is the number of (active) quark flavors and the “+ prescription” was used

for regularization which defined by the property (Devenish and Cooper-Sarkar,
2003)

1 f@ _ 1, f@-fQ
fy dzio-=Jy dzH2 = (2.54.)

q,z ¢ 2
q q
Fa (2) ﬂ Fa (2)
g 1-2 q 1-z
qQ,=z gr 2
g g
B, (2) fumm\< B, (2)
q> 12 q 1z

Figure 2.12. g-q, g-q, q-g, and g-g splitting functions (Devenish and Cooper-
Sarkar, 2003).

2.3.2. The BFKL Equations

We have seen that the DGLAP equations are deduced from the formal
summation of all the terms in al*In Q?; consequently, these equations neglect
terms of the al*In™(1/x) type, yet, these terms become dominant at low x.
Therefore, another approach is necessary for the region of low x; in this new
approach, we summarize all the dominant terms in a*In™(1/x) with
agIn(1/x) = 1,a; << 1 and this leads to the BFKL framework. It predicts the
evolution of the gluon density as a function of x once the latter has been specified
at x = x. The domain of validity of this equation is asIln(1/x) =~ 1, a5 < 1.

The evolution equation for gluon can be written in the form (Gay Ducati,

2014):
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dp(xk}) _ 3ag, 2 rodki? ) p(xkiP)-p(xk)
aln(1/x) ~ w LtJo kP2 [k2—K2]

2
4 Lokl (2.55.)

/4ki"'+ki

where ¢ (x, k?) is the distribution of a non-integrated function of gluons carrying
the fraction of longitudinal momentum x and transverse momentum k?2; moreover,
¢ is linked to the usual function of gluons xg(x, Q%) by the formula (Kwiecinski,
1994):

x9(x,09) = [} S o, kD) (2.56.)

This provides that the number of partons in a hadron at a given value of k; and x
can be counted by the non-integrated gluon function, ¢(x,k3) (Kovchegov and
Levin, 2012). An illustration of the BFKL evolution equation in the transverse

plane is shown in Figure 2.13.

Larger—x Smaller—x

Xo >> X
_—
\ parton .
_ partons overlap
Proton Ax =17k, Proton
(%o, k) x, k)

Figure 2.13. Illustration of the BFKL evolution equations. The gluons are
represented with the blobs. More gluons (partons) are generated in the
hadron wave function when x « x, and it may start to overlap with
each other (Kovchegov and Levin, 2012).
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2.3.3. The CCFM Equations

The CCFM equation combines the DGLAP (asInQ?) and BFKL
(asIn(1/x)) approaches and therefore it is valid in large values of x and Q2 (Ryan,
2005). The coherence effects of gluon emission in the CCFM evolution equation

are taken into account by angular order (Jung, 1999);
0 >6;_1>>06 (2.57.)

gives the condition that q; > z;_1q;_, with z; = x;/x;_,. Here, 6; is the angle of
emitted gluons with respect to incoming gluons, g; is the emitted gluon, k; is the
transverse momentum of gluons between emissions, and x; terms represent the
usual fractions of the initial longitudinal momentum as in Figure 2.14. The CCFM
equation for the unintegrated gluon density has the following form (Jung and

Salam, 2001);

F(x, kt,C_I) == Fo(x, kt' C_I) +

dz d? _ _ ~ ,
[ 51530 — 29)05(3,2)P (2,4, k)F G ki @) (2.58)

where ki = |7€t +(1- Z)?{l, g is the maximum angle for the gluon emission and
the ©(g — zq) functions donate the angular ordering constraint on the emitted

gluon. P(z, q, k) is the gluon splitting function which is given by

~ = (2204 \2 = (12
Py = I 4 B0 A (20,02, (2.59)

1-z; Z

with @g = % A, respresents the non-Sudakov form factor is defined as (Jung and

Salam, 2001):
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1dz’

_ dq? ,
log Ay = =5 (k) [, 7 J < Ok — )0(q — 2'qc:) (2.60.)

Xip G

X2 iy

Figure 2.14. A section of the CCFM gluon ladder (Devenish and Cooper-Sarkar,
2003).
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3. The LHC and The CMS EXPERIMENT

In this chapter, the CMS experimental apparatus is described in detail after
a brief description of the Large Hadron Collider (LHC), by focusing on its different

subdetectors and their performance.

3.1. The Large Hadron Collider

The LHC (LHC Study Group, 1995) is a particle accelerator built at CERN
in Swiss-French border in order to obtain collisions between high-energy particle
beams. LHC is formed by a sequence of superconducting magnets, dipoles, and
quadrupoles, placed inside a tunnel of circumference equal to 27 km. It was

designed to collide proton beams at the center-of-mass energy of Vs = 14 TeV,

2

with a luminosity of £ = 10>* cm™2s™! and to collide heavy-ions with an energy of

V/s = 5.5 TeV per pair of nucleons.

The set of CERN accelerators is shown in Figure 3.1. LINAC 2 is the first
link in the CERN accelerator chain and protons created by ionization of
dihydrogen are first accelerated by LINAC 2 up to 50 MeV. Then, they are injected
into the booster in which their energy is mounted at 1.4 GeV, before being
transferred to the Proton Synchrotron or PS, which takes them to 25 GeV and
sculpts the packet trains. Finally, the Super Proton Synchrotron or SPS accelerates
them up to 450 GeV. Their injection into the LHC takes place via two transfer
lines, which make it possible to obtain two beams circulating in opposite
directions. The beams circulate, one in the clockwise direction (Beam 1) and the
other in the anti-clockwise direction (Beam 2), in two distinct rings and can collide
in four interaction points. At the points of interaction, four detectors are positioned:
ALICE (A Large Ion Collider Experiment) (ALICE Collaboration, 2008), ATLAS
(ATLAS Collaboration, 2008), CMS (CMS Collaboration, 2008), and LHCb
(Large Hadron Collider Beauty) (LHCb Collaboration, 2008). ALICE is mainly
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dedicated to the study of the deconfinement of nuclear matter, quark-gluon plasma
in heavy-ion collisions (Pb-Pb or p-Pb). ATLAS and CMS are two general-purpose
detectors dedicated to the search for the Higgs boson, new physics, and the
precision measurements of SM. LHCb is mainly dedicated to the measurements of
CP (charge and parity) violation by studying rare decays of hadrons containing
bottom (b, also known as the beauty quark) and charm (¢) quarks.

The LHC is also used for research programs using heavy-ion collisions.
The beginning of the acceleration chain is then distinct from the protons: before
being injected into the PS, the ions are accelerated by the LINAC3, accumulated in
the LEIR (Low Energy Ring lon), and prepared the bunch structure for PS.

From the beginning of the LHC activity to today, two phases, called Run 1
and Run 2, have followed. Run 1 started in 2009 and ended in 2012. In this phase,
the energy at the center-of-mass of p-p collisions has been increased to reach the
value of 8 TeV in 2012. After Run 1 period, there was a shut-down period in the
years of 2013 and 2014 in which an upgrade is carried out to allow the
achievement of the instantaneous luminosity expected by the original design of the

LHC. Run 2 phase begun in 2015 and ended in 2018, and the energy of the p-p
collisions was reached v/s = 13 TeV.
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The CERN accelerator complex
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Figure 3.1. Diagram of the CERN Accelerator Complex. The proton and ion paths
for the LHC are shown in light gray and dark, respectively (Mobs,
2018).

3.1.1. Instantaneous and Integrated Luminosity

From an experimental point of view, the performance of the collider is
measured by the instantaneous luminosity, £, that it is capable of delivering it. As
discussed in Section 2.2.4, instantaneous luminosity is the coefficient of
proportionality which makes it possible to link the event rate of a process to the

cross section o:

WwN_ s 3.1
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where N is the total number of events. In contrast, from the point of view of the
machine, the luminosity is computable according to the parameters of the beams,

by:

2
L=l p (3.2)

4mef*

where R is a geometrical factor accounting for the beam crossing angle and given

by

= |1+ (BL)Z (3.3)

LHC design beam parameters in Equations 3.2-3.3 are defined and
summarized in Table 3.1 (AC Team, 1999; Briining et al., 2004; Baird, 2007).
These parameters yield a peak instantaneous luminosity of £ = 10°** cm2s7!.

In order to characterize a quantity of data collected during a certain period,
the integrated luminosity £, is used. The integrated luminosity is defined as the
luminosity accumulated for a given time interval (L;,,; = [ £ dt). The total number
of events expected for a phenomenon with cross section o is then given by the
integrated luminosity times the cross section, as can be seen from Equation 2.39.

A detector like CMS cannot record all the collisions taking place. There are
indeed dead time periods of one or more subdetectors or their electronics. This is
why the integrated luminosity recorded by a detector is lower than the integrated
luminosity delivered by the accelerator (Figure 3.2 (a)). Figure 3.2 (b) shows the
total integrated luminosity provided by the LHC in the CMS detector for the
various data taken between 2010 and 2018, as well as the built-in luminosity
recorded and operated by CMS throughout Run 2. This thesis presents an analysis
using data taken by the CMS experiment in 2015.
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Figure 3.2. (a) Cumulative delivered and recorded luminosity overall years during
stable beams for p-p collisions at nominal center-of-mass energy. (b)
Total p-p integrated luminosity recorded by CMS during Run 1 and Run

2 by year and month (CMS Luminosity Public TWiki Page, 2019).

Table 3.1. LHC nominal design beam parameters (Briining et al., 2004).

| Symbol Name Value
N, protons per bunch 1.15x10"
N, bunches per beam 2808
f revolution frequency 11.25 kHz
(1/24.95 ns/3564)
v relativistic Lorentz factor 7461
for protons (Ep /mp )
€ normalized transverse 3.75um
beam emittance
B* optical B function 55 cm
(amplitude of betatron
oscillations)
0 beam crossing angle 285 prad
o, longitudinal RMS bunch 7.55 cm
length
o* Transverse RMS beam 16.7um
size

3.1.2. The Challenge of Stacking (Pileup)

The LHC circulates protons within its beampipes in several very closely

packed bunches, not in a continuous stream. The LHC tries to pack as many

protons as it can into the beam and squeeze it as narrowly as possible to maximize

the probability of the tiny protons colliding with the other. The luminosity becomes
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higher with the narrower beam contains more protons. At every crossing of these
bunches with each other, several p-p collisions can occur during the same
crossover of these bunches (Stenson and Rao, 2012). These multiple interactions
(also called stacking or pileup (PU)) are actually inelastic collisions that are
superimposed on the hard event. The PU level depends on the configuration of the
LHC. It is a function of the frequency of the collisions, the number of protons per
packet, the profile of the beams, and so on. The mean number of interactions per
bunch crossing is given by u = o0,, X L/f. where L is the instantaneous
luminosity per bunch, o, is the inelastic cross section, and f. is the LHC
revolution frequency. In 2018, p-p collisions at 13 TeV, the PU should have been
in the order of 4 = 32 and the mean number of interactions per bunch crossing is
69.2 mb as the recommended CMS value which is determined by finding the best
agreement with data (CMS Luminosity Public TWiki Page, 2018).

Figure 3.3 shows the event display for a high-PU run (Run Number =
280327). It shows 86 reconstructed vertices in one beam crossing which are very

closely spaced.

CMS Experiment at the LHC, CERN
E Data recorded: 2016-Sep-08 08:30:28.497920 GMT

Run / Event /'tS: 280327 /55711771 /67

Figure 3.3. An example of a high multiplicity event in CMS, which shows how
closely spaced the 86 collisions are (McCauley and CMS
Collaboration, 2017).
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3.1.3. HL-LHC: High-Luminosity LHC

The project called High-Luminosity LHC (HL-LHC) is expected to
improve LHC performance from 2024 onwards. Replacing the superconducting
magnets and other machine elements allow luminosity to reach L;,; = 5x10%
em~2s7! and therefore an integrated luminosity of 250 fb™' per year, with the aim of
reaching 3000 fb~' within a dozen years of the upgrade. This integrated luminosity

is ten times higher than expected for the first 12 years of LHC operation, as shown

in Figure 3.4 (Apollinari et al., 2017).

New LHC / HL-LHC Plan

LHC

Figure 3.4. The program of the HL-LHC (Apollinari et al., 2017). The purple line

indicates the energy of the collisions while the green line indicates the
luminosity.

The expected average PU is 140, up to a maximum of 200, with the
improvement in the instantaneous luminosity expected by the HL-LHC system
(ATLAS Collaboration, 2013). To deal with these new operating conditions, the
upgrade of the four major LHC experiments is scheduled to begin in 2024.

3.2. The CMS Experiment

The CMS detector (CMS Collaboration, 2008) (Figure 3.5) is equipped
with a 13 m long superconducting solenoid magnet with an internal diameter of 5.9
m which generates a magnetic field of 3.8 T. A muon detector system is located
outside the magnet with 21 m long with a diameter of 14.6 m. There is a device for
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tracking charged particles and a calorimeter, divided into two sections (the
electromagnetic calorimeter ECAL and the hadron calorimeter HCAL) are located

inside the magnet.

CMS DETECTOR STEEL RETURN YOKE

Tolal welght = 14,000 tonnes 12,500 tannes SILICON TRACKERS

Overall diameter :15.0m Pixed (100%) 30 pam®) —1.9 m® ~ 124 M channels
Overslllength  :28.7m Microstrips (80 180 um) ~200 m* ~9.6M channcls

Magnetic ficld  :387T

SUPBERCONDUCTING SOLENOID
Niabinm sitanium coil carcying - 18,000 A

MUON CHAMBERS

Barcel: 250 Dridt Tabe, 180 Resistive Plate Chambers
4 Ecdcaps: 510 Catbode Steip, 576 Resissive Plan: Chambers

PRESHOWER.
Silicon sirips ~16 m* ~ 137,000 dhiunriels

b
(< PORWARD CALORIMETER
" Strel + Quartz Bbzes ~2,000 Chanoels

CRYSTAL
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HADRON CALORIMETER (HCAL)
Brass + Plastic scintilator -7,000 chanoels

A1,

Figure 3.5. Schematic view of CMS (.Svakuma and McCéul\ey,v‘21014).

3.2.1. The Coordinate System and Kinematic Variables

The right-handed Cartesian system is used to define the geometry of the
detector, which has its origin at the collision point of the beams and is defined so
that the x-axis points towards the center of the LHC ring, the y-axis points
vertically upwards (perpendicular to the LHC plane) and the z-axis is directed
along the beam 2 (opposite beam) direction (Figure 3.6).

The cylindrical coordinate system (7, ¢, z) can also be used as a coordinate
system for the reconstruction algorithms since the geometry of the CMS detector is
cylindrical: The radial coordinate » indicates the distance from the z-axis. The

azimuth angle ¢ is measured from the positive x-axis in the x-y plane and the polar
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angle 6 is defined in the r-z plane but is usually expressed through the

pseudorapidity, #, which is defined as:
6
n=-ln tan- (3.4)
The rapidity of a high energy particle, y, is defined as:

y =1log (Ej_z) (3.5.)

where p, the longitudinal momentum and £ is the energy of the particle.
Measuring the rapidity can be hard for highly relativistic particles because it is

difficult to obtain the total momentum vector of a particle, especially at high values

of the rapidity. This leads to use of pseudorapidity for highly relativistic particles, y

7.
Another useful variable is the distance, AR, in the 7-¢ plane, which is defined as

AR = JAnZ + Ap? (3.6.)

The transverse momentum, pr, is defined as the component of the
momentum of the particles on the transverse plane x-y, while the transverse energy

is defined as E; = E sin 8.

pr=_[p}+p} (3.7
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LHCb

ATLAS

e \LICE

Figure 3.6. The CMS coordinate system (Neutelings, 2017).

3.2.2. Tracking System

The tracker is a detector that aims to reconstruct the trajectories of
charged particles by covering ranges up to |n| = 2.5 (CMS Collaboration, 1997).
The particle momentum, its projection and charge sign can be calculated on the
transverse plane via the reconstruction of the trajectories. The main requirements

of the CMS tracking system are as follows:

o High granularity and fast response due to the high track multiplicity
produced at each bunch crossing, produced by an average of more than
twenty p-p interactions.

e High radiation hardness to deal with the intense particle flux in the region
close to the beamline.

e Extremely low material budget to be the least invasive as possible and to
limit some processes that can mislead the trajectory reconstruction, such as
multiple scattering, bremsstrahlung, photon transformation, and nuclear

interactions.

The CMS tracking system can be divided into two silicon subdetectors:
pixel and strip tracker.
Pixel Tracker: It is the innermost CMS detector subsystem and placed near the

vertex of interaction. The pixel detector was designed for LHC design luminosity
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of 10°* cm™s™" and 25ns bunch crossing. The Phase0 pixel detector could not have
been able to deal with the rates that are observed at LHC recently, which already
exceeds the design luminosity. Thus, the phase0 pixel detector was replaced in the
Extended Year-End Technical Stop (EYETS) 2016/2017. The innermost layer of
the pixel detector is 29 mm away from the center of the beam pipe, see Figure 3.7.
It is now formed by four-layer barrel (BPIX), three-disk endcap system (FPIX).
The phasel pixel detector consists of 7'-in-n sensors with 66560 pixels of the size
100 x 150um? Each sensor includes a total active area of 16.2 x 64.8 mm? per 16
readout chips (one module), so that all 1856 modules of the new pixel detector

cover 1.95 m? (Sonneveld and CMS Collaboration, 2017).

Upgrade — - Outerrings
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; . e
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Figure 3.7. Geometry and modules of the phasel pixe1 detector (CMS
Collaboration, 2013a).

Strip Tracker: It is located in the outermost region of the tracker. In the barrel
region, there are four cylindrical layers of the Inner Barrel (TIB) and six layers of

the Outer Barrel (TOB), while the Endcaps are formed by nine layers each.

3.2.3. Electromagnetic Calorimeter

The aim of the electromagnetic calorimeter is to measure the energy of
electrons and photons. In CMS, the electromagnetic calorimeter (ECAL) is a
homogeneous calorimeter, which consists of PboWQ, lead tungstate crystals.

ECAL is composed of three main parts:
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e The Barrel (EB) (range of 5| < 1.48)
e Endcap (EE) (range of 1.48 < |n] < 3.0)
e The Pre-shower (located in front of the endcaps, range with 1.653 < |n| <
2.6)
In EB, the signal is read through avalanche photodiodes (APDs) while in
the endcap vacuum phototriodes, more resistant to radiation than APDs, are used.
The energy resolution of the ECAL calorimeter is parameterized by three

different contributions:

9 _ 2 nb
L= 20,00 (3.8.)

where the first term represents a stochastic term (¢ = 2.8%) which considers the
statistical variations in the identification of shower, the second takes the electronic
noise and the PU (b = 12%) into account and the third term is related to the

calibration (¢ = 0.3%). These values were determined by measuring the resolution

for electrons in beam tests (Adzic et al., 2007).

3.2.4. Hadronic Calorimeter

The primary aim of the Hadron Calorimeter (HCAL) in CMS is the
measurement of hadronic energy from collisions. In addition to the energy
measurement, the HCAL is used to identify and measure the missing transverse
energy resulting from neutrinos or exotic particles in collision events. The HCAL
is a sampling calorimeter consisting of alternating layers of absorbing brass plates

and plastic scintillator tiles. HCAL is divided into four main parts:

e The Barrel calorimeter (HB), pseudorapidity range with || < 1.3.

e The Endcap calorimeter (HE), pseudorapidity range with 1.3 < |n| < 3.

e The Forward calorimeter (HF), pseudorapidity range with 3 < |n| < 5.
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e The Outer calorimeter (HO) up to |n]| < 1.3.

As seen from the interaction point, the hadron calorimeter barrel and
endcaps are located behind the tracker and the ECAL. The HB is radially limited
between the outer range of the ECAL (R=1.77 m) and the inner range of the
magnet coil (R=2.95 m). This placement limits the total quantity of material that
can be used to absorb the hadronic shower (CMS Collaboration, 2008). The
absorber plates are 5 cm thick in HB and 8 cm thick in HE. The plastic scintillators
are 4 mm thick in the entire central hadron calorimeter. In the HF, the active
material consists of longitudinal 5 mm-thick quartz fibers.

The scintillation light is collected from the scintillator tiles by using a
wavelength shifting (WLS) fibers which are embedded in a groove in the
scintillator. Outside of the scintillator, the WLS fiber is connected to an optical
fiber that carries the signal to the reading device. Hybrid Photodiodes (HPDs) were
used in HB, HE and HO as the reading devices and then replaced by Silicon
Photomultipliers (SiPMs) during the Phase 1 upgrade which will be discussed
below.

The barrel part of the HCAL calorimeter does not provide enough
containment for hadron showers because of the space constraint within the magnet
cryostat. Scintillator layers are located outside the solenoid cryostat in order to
catch the energy leakage from HB called as HO or tail-catcher. In #, HO composed
of five rings and each ring has 12 identical ¢-sectors.

There are two HF calorimeters that have located both sides of the
interaction point at 11.1 meters in order to extend the hermeticity of the central
hadron calorimeter system to pseudorapidity of 5. Thus, the HF covers the
pseudorapidity of 3.0 < |y| < 5.0. It uses quartz fibers as the active material,
embedded in a matrix of copper absorber. Quartz fibers are used as the active

element in the HF since they are predominantly sensitive to Cherenkov light from
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neutral pions. Photomultiplier Tubes (PMTs) are used to collect light from these
quartz fibers.

The energy resolution of the HCAL calorimeter is

@b (3.9)

where a = 84.7 £ 1.6% and b = 7.4 £ 0.8% in the barrel region (CMS HCAL/ECAL
Collaborations, 2009).

During the CMS detector’s initial operation, Runl, anomalous signals
associated with particle showers passing through the PMT used in the HF
calorimeter were detected. Besides this problem, electrical discharges and gain
drifts were observed in the HPD when high voltage is applied in HB, HE and HO
calorimeters. The Phase 1 upgrade in HCAL is designed to improve the
performance of the subcalorimeters at high luminosity. It is achieved by increasing
the depth segmentation of the calorimeter and by offering new features for
anomalous background signals rejection (Mans et al., 2012). As part of the Phase 1
upgrade program, the following improvements have been implemented at HCAL, a
more detailed description can be found in References (Mans et al., 2012; Lobanov

and CMS Collaboration, 2015; CMS Collaboration, 2011).

o During the first long shutdown of the LHC (LS1, 2013-2014), the HPDs in
HO were upgraded with the SiPMs.

e QIE (Charge Integrating and Encoding) is an electronic chip that measures
the photodetector signals in HCAL. During the YETS 2015-16, QIE8 was
replaced with QIE10 with an integrated TDC in the front-end electronics of
HF.

e During the EYETS 2016-17, the single-channel PMTs were replaced by

multi-anode PMTs operated in a dual-anode configuration in the HF. Also,
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four of the HPDs in the HE sector (HEP17) were replaced with SiPMs and
QIES8 based readout electronics were replaced with QIE11. During the
2017-18 YETS, the rest of the HPDs of the HE calorimeters were replaced
with SiPMs.

e During the Long Shutdown 2 (LS2, 2019), the HPDs in the HB calorimeter
were upgraded with SiPMs and QIES8 chips were replaced with QIE11.

After the above-mentioned actions of upgrading, the current depth

segmentation of the HCAL calorimeter is shown in Figure 3.8.
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Figure 3.8. Longitudinal section of the HB, HE, HF, and HO detectors. The depth
segmentation in the upgraded HE and HB are increased. FEE
represents the locations of the front-end electronics in HB and HE
calorimeters. Each small box indicates a scintillator tile. The
color/shading of tile structure corresponds to depth segmentation
(https://home.fnal.gov/~chlebana/CMS/Phasel/figs/HCAL-Depth-
Segmentation-Phase1-HE-HBOption1.pdf).

3.2.5. Magnet
The momentum of the charged particles is measured by reconstructing the

curvature of their trajectory in the presence of a magnetic field. In CMS, the
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magnetic field is produced by a superconducting solenoid electromagnet (CMS
Collaboration, 1997a) with a massive return yoke (12 500 tonnes) that is part of the
external muon spectrometer. The level of the magnetic field is required to achieve
a high resolution compatible with the high luminosity of the LHC.

The solenoid winding is made of niobium-titanium superconducting cables
coated with aluminum. In order to obtain the superconductivity phase, the entire
solenoid is maintained at a temperature of 4 K by means of a liquid helium cooling
system. It is necessary to operate the magnet of 19.5 kA current inside the winding
and at steady in order to produce a magnetic field of 4 T, at which the magnet will
store the energy of 2.69 GJ. The CMS solenoid has more stored energy per unit
mass of coil (12 kJ-kg™") than any large superconducting magnet ever constructed

(Védrine, 2015).

3.2.6. Muon System

The muon detector system was designed to perform three main functions:
muon identification, momentum measurement, and muon triggering. The system is
positioned outside of the magnet coil and interleaved with iron return yoke plates.
The high resolution of the detector, the high magnetic field of the solenoid magnet
and its flux-return yoke provide a good momentum resolution of the muon. The
muon detector is composed of three different types of gas-ionization particle
detectors for muon identification: drift tubes (DT) in the barrel region, cathode
strip chambers (CSC) in the endcap region, and resistive plate chambers (RPC) in
both barrel and endcap (Figure 3.9). The basic physical modules are called
“chambers” and they are self-operating devices that are mounted into the overall
muon detector system of CMS (CMS Collaboration, 2013b).
Drift Tubes (DT): They are used in the barrel region (|n| < 1.2) where the
residual magnetic field is mostly uniform with intensity below 0.4 T and the low
muon rate (except in the outermost station of DT Chambers). Four layers of DT

chambers named MB1, MB2, MB3 and MB4 (from inside to outside) are arranged
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on five wheels along the z-dimension and each divided into 12 ¢-sections, where ¢
is the azimuth angle and MB stands for Muon Barrel. According to the studies,
made by using 2016 data, the spatial resolution in the ¢ superlayers is better than
250 um in MB1, MB2 and MB3, and better than 300 um in MB4. In the 6
superlayers, the resolution varies from about 250 to 600 um except in the outer
wheels of MB1 (CMS Collaboration, 2018).
Cathode Strip Chambers (CSC): CSCs are used in endcap regions and cover
pseudorapidity ranges of 0.9 < |n| < 2.4. In this region, the rate of muon particles
is high and the magnetic field is strong and non-uniform (Figure 3.10). A CSC
composed of six layers, each of them measures the muon position in the bending
plane (R@). The chambers are arranged on four disks for each endcap, divided into
concentric rings. The spatial resolution of the CSC varies from about 45 um to 134
um (CMS Collaboration, 2018).
Resistive Plate Chambers (RPC): 1056 RPCs are positioned both in the barrel
and in the endcap and cover the pseudorapidity range of |n| < 1.9. The RPCs are
used as trigger detectors; additionally, RPC hits are useful for reconstruction and
muon identification.

The RPCs have a spatial resolution worse than that of DT and CSC but
provide a fast response with a good temporal resolution (1 ns), which is why they

are useful for triggering.
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Figure 3.9. A schematic representation of a quadrant of the CMS detector. The
steel flux-return disks are indicated by dark gray areas. The four DTs
(in light orange) are indicated by MB (Muon Barrel) label and the
CSCs (in green) are indicated by ME (Muon Endcap) label. RPCs (in
blue) are positioned in both barrel (RB) and endcaps (RE) of CMS.
(CMS Collaboration, 2018).
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Figure 3.10. Left: Map of the intensity of the magnetic field. Right: A longitudinal
view of the CMS detector with magnetic field lines. (CMS
Collaboration, 2009).
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3.2.7. CMS Trigger System

At the nominal LHC design luminosity of 10** cm™s™, the rate of p-p
interactions is greater than 1 GHz with the bunch crossing frequency of 25 ns. Only
a small fraction of these collisions contains events of interest for the CMS
experiment and only a small fraction of these can be stored for subsequent analysis.
It is the task of the trigger system to select interesting events to archive offline. In
CMS, the trigger system is constructed in two levels: L1 and HLT. When the L1
trigger provides a positive decision about the event, the acquisition system
aggregates the data related to that event and provides the information to the next
trigger system (HLT) which makes the final decision. The reliability of the trigger
system is very important since each discarded event is not saved so the information
will be lost. Figure 3.11 shows the Trigger and Data Acquisition System (TriDAS)
which the trigger system is part of it.

e L1: The L1 system is based on a hardware trigger in the sense of being
developed almost entirely programmable electronics such as the FPGA or
the ASIC, in order to have a high computational speed. The first level of
the CMS trigger takes the decision to accept or reject the event based on
measurement roughness of the energy deposited in the calorimetric towers
and on the information coming from the muon detectors within a latency
time of up to 4 ps per crossing (CMS Collaboration, 2017a). The L1
triggers reduce the event rate from the LHC collision rate (~40 MHz) to
100 kHz (CMS Collaboration, 2010). Figure 3.12 shows the schematic
view of the trigger decision algorithm, divided into three main components
of the L1 trigger: the muon trigger, the calorimeter trigger, and the global
trigger. Both calorimeter and muon trigger have local, regional, and global
components. The local components, called Trigger Primitive Generators
(TPG) are based on tower energy sums in ECAL and HCAL for the

calorimeter trigger, track segments and hit patterns in the muon detectors.
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The Regional Calorimeter Trigger (RCT) combines the information of the
calorimeter TPG, determines isolated and non-isolated candidate
electromagnetic (e-y) objects, transverse energy sums per calorimeter
region and tau-veto bits, and sends them to the Global Calorimeter Trigger
(GCT). Then, jets and e-y objects are sorted based on their transverse
energies and the highest-rank four objects from each category are then sent
to the Global Trigger (GT). If the event passes the L1 trigger, is then
examined by the HLT trigger (CMS Collaboration, 2010).

e HLT: The High-Level Trigger (HLT) system is based on commercial
processors. The HLT has all the available information coming from the
detectors and therefore the processing a large amount of data has the need
for much more computing power. The HLT is a huge software running on
a PC farm which set of computers connected in a network to exchange the
information to process data quickly and efficiently. The task of HLT is to
reduce the event rate from 100 kHz to a frequency of ~1 kHz (CMS
Collaboration, 2010; Donatoa, 2018).
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Figure 3.11. Architecture of CMS Trigger and Data Acquisition System (CMS
Collaboration, 2010).
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Figure 3.12. CMS Level-1 Trigger System (CMS Collaboration, 2010).
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4. PHYSICS OBJECTS

In this chapter, firstly, the computer programs used to calculate or simulate
p-p collisions are presented. Two types of programs that are based on MC methods
are described; PYTHIA and HERWIG++. This chapter will conclude with the
sections corresponding to the algorithms dedicated to the reconstruction of higher-
level objects such as jets and missing transverse energy. These are the basic

elements of all physics analyses.

4.1. Monte Carlo Generation

MC generators are used in particle physics to make theoretical predictions
of the result of high-energy collisions and thus it can be compared directly with the
data coming from the detectors. The MC event generators are computer programs
that have been specially created for this task. How different programs can be
combined in the event-generation chain can be seen in Figure 4.1. There are two
production chains for parallel events; one for the data coming out of the detectors
(left lane) and the other for simulated events (right). The starting point of the
simulated events is the generators of MC events like PYTHIA (Sjostrand et al.,
2001; Sjostrand, 2008) or HERWIG++ (Béhr et al., 2008).

They output the four-momentum of all the partons in the final state of a
simulated collision and then one can reproduce very precisely the effect that these
events would have had in the detector. At the end, the two chains meet and we turn
exactly the same reconstruction algorithms on the data and the simulation. This is a
cornerstone of the data analysis system which will allow us to make consistent
data/MC comparisons.

Now, the different stages of the production of a complete MC event can be

examined as in the following subsections.
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Figure 4.1. Comparison of the event generation chain for data (left) and
simulation (right) (Ahmad et al., 2019).

4.1.1. Monte Carlo Event Generation Chain

An MC generator (Sjostrand et al., 2006) is used for a process ab — XY
given the different matrix-eclements 2 — 2, 2 — 1, and 1 — 2 to calculate the
production cross section ¢ of the process and describe the composition and
kinematic characteristics from the process. The latter is obtained by the random
variable of the MC type so as to find the probabilistic distributions described by the
quantum mechanics underlying the theory. The partons as described by an MC
generator had no interaction with the detector.

The MC generation can be separated into several stages, the main ones of

which are as follows (Sjostrand et al., 2005):

o The energy of the two-beam particles in the colliders requires a description
of the internal structure of the protons. Normally each particle is
characterized by the PDFs.

e The process, which we are interested in, consists of the collision of the two

incoming partons and the particles which result from them. The description
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at the level of the matrix elements of this process corresponds to what is
called “hard event” and leads to the production of partons directly resulting
from the hard process. However, statistically, the collision between the
protons mainly leads to simple particle-particle interactions such as
inelastic, diffractive, and non-diffractive interactions. All of these
interactions are called “minimum bias events” (Minimum Bias) because
they correspond to all the events that would be selected if there were no
trigger condition. These events must also be added to the description of the
hard event (Moraes, 2007; Sjostrand, 2014).

o The hard process requires large transfers of momentum and thus the
partons involved are dramatically accelerated. An accelerated electric
charge emits QED radiation (photons), the accelerated colored partons will
emit QCD radiation in the form of gluons that carry color charges and can
thus emit further radiation. The description of these emissions is generally
modeled by what is called “Parton Shower (PS)” or partonic shower
generator (Sjostrand et al., 2006). These radiations are composed of gluons
and photons and can be cataloged according to their type of production
before or after the hard event:

o Initial-State Radiation (ISR): An initial-state radiation is one that
occurs on an incoming parton of the hard process. These
irradiations can cause the production of jets in a direction close to
that of the incident hadrons.

o Final-State Radiation (FSR): A final-state radiation is one that
occurs from an outgoing parton of the hard process. These are the
main sources of radiation emitted co-linearly with partons from the
hard event.

e The partons emitted during the process move away from each other and the
interactions between them can no longer be described by the perturbative

calculation since a increases at low values of the shower evolution scales.
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We, therefore, use hadronization models, i.e. string model and cluster
model, (Andersson et al., 1983; Christova and Leader, 2009) to describe
the formation of detectable particles of neutral color charge.

e There is an extra hadron production in hadron collider events that arise
from collisions between those partons in the incoming hadrons that do not
directly participate in the hard process. Thus, it is an additional source of
energy that can reach the detector, known as the “underlying event” is
greater than minimum-bias events. It is important to model this additional
activity to properly reproduce the data. Indeed, for the partons carrying
color charges, the radiation of quarks and gluons will add after the
hadronization of many particles in the final state. Different types of models
(Sjostrand and van Zijl, 1987; Gustafson, 2007) were developed and
implemented in generators and then validated by comparison with the data.
Each time, these are phenomenological models that must be parameterized
according to the data.

o In the last stage of the event generation, the sequential decay of the
unstable hadrons produced depending on their lifetimes occurs in the
hadronization process. (Webber, 2011). The next step corresponds to
considering the disintegration of unstable particles (mesons, baryon, ...).
The decay products are obtained in accordance with the known phase
space of the parent particle from the decay modes and their branching

ratio.

Figure 4.2 summarizes this entire sequence. There are many generators of
various capacities which fall into practice in two categories: there are those which
stop at the generation of the hard event which will be called generators with
elements of matrices (Matrix Element) and those which manage the entire
generation chain, which we will call parton shower generators. PYTHIA and

HERWIG are versatile and general partonic shower generators in terms of the
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physical processes described. While others are more specialized at the level of
matrix elements and/or do not deal with the complete generation chain and must, in
this case, be combined with a partonic spray generator to describe the PS and
hadronization. The final product of MC generators consists of a collection of
“events” made up of particles in an observable final state (photons, leptons, and
hadrons) with their complete kinematic characteristics and information on the

vertex of the event.
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Figure 4.2. Pictorial representation of a p-p collision as simulated by an MC event
generator, where the different colors indicate the different stages
involved in event generation. The large green ellipses indicate two
partons from the incoming protons. The red blob in the center
represents the hard interaction, surrounded by a tree-like structure
representing Bremsstrahlung as simulated by parton showers (red), the
blue lines which represent ISR become red lines which represent FSR
after the hard interaction. The resulting partons hadronize into
colorless states (light green blobs) that subsequently decay into stable
particles (dark green circles). The purple blob indicates a secondary
hard scattering between proton remnants which is again creating a PS
(purple). This is part of the underlying event, together with the beam
remnants is shown as the light blue blobs. Yellow lines represent
electromagnetic radiation which occurs at any stage (Hoche, 2014).
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4.1.2. PYTHIA

One of the most frequently used pieces of software in particle physics is
the PYTHIA event generator which was developed mainly by Torbjorn Sjostrand.
PYTHIA is designed to simulate a wide variety of physics processes with more
than 300 different subprocesses including hard QCD, soft QCD, electroweak, onia,
top, Higgs, Supersymmetry, new-gauge boson, left-right symmetry, compositeness,
technicolor, leptoquark, extra-dimensional, dark matter processes. PYTHIA is
specially optimized for the 2 — 1 and 2 — 2 processes which sometimes limits its
use only to the PS and hadronization part (Sjostrand et al., 2006). Once the center
of mass-energy, the PDF, and the process are specified, the generation of events
begins with the simulation of the hard process followed by the disintegration of the
unstable particles. Then the generated partonic system is evolved with PS, in
PYTHIA using the interleaved evolution of both ISR and FSR. The simulation of
the underlying event is then considered for the parts that have not participated in
the hard interaction. Finally, it simulates the hadronization of disintegration
products according to the Lund string model which is discussed in Section 2.2.3.1.
PYTHIA also is interlinked with Les Houches Accord (LHA) and its associated
Les Houches Event Files (LHEF). In this way, it offers the possibility of reading
the hard process produced by such programs as MadGraph, Sherpa, CompHEP,
CalcHEP, etc. in LHE format and taking charge of the rest of the generation (PS
then hadronization). At the end of the chain, one obtains the list of the stable
particles generated as well as their four-momentum. We, therefore, classify
PYTHIA in the category of generators at the hadronic level, and the list of particles
can be directly read by a simulation program of the detector.

For our analysis, the most recent version PYTHIAS, with tune
CUETP8M], is used and an event number equivalent to 9,960,448 is generated for
the QCD sample at average energy in the center of mass of 13 TeV.
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4.1.3. HERWIG++

HERWIG (Hadron Emission Reactions With Interfering Gluons) (Corcella
et al., 2005) is another prominent example of event generator for the simulation of
hadron-hadron and lepton-lepton collisions at high-energy colliders. HERWIG is
using angular ordering in the generation of the parton shower and it simulates the
full hadronic interaction by the cluster model as discussed in Section 2.2.3.1

HERWIG++ (Béhr et al., 2008), as in HERWIG, describes the main stages
of the simulation of high energy collisions (i.e. hard subprocess, initial- and final-
state parton showers, the decay of heavy objects, multiple scattering,
hadronization, hadron decays) but it has a new parton shower and an improved
cluster hadronization model features. HERWIG++ is built on the Toolkit for High
Energy Physics Event Generation (ThePEG) (Lonnblad, 2006) framework and it

provides a much more flexible structure.

4.2. Jet Production in Hadron Collisions

The high-energy partons produced by the p-p scattering manifest
themselves in the final state as a collimated spray of particles that we call a jet, as
illustrated in Figure 4.3. In hadron-collider experiments, jets are ubiquitous and
indispensable to study the underlying dynamics and interactions. Jets have played
the main role in the discovery and property measurements of many fundamental
particles such as the gluon (g) (JADE Collaboration, 1980; PLUTO Collaboration,
1979; MARK-J Collaboration, 1979; TASSO Collaboration, 1979) and the top
quark (¢) (DO Collaboration, 1995; CDF Collaboration, 1995). Jets are a highly
powerful object in search of new physics and precision measurements of SM

properties due to their large production rate at the LHC (Kogler, 2019).
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Figure 4.3. Schematic overview of a jet to which bundles of partons, hadrons, or
detector measurements are clustered together (Carli et al., 2015).

There is no single and objective way to define the concept of a jet with
theoretically or experimentally. The precise definition of a jet requires a full
specification about the output of a jet reconstruction algorithm. The aim of the jet
algorithms is to reverse the hadronization, so, one may wish to reduce the
complexity of the final state to understand the initial state or to measure certain
parameters.

A jet reconstruction algorithm is divided into two parts (Catani et al.,
2000). The first step is to select all the relevant final-state particles that will define
a jet and the selection process is often called, by synecdoche, the jet algorithm. The
second step is to combine the four-momenta of the jet constituents to obtain the

four-momenta jet and this known as “recombination scheme”.
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Jets are reconstructed from topologically associated energy depositions in
calorimeter cells, charged-particle tracks, or simulated particles. Ideally, they are
corrected due to the intrinsic limitations of the system (such as the non-linear
response of the calorimeters, zero-suppression effects, PU, noise due to electronics)
so that the resultant four-momentum vector corresponds to that of the sum of the
original hadrons comprising the jet (Ellis et al., 2007).

CMS defines three types of jets according to the different ways of
combining the information of the different subdetectors (CMS Collaboration,

2011a):

e Calorimeter (CALO) jets are reconstructed with the information coming
from towers in calorimeters. Such a calorimeter tower consists of one or
more HCAL cells and the geometrically corresponding ECAL crystals
(Rabbertz, 2017).

o Jet-Plus-Track (JPT) jets are reconstructed calorimeter jets by replacing
calorimeter energy response and resolution with the charged particles
measured in the tracker system, according to the Jet-Plus-Track algorithm
(CMS Collaboration, 2009a).

o Particle-Flow (PF) jets obtained by clustering the four-momentum
vectors of the PF candidates. The PF algorithm aims at reconstructing and
identifying all visible particles in the event by combining the information
from CMS subdetectors (CMS Collaboration, 2011a). The PF algorithm

will be discussed in detail in Section 4.2.3.
In this thesis, we focused on the PF typology, because compared to the

CALO typology it provides more information about the jet, also using the

information coming from the tracker.
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4.2.1. Jet Algorithms
In order to construct an ideal jet algorithm, it should satisfy the following

general criteria.

o Fully Specified: The method of jet selection, the jet kinematic variables,
and the various corrections should be explicitly and completely described.

o Theoretically Well Behaved: The algorithm should be infrared and
collinear safe without parameters of ad hoc clustering.

o Detector Independence: Algorithm should be independent of
segmentation, the energy response, or the resolution of the calorimeter

e Order Independence: The algorithms should behave evenly at the parton,
particle, and detector levels. This point is very important since it
guarantees the possibility of comparing the data from the experiments with

MC simulations and theoretical calculations (Blazey et al., 2000).

The jet finding algorithm was first published by Sterman and Weinberg in
1977 (Sterman and Weinberg, 1977) and since then several jet algorithms have
been developed for hadron colliders (Ali and Kramer, 2011; Salam, 2009; Ellis et
al., 2007; Moretti et al., 1998). The jet algorithms are capable of working on
different types of objects, such as calorimeter towers (CaloJets), but they can also
use the generated particles (GenlJets) to distinguish the effects due to the detectors
and the algorithms. It is possible to categorize the jet algorithms into two main

classes: sequential recombination algorithms and cone algorithms.

4.2.1.1. Cone Algorithms

Cone jet algorithms try to associate the set of energy corresponding to a jet
in a cone of radius R (ARizj = (yl- - y]-)2 + (qbi - qﬁ,-)z < R?) fixed in the plane
(v, ¢). This algorithm has the advantage of having a simple geometric interpretation
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and being easy to implement, while the disadvantages of being slow and
consuming a lot of computing time. Despite the development of “seed”
reconstruction methods that reduce the computation time, this method has the
disadvantage of bringing sensitivity to infrared and uniform singularities.

In the past, experimentalists used cone algorithms because it was easier to
implement, but theorists do not prefer to use them because they contain non-
physical constants and generally, it is not infrared and collinear (IRC) safe as well.

The only IRC safe cone algorithm is the seedless infrared safe cone
algorithm (SISCone) (Atkin, 2015). Although it provides good stability for infrared
and collinear singularities and is fast enough to be used in the experimental
analysis, it is still neglected in favor of generally more efficient sequential

recombination algorithms (Coco et al., 2009).

4.2.1.2. Sequential Recombination Algorithms

The family of sequential recombination algorithms (Ellis and Soper, 1993;
Catani et al., 1998; Wobisch and Wengler, 1998; Cacciari et al., 2008; CMS
Collaboration, 2009b) corresponds to the second class of algorithms, the principle
of which is based directly on the concepts of singularities. Indeed, the purpose of
these algorithms is to collect the particles having the greatest probability of
belonging to a collinear or infrared safety. They try to do this by grouping pairs of
close particles sorted in transverse momentum. The sequential recombination
algorithm is used as a standard method class for jet reconstruction in hadron
collider experiments. There are several variations of this algorithm are typically
embedded in physical or geometrical criteria, such as the k7 algorithm, Cambridge-
Aachen and anti-k7. Cambridge-Aachen, and anti-k7 algorithms will be discussed in

Section 4.2.2.
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4.2.2. Reconstructed Jet Types at CMS

The reconstruction of a jet occurs through a clustering algorithm and CMS
mainly uses two types of algorithms: the anti-kr algorithm (Cacciari et al., 2008)
and the Cambridge-Aachen (C-A) algorithm (Dokshitzer et al., 1997). The C-A
algorithm is mainly used when looking for a possible substructure within a jet. The
anti-kr algorithm consists in coupling particles reconstructed by the PF algorithm,
starting from those closest to each other. The distance (dj;) between two particles i
and j and the distance (d:z) between a particle i and the beam B are defined by the
following quantities (Cacciari et al., 2008):

. A%
d;j = min (kgf, k7)) =2 4.1)

dip = k2P 4.2)

where kr; and ky; are the transverse momentum of the two particles, p is a value that
depends on the chosen reconstruction algorithm, A;; (\/m) is the
geometric distance between the two particles in the (y; ¢) plane and R is the
parameter that defines the width of the spray (it is 0.4 in standard jets). For the
anti-kr algorithm, we have p = —1, while for Cambridge-Aachen we have p = 0.

For each pair of particles 7 and j it is checked which of the two distances
just defined is the smaller. If the minimum is obtained for a value of dj;, then, the
particles i and j are merged together (their four-vectors are summed) and the
algorithm starts again. On the contrary, if the minimum is obtained for diz, the
particle i (often resulting from the fusion of several other particles during previous
iterations of the algorithm) is considered as a jet and removed from the list of
particles. The algorithm stops when no particles remain.

The only difference between these two algorithms comes from the way the

choice of particles to the group is made. For the anti-kr algorithm, the weight of
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each pair is proportional to min (1/ k%i, 1/k2 ;), which comes down to merging the
closest large momentum particles first. In the case of the C-A algorithm, the weight
is only proportional to the distance between the pairs: the closest particles are
merged first. Figure 4.4 shows an example of a reconstruction of the jets on the
same event by the two algorithms.

An alternative to the reconstruction of PF jets exists, using the calorimetric
clusters at the input of the algorithms for reconstructing the jets. This method was

used by CMS before the implementation of the PF, much more efficient.

~ |__CamJ/Aachen, R=1
b5 i

Figure 4.4. Reconstruction of the jets in the (y, ¢) plane for a distance R = 1
performed in the same event by the anti-kr algorithm (left) and by the
C-A algorithm (right) (Cacciari et al., 2008).

4.2.3. Particle-Flow Algorithm

In this section, we will provide a very brief description of the Particle-Flow
(PF) algorithm (CMS Collaboration, 2009¢) for particle reconstruction. The aim of
the PF algorithm is to identify all the stable particles present in the event, i.e.,
electrons, muons, photons, charged hadrons, and neutral hadrons, through an
appropriate combination of all the information coming from CMS subdetectors, in
order to obtain an optimal determination of their energy, direction, and type.
Physical objects are reconstructed as traces associated with ECAL and HCAL

deposits, pre-shower detectors, and muon detectors. This association occurs by
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means of a link algorithm that connects the PF elements from different
subdetectors (CMS Collaboration, 2009¢). Any pair of elements can be tested via
this algorithm. When the algorithm finds that two elements are linked, it defines a
distance between these two elements. This distance aims to measure the quality of
the connection (link). It then generates PF blocks of the elements associated with
either an indirect link or a direct link through common elements. (CMS
Collaboration, 2018a).

The operation of the PF algorithm can be described as follows: each block
consisting of a track hit in the tracker and a track of a muon in muon detectors is
classified as a muon and the corresponding track is removed from the set of blocks
to be analyzed. Subsequently, the electrons are reconstructed: each track of the
block is submitted to a pre-identification stage, in which the tracker is used as a
pre-shower detector for the electrons, exploiting the fact that the electrons tend to
give rise to short tracks and to lose energy by Bremsstrahlung. The tracks of the
pre-identified electrons are obtained with a fit and followed in an attempt to
establish their trajectories in the ECAL. The final identification of the electron is
made on the basis of a combination of variables related to the tracking and the
calorimetric deposit, giving rise to a “PF electron”. The detection of the neutral
particles (photons and neutral hadrons) in the block occurs through the comparison
between their momentum and the energy detected in the calorimeters. If a few
tracks can be linked to the same HCAL cluster, the sum of their momenta is
compared to the calibrated calorimetric energy. If only one track is linked to
several HCAL clusters, the link to the nearest cluster is held for the comparison
(CMS Collaboration, 2009c).

A track can also be linked to more than one ECAL clusters that those
clusters first sorted by their distance to the closest track. Then, the ordered list is
scanned and the link where the total calibrated calorimetric energy remains smaller
than the sum of the momentum of the charged-particles is kept (CMS

Collaboration, 2009¢).
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The “PF charged hadron”, which takes its momentum and energy directly
from the momentum of the track, is formed from the remaining tracks in the block.
The momentum of charged hadron can be defined again by the fit of the
measurements in the tracker and the calorimeters if the calibrated calorimetric
energy is consistent with the track momentum within the uncertainties of the
measurement (CMS Collaboration, 2009¢).

As mentioned above, the calibrated energy of the nearest ECAL and
HCAL clusters connected to the tracks needs to be larger than the total associated
charged particle momentum. In particular, if the relative energy excess is greater
than the total ECAL energy, it gives rise to a “PF photon”, and possibly to a “PF
neutral hadron”. The ECAL and HCAL clusters that are not originally linked to
any track or for which the link was disabled, lead to PF photons and PF neutral
hadrons, respectively. The neutral-hadron energies are calculated only by applying
the calibration method to the HCAL clusters (CMS Collaboration, 2009¢c). A
simulation of a jet reconstructed with the anti-kr PF algorithm is shown in Figure

4.5.
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CMS

%.
(c) (d)

Figure 4.5. A simulation of a PF jet reconstructed with the anti-kr algorithm in the
CMS detector. The data was recorded by CMS detector in 2010 and
the jet pris chosen as 115 GeV. (a) presents a jet cone with its tracks
(green lines) reconstructed in the silicon tracker. (b) presents a jet and
its tracks, photon candidates (dotted red lines), neutral hadrons (dotted
blue lines), energy deposits in ECAL (yellowish rectangles). (c)
presents a jet and its tracks, photon candidates, neutral hadrons,
charged hadrons (cyan lines), energy deposits in ECAL and HCAL
(teal rectangles). (d) presents the final view of the calorimeter deposits
of a jet with all of its constituents in CMS detector (Dorney, 2011).

In a high PU environment, the CMS PF algorithm is the first technique to
be optimized. Not only is the performance of PF energy reconstruction maintained
at high luminosity by using track information on the vertex position, but the CMS
PF algorithm has also been effective in reducing the PU effect by removing PF
candidates originating from well-reconstructed PU vertices. This new aspect of PF

is called Charged Hadron Subtraction (CHS) and reduces the in-time pileup
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contribution from charged particles (CMS Collaboration, 2009¢; Schwartzman,
2015).

4.3. The Reconstruction of the Missing Transverse Energy

The missing transverse energy (MET, E r) is the observable one uses to
obtain information on neutral weakly interacting particles that do not interact with

detectors such as neutrinos, muons. Particles that cross the detector’s improperly

instrumented regions can be a cause of apparent E 7 (CMS Collaboration, 2011b).
The CMS detector architecture was designed to maximize the hermeticity of the
calorimeters by experimentally covering the largest pseudorapidity coverage
ranges from -5 to 5 (CMS Collaboration, 2007). Although CMS is usually
hermetic, there are uninstrumented areas at the border between the barrel and
endcap parts and between the endcap and forward calorimeters in the CMS
calorimeter (CMS Collaboration, 2011b).

In the hypothesis of a perfect hermetic detector, we can estimate that if a
particle does not interact with the detectors all its transverse energy is missing.
Similarly, particles that are poorly reconstructed or escape without being detected
due to the blind area of the detector will only deposit some of their energy in the
detector. It is, therefore, necessary to distinguish between the actual MET carried
away by particles that do not interact with any detector and poorly instrumented
regions of the detector and measurements.

The MET is determined as the negative vector sum of pr of all

reconstructed particles;

Er=—Yiexbr, (4.3.)

where Pr, = (Px,, Dy,) represents the measured transverse momentum of the i

reconstructed object and X is the set of reconstructed objects.
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At CMS, several types of input objects are used to calculate £+ which is

the magnitude of E 1 (CMS Collaboration, 2011b):

e (Calo Er, which is calculated using only the information of the calorimeter
towers (CMS Collaboration, 2007a).

o TC E; (Track-corrected MET), which is based on Calo Er, but also adds
the tracker information to reconstruct the particles (CMS Collaboration,
20094d).

e PF E; is calculated from the reconstructed PF particles which is the most
precise because it uses data from all subdetectors (CMS Collaboration,

2009c).

The E; can be underestimated or overestimated due to a variety of effects,
such as the nonlinearity of the calorimeter response, non-instrumented areas of the
detector, inefficiencies in the tracker, minimum energy thresholds in the
subdetectors, electronic noise, PU, and underlying event. To remove the bias in the
Er scale, a two-stage correction was developed; Type-I and Type-II MET
corrections. The Type-II MET correction is not recommended for PF MET which
is used in this thesis, so missing transverse energy is corrected by using the Type-I

correction.

4.3.1. Type-I MET Correction

In each event, the Type-I correction is based on the energy response of
reconstructed jets and hence this correction propagates the jet energy corrections
(JECs) to MET. The Type-I MET correction, (j';y pe=l replaces the raw of the pr of
particles which can be clustered as jets with the vector sum of the pr of the jets to
which JECs are applied. Usually, PF MET clustered from PF candidates is used
however in this thesis, MET clustered from PF CHS candidates, so-called CHS
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MET, is used. Thus, the Type-I correction for the CHS MET can be written as
follows (Reimers and Karavdina, 2016; CMS Web JetMET TWiki Page, 2013);

~Type—I _ __ ~1123 _ 2L1RC
Cr7 =~ Lppazsasger (BFZ - BER (44,

—T -1 — - _
E:TT =By 4 Clre! 4.5.)

where L1, L2, and L3 are levels of JECs which will be discussed in Section 5, and
RC represents for Random Cone. A detailed description of the RC method can be
found in Reference (CMS Collaboration, 2017b).

4.3.2. MET Filters

As discussed in Section 4.3, various instrumental, reconstruction effects
and electronic noise can cause fake MET. The CMS-MET collaboration
recommended the following filters to remove the events which are produced by

spurious signals;

o HBHE Noise Filter: HPDs are used as a photodetector in the HB and HE
subcalorimeters of the HCAL. During the collision runs, anomalous noise
based on the feature of HPDs was recorded in the HB and HE. The noise
can be recorded only in one or a few HPD pixels (Ion Noise Feedback
Noise), in most or all pixels in a given HPD (HPD Noise), or in all 72
channels in a given readout box (RBX Noise). The HBHE noise filter is
used to remove these noisy pixels (Saka, 2016). Figure 4.6 shows an
example display of noisy event which rejected by this filter.

e HBHE Noise Iso Filter: In addition to HBHE noise filter, there is an
isolation-based noise filter which is a topological algorithm that combines

candidate noise clusters in the HCAL and ECAL, and compared with
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measurements from the tracker in the event-rejection decision (CMS
Collaboration, 2019).

e (CSC Tight Halo 2015 Filter: When beam protons suffer collisions with
the nuclei of the gas’ atom and the LHC beam collimators in the upstream
of the detector producing the Machine Induced Background (MIB, “beam
halo”) events where parallel to the beampipe. MIB events can cause an
abnormally large MET (Pivarski, 2008; CMS Collaboration, 2015a). The
CMS Muon Cathode Strip Chamber (CSC) subsystem can detect beam
halo events since the system has broad geometric coverage in the
transverse plane to the beamline and has a good reconstruction
performance for both collision and non-collision muons. Hence, the CMS-
CSC beam-halo event filter can be used to remove these MIB events by
using trigger and reconstruction level information from this subsystem
(CMS Collaboration, 2011b; CMS Collaboration, 2012).

e Ecal Dead Cell Trigger Primitive Filter: Some of the ECAL towers have
not the crystal-by-crystal precision readout. However, the trigger primitive
(TP) information is still available and can be used to estimate the energy
deposited in those towers. This filter removes events with a TP close to the
saturation value (127.5 GeV) (CMS Collaboration, 2019; CMS MET
Group, 2017).

e Primary Vertex Filter, which removes events that do not include a good
primary vertex.

o EE Bad Supercrystals Filter: In 2015, the ECAL had four noisy 5x5
endcap supercrystals which leading to anomalously high energy deposits
(TeV regime) in supercrystals. This filter rejects events with such high
amplitude anomalous pulses (CMS HyperNews ECAL Performance
Forum, 2015).
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~ HCAL energy deposit 1
CMS Experiment at LHC, CERN ",
CMS Data recorded: Sat Jun 9 00:04:20 2018 CEST E = 9728 GeV
il HCAL Energy deposit 2
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phi =066 E = 1730 GeV

Run/Event: 317626 / 335838311
\| Lumi section: 242
Orbit/Crossing: 63426499 / 1534
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Figure 4.6. A display of a noisy event rejected by the HCAL noise filter in Run
317626. Green lines indicate the high-quality PF tracks, yellow lines
indicate the reconstructed jets, red/blue bars represent the energy
deposited by the PF candidates in ECAL/HCAL respectively. The
violet arrow represents the missing transverse energy’s direction and
magnitude (CMS Collaboration, 2020).
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5. JET ENERGY CORRECTIONS at CMS

In an event, the jets reconstructed by clustering from four-momentum
vectors of PF candidates. The measured energy of the reconstructed jet can be
different from the final-state particle level jet which is clustered from all stable and
visible particles except neutrinos. This difference can be caused by several reasons,
e.g. non-linearities in the detector response, the particles created during the
hadronization do not correctly form into jets. Therefore, the energy of the
reconstructed jets needs to be calibrated. This chapter is dedicated to the jet energy

corrections which are performed in different stages.

5.1. CMS Factorized Jet Energy Correction Scheme
In general, the energy of the jets measured by the calorimeters will be
different from the exact energy of the particles constituting the jet because of the

reconstruction algorithms and the detector’s imperfections as listed below:

o The energy lost in the inactive areas of the detector. Although the detectors
have been designed to maximize hermeticity, we cannot avoid the presence
of non-instrumented areas upstream of calorimeter which leads to a
degradation of the measurement.

e Unequal calorimeter responses to the electromagnetic and hadronic
showers.

o The particles other than reconstructed jets: Some of the particles in the
initial spray may eventually not be contained in the restructured jet.
Typically, the low energy charged particles can be deflected by the
magnetic field and interact in another region of the calorimeters, far away

from the area where the jet is reconstructed.
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e In the process of jet reconstruction, there is a set of cuts on the tower
energies to eliminate the electronic noise effect and this is based on the
balance between jet reconstruction efficiency and instrumental fake rates.
It is necessary to take into account the possible losses introduced into this
method during the reconstruction of the jets and their constituents (Heister

et al., 2005).

Each of these effects is a source of uncertainty in the measurement of the
quantities linked to the jets and a calibration method must be applied in order to
restore equality between reconstructed and particle-level jets so that the simulation
reproduces the data well. Thus, the purpose of the jet energy calibration, so-called
JES correction, is to evaluate the energy that they actually have from the energy
that the jets deposit in the detector (CMS Collaboration, 2011a). JES calibration
can be performed by calculating the average of the jet response distribution in bins
of pr and #. An illustration of jet energy response distribution is shown in Figure
5.1. Here, in general, the width of the jet response distribution is known as the Jet
Energy Resolution (JER). The stochastic nature of shower processes, the electronic
noise, and the PU factors can cause the deviations in the jet response. As can be
seen from Equation 3.8, the stochastic term is proportional to 1/+E and the
electronic noise term is proportional to 1/E. Thus, when the jet energy increased

the JER becomes less significant.
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Figure 5.1. An illustration of the jet energy response distribution. JES is the

average response and the width of the distribution indicates the JER.
Reproduced from Reference (Kirschenmann, 2014).

In order to understand all the factors involved in the jet-energy calibration,
it has been proposed to use a factorized approach on several steps. The detailed
description of this approach is presented in (CMS Collaboration, 2011a; Esen et al.,
2007). In this approach, we apply sequentially a correction factor, C, to each

component of the raw jet four-momentum vector p;,*". We then obtain the

corrected jet four-momentum vector p;°" (CMS Collaboration, 2011a):

p” =C-p"" (5.1)

The correction factor consists of the offset correction Cyfrser, the MC

calibration factor Cyc, the relative residual energy scale correction C,.,; and
absolute energy scale correction C,ps. The different steps of the jet-energy
calibration in CMS are depicted in Figure 5.2. The offset correction corrects jets
for the extra energy due to noise and PU, the MC correction minimizes the effect
of non-uniformity in # and the non-linearity in pr, and the residual correction

corrects for differences between data and simulation as shown in Equation 5.2:

C= Coffset (p;:aW) - Cyc (pé‘: n) - Cret(n) Cabs(p¥ (5.2)
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where p7 represents the jet pr after applying the offset correction and p7 is the jet
pr after the offset, MC, and relative corrections. In this thesis, we mostly are
interested in the MC truth and L2 relative residual corrections. Each component of
the jet energy calibration will be discussed separately in the following sections

(CMS Collaboration, 2011a).

Required Corrections Data

} |

Reconstructed L1 L2 Rel: L3 Abs: q b L5 Flavor o
[ Jets Offset }( n ]{ pr ]{ L2L3 Residual: n ]—( (Optional) ){ Calibrated Jets ]

Figure 5.2. Illustration of factorized approach to jet-energy corrections where L
represents for level and the numbers show the location in the scheme.
Reproduced from Reference (Perloft, 2012).

MC

5.2. L1 Offset Correction

There are different sources of noise that contaminate the signal of an event
in CMS such as electronic noise, underlying events, and PU. The Level 1 offset
correction is the first level in the correction chain and aims to estimate and to get
rid of the contributions from the energy that is not associated with hard events, in
other words, to reduce the additional offset in jet energy coming from electronic
noise and PU. The first source of PU is that the PU interactions that coming from
collisions occurring within the same bunch-crossing, it produces additional tracks
in the tracker and deposits extra energy in the calorimeters. This source is called in-
time pileup (IT PU). The second one is that the PU interactions coming from
collisions in the previous or next bunch-crossing, this also produces additional
deposit energy in the calorimeters. This source is called out-of-time pileup (OOT
PU). The offset correction helps to eliminate both contributions from the jet
momentum. The amount of IT PU from charged particles can be reduced by

determining and removing the charged PF candidates originate from PU vertices,
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as illustrated in Figure 5.3 (CHS method, see Section 4.2.3.). The large amount of
OOT PU can be reduced by using the hybrid jet area method. This method uses the
average energy density multiplied by the jet active area in the event and then this is
subtracted from the jet energy to calculate the offset energy (CMS Collaboration,
2017b).

—— associated to main vertex - neutral hadron
—— associated to pile-up vertex —— charged hadron
—— not associated to any vertex

., ¥
bt > g

Eal

main vertex pile-up vertex

Figure 5.3. [Illustration of a simulated event containing a PU jet and a hard-scatter
jet (Berger, 2014).

5.3. L2L3: Monte Carlo Based Corrections

There are many benefits to derive a large part of the JEC from the
simulation. Firstly, the available phase space is not limited to the availability of
data and so initial corrections can be obtained without any collision data. Later, the
data-driven approaches have many of the biases due to energy resolution, we can
avoid those biases by using the simulation-driven approaches (Rabbertz, 2017).
The simulation based response corrections are derived after applying the L1 offset
step, and it corrects the energy of the reconstructed jet averagely equal to the
energy of the generated particle jet. This correction is evaluated by using the
simulated QCD jet events, generated with PYTHIA8 and we can define the jet

response in these events as;
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Ryect(pr),1) = - otk [ph*“! 1] (5.3)
T

where Rp¢c; is the simulated particle response which is the ratio of arithmetic
means of the pr of matched reconstructed and the pr of particle-level jets. The

binning variables are represented as the square brackets [p?td, n]; where p?td i

S
showing bin of the particle level jet pr, n is for the reconstructed pseudorapidity.
The angle brackets { ) denote the average of the variables within the binning (CMS
Collaboration, 2017b).

The MC based corrections include two types of corrections: Level 2 (L2)
relative and Level 3 (L3) absolute. The goal of the L2 relative and L3 absolute

corrections is to eliminate the dependency of the jet response on the jet n and jet

pr, respectively. The jet response corrected by the L2L3 factor is;

p%2L3
Riz2iz = “ptel (5.4.)

T

where pk?L3denotes the pr of the jet after the L2L3 correction and the jet response

should be close to one.

5.4. Residual Corrections
MC-driven response corrections should be complemented with data-driven
corrections since the simulation does not have perfect modeling of real detectors.
Therefore, we need to minimize the difference between the MC response and the
data response. To do this, an analysis method is developed to reconstruct the
response of jets and is applied to data/MC in the same way to evaluate differences.
The residual corrections for data are performed in two steps because of

statistical and systematic precision (Rabbertz, 2017).
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5.4.1. L2 Relative Residual Corrections in #

In the first step, most of the non-uniformity of the detector response in 7 is
removed by the relative residual correction. Since the objects are better
reconstructed, the variation of jets’ response is small and the detector is uniform,
the response in the barrel region (|| <1.3) is taken as a reference. To evaluate these
corrections, events composed of the two leading jets, called dijet events, in the
final state are used. An illustration of the dijet event topology in the transverse
plane is shown in Figure 5.4. One of the jets should be in the barrel region and
called a tag (barrel) jet. The other jet is at any #, called a probe jet. The bias caused

in the dijet events by the reference object which has poor energy resolution is

=pr = 05- (" + p7™"),

minimized by binning in average jet pr,p7“®

instead of p;ag . Choosing this pr binning also helps to suppress events with first
order hard radiation (ISR+FSR). This radiation can cause an imbalance in pr
between the reconstructed leading two jets.

Two methods were developed to evaluate pr imbalances: the pr-balance
and the missing transverse momentum projection fraction (MPF) method (CMS

Collaboration, 2011a; CMS Collaboration, 2009¢).
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Figure 5.4. Illustration of a dijet event topology in the transverse plane. The two
leading jets are back-to-back, while the ideal dijet topology is
compromised by additional jets (Karavdina et al., 2016).

5.4.1.1. pr-Balance Method

The pr-balance method was developed at the pp collider (SPPS, CERN)
(UA2 Collaboration, 1983), then improved through the DO-CDF experiments at
Tevatron (DO Collaboration, 1999; CDF Collaboration, 2006) and also used for the
jet energy calibration in CMS (CMS Collaboration, 2011a). The pr-balance method
is based on the principle of pr conservation: in an ideal dijet event case is
composed of two jets back-to-back in the azimuthal angle ¢ with A¢p > 2.7 and the
pr of two jets is equal. However, the pr of jets is not balanced at the calorimeter
level due to the non-uniformity of the detector response in 1. As we explained in
the previous section, one jet is required to be in the barrel region as a reference and
the other jet is at arbitrary n for the calculation of the relative jet response (CMS
Collaboration, 2011a).

The asymmetry variable, A, is defined as follows for the events with at

least two leading jets;
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probe__barrel

_ Dbr Pt
A - p¥r0b9+p¥arrel (55)
where p?mbe and p247¢! denote the probe and barrel jet pr, respectively. The

variance of the asymmetry variable can be defined as;

2

o | probe
A ap;robe

2
' az(pT ) + |ap§::rel

2
. O.Z(p?arrel) (5.6.)

If both jets are in the same 5 region, py = (p?"°’¢) = (p2¥!) and respective

uncertainties o(pr) = o(ph°’¢) = a(p2¥ ™) are equal. If we substitute these

last expressions into Equation 5.6, we can calculate the fractional resolution of the

jet pr as follows:

) 2o, (5.7.)
(o)

The relative response, R,.;, of the probe jet according to the barrel jet is

determined by using the average value of the asymmetry, (.A), for all events;

_ 1+(A)
Rret (077, 1) = 15 (5.8

If a proper fine binning is used in py, Equation 5.8 reduces to

probe
T

Rrat (1777, Br) = (5.9)

and the resolution of jet p is minimized for a single event. Since the presence of
ISR or FSR can violate the balance of the dijet topology, the relative response is
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also sensitive to these radiations. It is possible to correct this bias related to ISR

and FSR by applying a correction factor as described in Section 7.2.1.

5.4.1.2. Missing Transverse Momentum Projection Fraction Method

The missing transverse momentum projection fraction method (MPF) was
used by the experiments at the Tevatron (D0 Collaboration, 1999) and also used for
the jet energy calibration in CMS during Runl (CMS Collaboration, 2011a) and
RunlI (Stéver and CMS Collaboration, 2017; CMS Collaboration, 2020a) period.
The MPF method is based on the idea that dijet events as shown in Figure 5.5 have
no real missing transverse energy at the particle level. Thus, the tag jet pr should be

perfectly balanced by the hadronic recoil in the transverse plane;

Priivue + Privue = 0 (5.10)
where pre°Y is the vectorial sum of the momentum of the total hadronic activity

which comprises the events that are not represented by reconstructed particles. The

hadronic recoil includes probe jet but may not be the whole of it (Esen et al., 2007).
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Figure 5.5. Sketch of the ?T Projection Fraction (MPF) method showing the
barrel jet and recoiling hadronic activity (Kirschenmann et al., 2011).

The response of the barrel jet (Rpqrer) @and the hadronic recoil (R ecoir)
might be different at the detector level and this can cause the pr imbalance. We can

now write down Equation 5.10 as;
~>barrel >recoil _ __
Rbarrel *PTtrue + Rrecoil *PTtrue = _ET (5-11-)

It is possible to write the R, ecoi; down from Equations 5.10-5.11 as follows

(Kirschenmann et al., 2011);

ELT' =barrel

Pr,
Rrecoit = Roparret + (aba% (5.12)

2
PTtrue)

Since the variation of the jet response in the barrel region is very small we can

assume Rpygrre; = 1, ool = po el and write down the Equation 5.12 as;
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E'T.ﬁ?arrel .
Rrecoir =1+ R = Rupr (5.13))

which shows the MPF response variable. The MPF response is an evolution of the
pr-balance and more reliable since it evaluates the total hadronic recoil activity and
very low sensitivity to additional ISR or FSR. The MPF method is used to produce
the official jet energy corrections. The pr-balance method can be used to check the

compatibility of the corrections obtained.

5.4.2. L3 Absolute Residual Corrections in pr

In the Level 3 absolute residual correction, the response of the detectors is
measured as a function of pr and removes the variation of jet response that results
from the non-linear calorimeter response. We have already discussed this
correction derived from MC truth in Section 5.3. The data-driven techniques are
used in y +jet, Z » eTe” + jet, and Z - uTpu~ + jet event topologies to evaluate
the absolute residual correction. As the energy of y, Z are measured with great
precision in the ECAL, the pr of the y and Z are used as reference objects to
calibrate the jet. The jet should be in the barrel region and back-to-back to the
reference object. Both methods (pr-balance and MPF) used during the
determination of the L2 relative residual correction are also used for the L3
residual correction. Thus, we can rewrite Equations 5.9 and 5.12 for the responses

of the pr-balance and MPF methods, respectively, as follows;

jet

p
Rbalance = )7;,2 (5. 14.)
Pr

B vz
ErPr = Ruspr (5.15.)

(#77)

Rrecoit = Ry,Z +
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where R, ; denote the detector response to the photon or Z-boson (CMS
Collaboration, 2011a).

5.5. Optional Corrections

There are a few more planned steps that can be used optionally in the

factorized approach of JEC:

Level 4 EMF correction corrects the variation of jets’ response with the
electromagnetic energy fraction (EMF). The L4 EMF correction describes
the response of the detector as a linear combination of the response for
electromagnetic, hadronic, and invisible particle types (Esen and
Landsberg, 2009).

Level 5 Flavor correction corrects the jet to the particle level considering
that the jet originates from a single parton flavor (light quark, c, b, gluon)
(Cammin, 2009; Naumann-Emme et al., 2010).

Level 6 Underlying Event correction is meant to remove the luminosity
independent underlying events, which are not coming from the hard
process, from the jet (Esen et al., 2007).

Level 7 Parton correction corrects the particle level jet back to parton level

after the previous corrections.
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6. DETERMINATION of RELATIVE and ABSOLUTE MC TRUTH JET
ENERGY CORRECTIONS

The jet energy recorded at the detector level and the energy calculated at
the generator level are different. This variance mostly varies depending on the
response of the detector and the technique used in clustering the jets. It is therefore
important to make corrections to calculated jet energy in order to estimate the jet
energies at the generator level. As discussed in Chapter 5, the jet energy correction
scheme is factorized in CMS and each factor is corrected for a different source.
The following chapter is denoted the event selection that is employed in the

determination of relative and absolute L2L.3 MC truth jet energy corrections.

6.1. Dataset and Event Selection

MC is the primary source of knowledge about the JES until data is
collected and the behavior of the detector is well understood. The data-based
techniques can then be the source when data is started to be collected. Through this
period, the MC truth, that is, processing particle jets information before it reaches
the detectors play a significant role in determining early corrections and the biases
of data-based techniques (Harris and Kousouris, 2008).

In this study, an analysis package is developed to run the MINIAODSIM
sample. L1FastJet jet energy correction was not considered because the MC sample
used in this analysis has produced without PU which is listed in Table 6.1. The MC
was reconstructed by using CMSSW 7 6 3 with the global tag
76X_mcRun2_asymptotic RunlIFall15SDR76 vl.
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Table 6.1. MC set name with cross section information used in the analysis.

MC sample Cross section | Raw
o (pb) Events
/QCD_Pt- 20221x10° 9960448

15t07000_TuneCUETP8M1_Flat_13TeV_pythia8/Ru
nlIFall15MiniAODv2-
25nsNoPURaw_magnetOn_76X_mcRun2_asymptoti
c v12-v1/MINIAODSIM

The MC events are used to determine the jet response measurements based
on the MC truth information. The events are requested to contain one well-
reconstructed primary vertex with at least four tracks, and with the z-component of
the primary vertex to be less than 24 cm (|z(PV)| < 24 c¢cm) to ensure that selected
events are not coming from PU interactions. The generated and reconstructed jets

are required to match in (1, ¢) space by a criterion of AR < 0.2 ;

J(@iet —nref)2 + (pJet — pTef)2 < ARpyqy = 0.2 (6.1.)

where the generated jets are used as the reference jets (p;qen = p;ef ). The PF jets
with CHS which reconstructed with the anti-kr jet clustering algorithm with the
cone size parameter of R = 0.4 are studied in this study. The jets are asked to have

a pr above 10 GeV.

6.2. Determination of the L2L.3 MC Truth Correction

The distribution of the reconstructed jet p7°°° and the response are

analyzed in fine bins of jet n and p;ef for the matched jets. The fine n and p;ef

bins which are used in this study are shown in Table 6.2. The correction factor can

then be calculated as the inverse of the mean response as a function of p7°¢° in

each fine n and p;ef bins as follows;
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R((pFeeo), ) = <(’;7;ef)) [pr ] (6.2.)
T

Table 6.2. Bins of the  and prused in the analysis.

Inl 0, 0.087, 0.174, 0.261, 0.348, 0.435, 0.522, 0.609, 0.696, 0.783, 0.879,
0.957, 1.044, 1.131, 1.218, 1.305, 1.392, 1.479, 1.566, 1.653, 1.74, 1.83,
1.93, 2.043, 2.172, 2.322, 2.5, 2.65, 2.853, 2.964, 3.139, 3.314, 3.489,
3.664, 3.839, 4.013, 4.191, 4.363, 4.4538, 4.716, 4.889, 5.191

pr 10, 15, 21, 28, 37, 49, 64, 84, 114, 153, 196, 245, 300, 362, 430, 507,
(GeV) | 592, 686, 790, 905

The official framework (Perloff and Eusebi, 2013) provided by the JetMET
group has been combined the factorized L2Relative and L3Absolute corrections
and produced in a single step, so-called combined L2L3 correction. Nevertheless,
in this analysis, the L3 absolute correction is produced separately to make cross-
checks. While deriving the L3 jet energy correction, the central region of the

calorimeter (|n] < 1.3) was used as the reference region. It aims to obtain a factor
that corrects the mean calorimeter jet pr back to the particle level p;ef in the

control region, |n| < 1.3.

The L3 correction in py can be determined by the following strategy:

e Selection of a pr in the barrel region,

e The response, p;°c° = R(p;ef ) : p;ef , is measured for the matched jets.

e L3 correction is calculated as the inverse of the response in the same p;ef

bin, ﬁ. The response and L3 correction are fitted by smooth functions.
Pr

Figure 6.1 shows the distributions of jet response in || < 1.3 with four different pr

regions.
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Figure 6.1. AK4 PFCHS jet energy response distributions in the control region
Inl < 1.3 and 15 < pi¥/ < 21 GeV (upper left), 28 < pi/ < 37 Gev

(upper right), 49 < pref < 64 GeV (bottom left) and 84 < p;ef <114
GeV (bottom right).

Figure 6.2 left shows the L3Absolute correction as a function of jet py and

Figure 6.2 right represents the jet response as a function of p;ef . The jet response
and L3 correction distributions are fitted with the smooth functions shown in

Equation 6.3 and 6.4, respectively;

ref by by
R((p )) - log( ref))]b2+b +(p;ef) (63)

Cq1 C4
CUpr)) = co + foctmmizre; ~ o (64.)
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Figure 6.2. Left: The L3 absolute correction in the control region as a function of
jet pr for the AK4 PFCHS jets. Right: The jet response in the control

region || < 1.3 as a function of p;ef for the AK4 PFCHS jets. The
points come from the relevant response measurement by using the
mean values and the curve is the smooth fit.

As mentioned before, the JERC group has started to use combined L2L3
MC truth correction instead of the factorized L2 Relative and L3 Absolute jet
corrections. While deriving the combined L2L3 correction, at least 100 entries are
required in jet energy response distributions. Figure 6.3 shows the distributions of
jet response in three different detector regions for three different pr bins. The jet
responses obtained for the jets with very low pr are shown in the left part of Figure
6.3 As the p;ef value grows, these distributions are becoming narrower and more
comparable to Gaussian distributions. Then, these distributions can be fitted with a
Gaussian function. The distributions for the very low pr do not show a narrow
Gaussian distribution as it is expected. Because of this reason, the mean of fit or
arithmetic mean of the distributions didn’t use in the analysis. Instead of this, the
median is used as the histogram metric. The median of the distributions is

calculated as follows;

——Fmy—
2 fm-1

Med =L, + [ ] ‘C (6.5.)

fn
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where L,, represents the lower limit of the median bin, N represents the total
number of entries, F,,,_; represents the total number of entries in all bins below the
median bin, f,, is the total number of entries of the median bin, ¢ is the width of

median bin. The standard error on the median is evaluated as follows;

Omedian = 1.253 - —= (6.6.)

B

where o is the standard deviation of the gaussian distribution and N represents the
total number of entries.

The next step is that the absolute jet response and correction distributions
created as a function of p;ef for each n bin. Then, the absolute correction
distribution is fitted by spline5 function, [po+ ((pr— p1)-(p2 + ((pr— p1)-(p3 + (pr—

pn).(pst ((pr— p1)-(ps + ((pr— p1).ps6)))))))))], in each n bin. Figure 6.4 shows the
distributions of absolute jet response and correction in 0.087 < n < 0.174, 1.74 <
n < 1.83,and 4.013 <n < 4.191.
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Figure 6.3. AK4 PFCHS jet energy response distributions in 0.087 <7 < 0.174
(top), 1.74 < n < 1.83 (middle), and 4.013 < n < 4.191 (bottom) for

three pi¢/ bins (15 < pi¥ < 21 GeV (left), 49 < p;’ < 64 GeV
(middle), and 84 < p7*/ < 114 GeV (right)).
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Figure 6.4. Left: Absolute response as a function of p;ef in 0.087 <n < 0.174
(upper), 1.74 < n < 1.83 (middle), and 4.013 <1 < 4.191 (bottom)
for AK4 PFCHS jets. Right: Absolute correction as a function of jet
pr in 0.087 <n < 0.174 (upper), 1.74 <n < 1.83 (middle), and
4.013 <1 < 4.191 (bottom) for AK4 PFCHS jets.

102



6. DETERMINATION of MC TRUTH JECs Ziihal Seyma DEMIROGLU

In Figures 6.5 and 6.6 we examine the behavior of MC truth corrections as
a function of p7°¢? for all # bins. It is observed that the corrections behave smooth,
in a similar way for positive and negative # bins. In Figure 6.7, we examine the
behavior of corrections as a function of # for various p7°¢° values. It can be seen
that the corrections are symmetric between positive and negative # bins.

The produced L2L3 correction differs continuously per pr bin in a given n
bin but it differs discontinuously from one 1 bin to another. Therefore, a spline
interpolation is performed between the correction factor provided by the particular
bin a jet belongs to and the factors provided by the two neighboring bins during the

implementation of the correction.
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Figure 6.5. The behavior of L2L3 MC truth corrections as a function of p}°¢° for
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Figure 6.7. The behavior of L2L3 MC truth corrections as a function of 1 for

various p7°¢° values.

Figure 6.8 presents the simulated jet response as a function of the
reconstructed jet n for anti-kr PFCHS jets with a distance parameter R = 0.4 for jet
pr’s from 15 GeV up to 400 GeV. More than 80% of the original pr are retained in
|| < 3.0 region with jet pr less than 400 GeV. A much larger portion of jet pris lost
in || > 3.0 region with pr =15 GeV, up to around 35 percent.
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Figure 6.8.

CMS simulation Preliminary 13 TeV
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The simulated jet response as a function of jet || for anti-kr PFCHS
jets with the distance parameter of R = 0.4 for jet pr’s from 15 GeV up
to 400 GeV. The dotted line presents the transition region between HE
and HF in which parts of the incident jets cannot be reconstructed.

The correction factor is a global multiplicative factor as shown in Equation

5.1. Figure 6.9 presents the multiplicative scale factors as a function of # for jets

with three different pr values; 30, 100, and 300 GeV. Correction factors behave

very smoothly in the barrel region of the detector. While the correction factors are

slightly larger in the transition regions between the subdetectors, they, particularly

the jets with the lowest energy, are much larger in the forward region.
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Figure 6.9. The multiplicative scale factors as a function of # for pr= 30, 100, and
300 GeV.

Figure 6.10 presents the correction factors in the plane of jet # and pr. In
order to show the variability in a given plot as a function of the bin-to-bin
distances, a semi-variogram analysis was performed. The variogram is a
quantitative descriptive statistic that can be graphically represented in a manner
that characterizes the spatial continuity (i.e. roughness) of a dataset. The semi-
variogram plot obtained for this analysis is also shown inside Figure 6.10. A
typical semi-variogram analysis consists of the experimental semi-variogram
obtained from the data and the semi-variogram model fitted to data. An appropriate
model, the spherical variogram model used in this analysis, is chosen by matching
the shape of the curve of the experimental semi-variogram to the shape of the curve
of the mathematical function. The black line with the dots is the experimental
semi-variogram for data, while the red line is a fitted variogram function. This

method is most helpful to compare different sets of JECs.
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Figure 6.10. The correction factor as a function of 7 and pr.

6.3. Closure Test

The term “closure test” refers to numerous tests that aim to verify the
validity of the applied corrections. The derived L2L3 MC truth corrections are
applied to the same sample and exactly the same jets from which we derived them.

We study the p7°¢° corrected with 2015 MC truth corrections over the
p;ef . The simulated jet response after applying the MC truth corrections as a

function of n"¢¢° for various p;ef bins is shown in Figure 6.11, Figure 6.12, and

Figure 6.13.
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Figure 6.11. The simulated jet response of AK4 PFCHS jets, after L2L3 MC truth

JECs have been applied, as a function of " for various p;ef bins
from 10 to 64 GeV, using a no PU sample.
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Figure 6.12. The simulated jet response of AK4 PFCHS jets, after L2L3 MC truth

JECs have been applied, as a function of " for various p;ef bins
from 64 to 300 GeV, using a no PU sample.
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Figure 6.13. The simulated jet response of AK4 PFCHS jets, after L2L3 MC truth

JECs have been applied, as a function of "“° for various p;ef bins
from 300 to 905 GeV, using a no PU sample.
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Figure 6.14 shows the jet response as a function of the p;ef after the
correction in the four different regions of the detector which defined in Figure 6.8.
As can be seen from the distribution, it shows full closure within £1% for pr is
from 15 GeV up to 400 GeV except some bins in the HE and HF regions because
of a lack of statistics. There is non-closure for the jets with pr < 20 GeV in all

regions.
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Figure 6.14. The closure test on anti-kr PFCHS jets with the distance parameter of

R = 0.4 as a function of p;ef in the four regions, using a no PU MC
sample. Black dots are for the barrel region, the open blue circle
represents the inner endcap region, red full triangle-up is for the outer
endcap and the forward region is shown as magenta open triangle-up.
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7. DETERMINATION of L2 RELATIVE RESIDUAL JET ENERGY
CORRECTIONS with 2015 LOW PILEUP DATA at \s =13 TeV

The determination of the relative residual jet energy corrections for the
2015 low PU data at 13 TeV is presented in this chapter. The data and MC samples
used in the analysis, the trigger efficiency is discussed in the following sections. It
is then followed by the criteria of the dijet event selection and the distributions of

jet response comparing the data with simulated events.

7.1. Data Samples and Event Selection
7.1.1. Data Samples

The low PU runs which are recorded during the 2015 running period of
LHC at the center-of-mass energy of 13 TeV have been used. The dataset
corresponds to an integrated luminosity of £;,; = 0.41 pb~' which calculated using
the official CMS brilcalc tool. The data and MC samples used in this analysis are
listed in Table 7.1 and Table 7.2, respectively. The data and MC samples were
reconstructed by using CMSSW 7 6 3. The certified low PU runs and the
luminosity sections recommended by the CMS Physics Validation group are listed
in Table 7.3. The JEC correction sets, Falll5 lowPU V1 DATA.db and
Falll5_lowPU_V1_MC.db which includes new 2015 L2L.3 MC truth corrections
are applied to sample of MC and data, respectively.
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Table 7.1.The reprocessed dataset samples for the 2015 low PU runs.

Dataset Total
Recorded
Lumi (pb™")

/FSQJets1/Run2015D-16Dec2015-v1/MINIAOD 0.410368278
/FSQJets2/Run2015D-16Dec2015-v1/MINIAOD 0.410368278
/FSQJets3/Run2015D-16Dec2015-v1/MINIAOD 0.410368278
/L1MinimumBiasHF 1/Run2015D-16Dec2015-v1/MINIAOD | 0.40431008
/L1MinimumBiasHF2/Run2015D-16Dec2015-v1/MINIAOD | 0.40431008
/L1MinimumBiasHF 3/Run2015D-16Dec2015-v1/MINIAOD | 0.40431008
/L1MinimumBiasHF4/Run2015D-16Dec2015-v1/MINIAOD | 0.40431008
/L1MinimumBiasHF5/Run2015D-16Dec2015-v1/MINIAOD | 0.40431008
/L1MinimumBiasHF6/Run2015D-16Dec2015-v1/MINIAOD | 0.40431008
/L1MinimumBiasHF7/Run2015D-16Dec2015-v1/MINIAOD | 0.40431008
/L1MinimumBiasHF8/Run2015D-16Dec2015-v1/MINIAOD | 0.40431008

Table 7.2. The reprocessed MC samples for the 2015.

MC sample Cross Raw

section Events
o (pb)

/QCD_Pt- 20221x10° | 9960448

15t07000_TuneCUETP8M1_Flat_13TeV_pythia8/Runll

Fall15MiniAODv2-

25nsNoPURaw_magnetOn_76X_mcRun2_asymptotic

v12-v1/MINIAODSIM

/MinBias_TuneCUETP8M1_13TeV_PYTHIA8/RunllFall | 2355x10° 9946888

15MiniAODv2-noPU_76X_mcRun2_asymptotic_v12-

v1/MINIAODSIM

Table 7.3. The official JSON file name which filters good runs and luminosity

sections.

JSON File

Low PU Runs with Luminosity
Sections

Cert_13TeV_16Dec2015ReReco

Collisions15_25ns_Totem_JSON_v2.txt

259237: [[1, 270], [273, 309], [312,
576]]

259385: [[1, 514], [517, 539], [541,
545), [548, 549]]

259388: [[1, 185], [188, 339], [342,
447, [450, 455, [458, 726], [729, 747]]
259399: [[127, 279], [282, 511], [514,
526], [529, 589]]
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7.1.2. Trigger Efficiency

To calculate the trigger efficiency, /FSQJets1/Run2015D-16Dec2015-
v1/AOD dataset is used. The events preselected by DiPFJetAveX Central,
DiPFJetAveX HFJEC, and L1MinimumBiasHF1OR_partY triggers were used in
this analysis, where X stands for energy thresholds 15, 25, 35 GeV, and Y stands
for the number of part 0, 1, 2, 3, 4, 5, 6, 7. Each high-level trigger is seeded by a
different Level-1 jet trigger; i.e., HLT DiPFJetAveX triggers are seeded by
L1 SingleJet, HLT L1MinimumBiasHFIOR  triggers are seeded by
L1 MinimumBiasHF1 OR, more details can be found in Table 7.4.
DiPFJetAveX Central and DiPFJetAveX HFJEC are the jet calibration triggers
which specifically designed to obtain low PU runs and they trigger in p$Y¢ instead
of pr of a single jet. These triggers are built from hltAk4pfjetCorrected with pr >
10 GeV and three different p$¥¢ thresholds (15, 25, 35) are used. For the Central
triggers; the tag jet is required to be in |n| < 1.4 and probe jet is in the |n| < 2.7.
For the HFJEC triggers; the tag jet is required to be in 1| < 1.4 and probe jet is in

the [n] >2.7.

Table 7.4. Trigger rates [kHz] of the triggers in different runs used for this analysis.

HLT Path L1 Seed Run Run Run Run
2592 | 2593 | 2593 | 2593
37 85 88 99

DiPFJetAve15 HFJEC Singledet8_BptxAND | 0.87 0.64 1.08 | 0.79

DiPFJetAve25 HFJEC Singledet12_BptxAN | 3.90 1.50 | 4.82 3.46
D

DiPFJetAve35 HFJEC SingleJet16_BptxAN | 5.83 1.50 719 | 5.18
D

DiPFJetAve15 Central SingleJet8 BptxAND | 1.72 1.27 | 2.10 1.53

DiPFJetAve25_Central SingleJet12_BptxAN | 8.72 3.31 10.72 | 7.73
D

DiPFJetAve35_Central SingleJet16_BptxAN | 14.66 | 3.75 18.05 | 13.00
D

L1MinimumBiasHF1OR_ | L1_MinimumBiasHF | 35.72 | 5.35 | 42.41 | 31.08
partX; X= [0, ..., 7] 1 OR
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The determination of trigger efficiency has been performed by using a so-
called tag-and-probe method on balanced back-to-back dijet events. In this method,
the dijet events produced back-to-back in the transverse plane (A¢ > 2.7) have
been used and one of the jets is selected as the tag and the other one as the probe
jet, such that the selection applied to the probe jet is not biased by the trigger under
study. Events are selected from the FSQJets datasets with the DiPFJetAveX trigger
paths. It is explicitly required that the tag jet should be in the barrel region (|n]| <
1.3) passing the offline trigger threshold of the emulated trigger and has the jet
matched to the HLT jet within a distance of AR < 0.2. The probe jet is matched to
the leading HLT-like calorimeter jet within a distance of AR < 0.2. To calculate the
trigger efficiency, the pr distribution of matched probe jets having HLT-like pr
above the nominal energy threshold is divided by the pr distribution of all probe
jets.

The efficiency distributions for different triggers are shown in Figure 7.1.
To define the trigger thresholds, each trigger efficiency is fitted separately with an

error function which includes three free parameters as the following:

fr") =a+05-(1—-a) - (1+erf (" —w)/0)) (7.1

The trigger threshold, p7i3, can be correctly computed from f (p%_'f;% , Where the

ave

efficiency equals 98% of the plateau-value. The prgg thresholds for all trigger
paths are listed in Table 7.5.

Table 7.5. Trigger thresholds of DiPFJetAve triggers.

Central Triggers Threshol | HF Triggers Threshol
d (GeV) d (GeV)

HLT_DiPFJetAve15_Centra | 33 HLT_DiPFJetAve15 HFJE | 29

| v2 C v2

HLT_DiPFJetAve25 Centra | 48 HLT_DiPFJetAve15 HFJE | 43

| v2 C v2

HLT_DiPFJetAve35_ Centra | 61 HLT_DiPFJetAve15 HFJE | 56

| v3 C_v3
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Figure 7.1. The measured trigger efficiency curves for DiPFJetAve Central (left)
and DiPFJetAve HFJEC (right) triggers as a function of jet p$“.

7.1.3. Event Selection

The determination of L2 relative residual corrections is studied by using

the dijet events with anti-kr PFCHS jets distance parameter of 0.4. Each event has

to fulfill the following selection requirements in order to considered as a dijet event

and reduce the beam background:
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o At least one well-reconstructed primary vertex is required to be
reconstructed from at least four tracks with |z| < 24 cm.

e An event, which includes at least two jets, has to pass one DiPFJetAve
trigger and also pass its determined turn-on threshold value in p$¥¢ as
shown in Table 7.5. The events preselected L1MinimumBiasHF1OR
triggers from the L1MinimumBias dataset that requires jets with p#¢ >
20 GeV. We also applied p?ve'g " > 20 GeV cut for the MC samples.

o At least one of the two leading jets serves as a reference and is in the
control region, |n| < 1.3.
e The two leading jets are required to be back-to-back, Ap(jy, j) > 2.7.

e If the event contains more than two jets, a cut on the relative third jet

ave

. . y . s+ .
fraction with @ = p¢ ;. /p$F’¢ < 0.3 is applied, where = DL TPT)z
p ,J3 pT pp pT

2

e The E; is corrected according to the (L123(L2L3Res)—L1RC) scheme as
discussed in Section 4.3.1.

o Finally, the jets are corrected with L1FastJet, L2Relative, and L3 Absolute
from Falll5 _lowPU V1 JEC version for the reconstructed data and
simulated events.

ave

The p7V¢ and a binning chosen for this analysis are listed in Table 7.6. The
binning in absolute pseudorapidity which corresponds to the detector edges are

specified in Table 7.7.

Table 7.6. Bins of the p$”® and a used in the analysis.
pave [ 20, 28, 37, 49, 64, 84, 114
a 0.050, 0.100, 0.150, 0.200, 0.250, 0.300, 0.350, 0.400, 0.450
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Table 7.7. The n bin edges used in the analysis.

as a function of pf

Region nl
Barrel 0, 0.783, 1.305
Endcaps 1.93, 2.322, 2.853

Hadronic Forward

3.139, 3.839, 5.191

ave

The number of events accumulated with each trigger used in this analysis

and 7 is shown in Figures 7.2 and 7.3, respectively. The

previously determined trigger threshold values as shown in Table 7.5 are applied

ave
onprgr .
2 F 77— 9 — — T
s I 1 §10 =
2107 N o HLT_DiPFJetAve15 Central | z E Y o HLT_DiPFJetAve15_HFJEC
E - o HLT_DiPFJetAve25 Central I \_ e HLT_DiPFJetAve25_HFJEC
E h e HLT_DiPFJetAve35 Central | o by, o HLT_DiPFJetAve35_HFJEC
o < 10°E
e & . ™
E » 3
E e E| ﬁ.
L ] s .
ok sodoid y o TN
: f : o
i T 10t ol ’% :Fl* #+
10' = ;! E { 4 ‘ﬁ
10° - 10°
107 = | | | T B B 10° = | 1L I I \TT
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Py [GeV] Pl [GeV]
210°F r P E
s E LiMinBiasHF 7
10 =
107 E
F Hi i i s
10° ‘ <
E \ TR E|
E H\HH‘HM m\ g
o Ty
10° =
10° =
10° = .| I
0 20 5E 140
pj““[GeV]

Figure 7.2. Number of events accumulated with DiPFJetAveX Central (upper

left),

DiPFJetAveX HFJEC
L1MinimumBiasHF1OR_partY with Y=

(upper

[o, ...,

right), and
7] (bottom) triggers

as a function of p£¥¢ in Runs 259237, 259385, 259388, 259399.
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Figure 7.3. Number of events accumulated with DiPFJetAveX Central (upper
left), DiPFJetAveX HFJEC (upper right), and

L1MinimumBiasHF1OR partY with Y= [0, ..., 7] (bottom) triggers
as a function of 7 in Runs 259237, 259385, 259388, 259399.

7.2. Determination of the L2 Relative Residual Correction
As we discussed in Section 5.4, two different methods were used in order
to measure the L2 relative residual corrections; the pr-balance and the MPF
methods. Equations 5.8 and 5.13 are evaluated in data and simulation to estimate
the responses (relative response via asymmetry distribution and MPF response).
The distribution of the asymmetry is shown in Figure 7.4 in two different n
regions with all pr bins for data and MC. Each colored line represents a different pr

bin. The full set of plots for data and MC can be found in Appendix A.1.
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Figure 7.4. The asymmetry distributions in two different regions, 0 < |n| < 0.783
(left) and 1.305 < |n| < 1.93 (right) for the data (top) and MC
(bottom). The distributions are normalized to integral of the
histogram.

MPF response can also be formulated by using an alternative way as in

Reference (CMS Collaboration, 2015b);

1+(B)
RMPF = —B (7.2.)

where B is a quantity that can be defined as follows;
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= tag
Erpp
~tag
7|

B (7.3)

Zp%ve,

Two different definitions of MPF response which are shown in Equations
5.13 and 7.2 are completely equivalent. Figure 7.5 shows the distribution of the
balance quantity B in two different 1 regions with all pr bins for data and MC, the
full set of plots in Appendix A.2. Each colored line represents a different pr bin.
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Figure 7.5. The MPF distributions in two different regions, 0 < |n| < 0.783 (left)
and 1.305 < |n| < 1.93 (right) for the data (top) and MC (bottom).
The distributions are normalized to integral of the histogram.
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The distribution of asymmetry quantity as a function of p$Y¢ in bins of
two different 1 regions and @ = 0.05 is shown in Figure 7.6 for data and MC.
Appendix A.3 and A.4 show the full set of plots for data and MC, respectively. For
B quantity, a similar distribution is shown in Figure 7.7, the full set of these plots

in Appendix A.5 and A.6.
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Figure 7.6. Top: The distribution of asymmetry quantity as a function of p$¢ in
bins of two different detector regions, 0 < |n| < 0.783 (left) and
1.305 < |n] < 1.93 (right), and a = 0.05 for data. Bottom: The
distribution of asymmetry quantity as a function of p£¥¢ in bins of two
different detector regions, 0 < |n| < 0.783 (left) and 1.305 < |n| <
1.93 (right), and a = 0.05 for MC.
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Figure 7.7. Top: The distribution of B quantity as a function of p$”® in bins of
two different detector regions, 0 < |n| < 0.783 (left) and 1.305 <
[n| < 1.93 (right), and @ = 0.05 for data. Bottom: The distribution of
B quantity as a function of p$”® in bins of two different detector
regions, 0 < |n| < 0.783 (left) and 1.305 < |n| < 1.93 (right), and

a = 0.05 for MC.

As can be seen from Equations 5.8 and 7.2, the average value of the
balance quantity 4 and B are used to determine the relative responses for pr-
balance and MPF methods, respectively. The average value of the balance quantity
A as a function of p£¥® in the seven different 5 bins for data and MC is shown in

Figure 7.8. Figure 7.9 shows the measured average value of the balance quantity B.
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Figure 7.8. The average value of the balance quantity A as a function of p$“® in

the seven different 1 regions with ¢ < 0.3 for data and MC. Here, data
and MC are indicated as blue dot and red line, respectively.

127



7. DETERMINATION of L2 RESIDUAL JECs Ziihal Seyma DEMIROGLU

RunD X fb’'(13TeV)
T T e e e
.000<In|<0.783

RunD X fb'(13TeV)
Al

R AAaa R
783<Ini<1.305 E

<B>

[datal_; E [datal_ o, E
El [mc]
w030 E o0
E E
g § : S -

E E -0.1F E
—02f E 02 E
,omHmm\mmum‘H\HH\mmumumf _o05b 1

20 30 40 50 60 70 80 90 100 110 ’30 30 40 50 60 70 80 90 100 110

P, [GeV] P, [GeV]
RunD X fb’'(13TeV) RunD X fb’'(13TeV)
T T T e P s e LR R R R R LR
305<In}<1.930 v 1930<Inl<2.322 El
[data] [data] 3
<030 o0 k|
[mc] E

0<0.30 0<0.30

%

02f [ E
01; 0.1i -
E ,:4:1_ n 4 - +
o1 E E
70.2; é é

\H‘HH‘\H\‘HH‘HH‘HH‘HH‘HH‘HH‘\E —0.5C o b b b b o b 103
30 40 50 60 70 80 90 100 110 20 30 40 50 60 70 80 90 _100_110

P, [GeV] P, [GeV]

RunD X fb’'(13TeV) RunD X fb’'(13TeV)

At AL Lt T e e
E 139<I/<3.839 E

E [daw]«oac ]

E M, oao E

3 0.2 -

E o1F E

4 R S R TP - S
E W i

60 70 80 90 100 110 0'3 30 40 50 60 70 80 90 100 110
P, [GeV] P, [GeV]

RunD X fb’'(13TeV)
T Y

- [mclndi 30

[ SUE PR FUUN FUUY P N PSR I
0863040 50 60 70 80 90 —100_110
P, [GeV]

Figure 7.9. The average value of the balance quantity B as a function of p$¢ in
the seven different 1 regions with ¢ < 0.3 for data and MC. Here, data
and MC are indicated as blue dot and red line, respectively.
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Figure 7.10 shows the relative response by using the pr-balance method as
a function of p£¥¢ in all # regions with the nominal working point @ < 0.3 for data
and MC. The relative response for the MPF method is shown in Figure 7.11. The
relative response of the corrected jets in the simulation should be equal to unity in
an ideal world. However, there can be bias on the measured relative response in the
data due to inherent biases associated with detector effects and to the physical
properties which will be discussed in Section 7.2.1. The comparison of simulation

with data also assumes that this bias in simulation exists in the same amount in

data. This is why the relative response in the simulation deviates from unity.
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Figure 7.10. p£¥®- dependence of the relative response estimator determined from
the simulation (red dots) and compared with the data (black dots) for
the seven different 1 bins at the nominal working point ¢ < 0.3.
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Figure 7.11. p§¥®- dependence of the MPF response estimator determined from

the simulation (red dots) and compared with the data (black dots) for
the seven different 1 bins at the nominal working point ¢ < 0.3.
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After calculating the relative responses for both methods, the ratio of the
response estimators, Ryc/Rpara» in €ach bin of n and p4¥¢ are calculated. If the
L1L2L3 corrections worked as expected and the detector effects were well
understood, we would expect the ratio of response estimators to be flat as a
function of p$¢ and use a constant fit (zero-degree polynomial function) in the
ratio of response estimators. However, all detector effects may not be well known,
which causes p$Y¢-dependence of the responses and it can be fitted by the loglinear
fit (pg + p1 - log x). Figure 7.12 shows the ratio of the response estimators in data
and simulation as a function of p$¥® for the seven different n bins using the pr-
balance method. Here, the constant and loglinear fits are indicated with a blue
dashed line and a red constant line, respectively. The p$¥® extrapolation results are
also obtained by using the MPF method, which is shown in Figure 7.13. In the
MC/data ratio at the working point, log-linear behavior has been observed and the
measured relative response corrections will be compatible with log-linear. The
absence of a tracker prevents the proper reconstruction of the charged hadrons and

the response becomes very poor for the forward region.
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Figure 7.12. The ratio of the response estimators in data and simulation as a
function of p$¥¢ in |n| € [0; 5.191] bins for the p-balance method.
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Figure 7.13. The ratio of the response estimators in data and simulation as a
function of p$¥¢ in |n| € [0; 5.191] bins for the MPF method.
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7.2.1. Initial- and Final-State Radiation Correction

The measurement of the jet energy response is done by comparison to a
reference object. In the dijet events, the reference object is selected as a jet in the
barrel region since the resolution is much better in the barrel region of the detector.
So, the two objects have comparable resolutions. The calculated relative responses
are biased in favor of the jet with the worse resolution. This is because a
reconstructed jet pr bin can be filled not only by the pr of true-particle jets which is
in the same bin but also by the pr of jets that are outside the bin. This contribution
can cause fluctuation in the pr of the jets. The relative response is measured in bins
of p#¥®in order to reduce the bias, therefore the bias can be canceled on average if
the two jets have the same resolution, that is (to) say both jets are in the same 7
region. Since both jets can be in separate 1 regions the cancellation of the
resolution bias effect is only partial (CMS Collaboration, 2011c).

Gluon radiation is another source that can cause a bias on jet energy
response. As we mentioned in Section 5.4.1.1, two jets should be back-to-back in
the transverse plane in an ideal dijet topology. But, the additional jet activity which

arises from ISR or FSR can bias the momentum balance of two jets. In order to

estimate this bias, the variable « can be defined as follows;

jet 3

p
«=" (7.4)
T

which shows the estimator related to additional jet activity in the events. Thus, a
cut on the pr of the third-leading jet fraction « is applied in order to improve the
fraction of the ideal dijet events, & < 0.3. L2 relative residual correction is

determined as a function of 1 by a linear extrapolation ¢ = 0 and a < 0.3

respectively, and then we compute the data over simulation double ratio as;
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MC 5 MC
kpsp(a = 03) = (Rdrega(“ 0 ) / ( Ryel (€<0.3) ) (7.5.)

R4 (g50) )/ \RE4(a<0.3)

where krsg is the final state correction factor and R denotes the response estimator
coming from either the pr-balance or MPF method (CMS Collaboration, 2017c).
The extrapolation to zero additional event activity is performed by varying the cuts
on a parameter. Figure 7.14 shows the extrapolation of the measured ratio of the
response with additional jet activity in data and simulation as a function of
parameter @ in all n and p$¥¢ bins for the pr-balance method. The results by using
the MPF method is depicted in Figure 7.15. Since the 0.3 value is selected as a cut
on a, we are making normalization to the value of @ = 0.3 and the ratio of the
responses is equal at 1. These distributions are fitted by a first-degree polynomial
function in the range of [0.14, 0.36] where doesn’t have a lack of statistics. The
constant parameter of the fit as a function of pr and n for pr-balance and MPF
method is shown in Figure 7.16. It is very clear that the pr-balance method is much
more dependent on the presence of additional activity than the MPF method, as

expected.
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Figure 7.14.

cuton a

krsg correction to extrapolate the ratio of the response estimators for
the pr-balance methods. Here, each pr bins are indicated as a different
colored open circle and the fit is shown as a solid red line.
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Figure 7.15. kggp correction to extrapolate the ratio of the response estimators for
the MPF methods. Here, each pr bins are indicated as a different
colored open circle and the fit is shown as a solid red line.
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Figure 7.16. The ratio of the response estimators as a function a are fitted by a
linear fit in [0.14, 0.36]. The constant parameter of this fit is shown as
a function of pr and 1 for pr-balance (left) and MPF method (right).

7.2.2. The L2 Relative Residual Correction for 2015 Low Pileup Data

After the correction factor kpgp as described and obtained as a function of
the cut on the third jet in different pr and 7 bins in Section 7.2.1, the ratio of
response estimators and kgpgp are estimated as a function of 7. The results are
depicted in Figure 7.17. On the left, the ratio of responses is shown as a function of
n for both pr-balance and MPF methods. The results were obtained by using log-
linear and constant fit values for both models. Here, the results related to constant
fit is indicated as a dashed line, a solid line is for the log-linear fit. The kggg
correction factor in each bin of 1 is indicated in the right of Figure 7.17. It is
obtained by using both methods for AK4 PFCHS jets. krgr extrapolation is fitted
by po + ((p1 - cosh(n))/(1 + p; - cosh(n))) in previous JECs studies related to
high PU runs since the additional jet activity is much stronger (i.e. Figure 16,
Reference (CMS Collaboration, 2017¢)). It was recommended by JERC experts
that the kpgg-histogram values instead of fit values should be used while deriving
the final L2 relative residual correction. The kggp extrapolation factor is almost
negligible for the MPF method but this correction factor goes up to 2% in some
detector regions for the pr-balance method. An improvement can be mentioned

when the MPF method compared with the pr-balance method: the ratio of
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responses is closer to unity in overall since the MPF method is much less sensitive

to additional jet activity.
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Figure 7.17. Left: The relative residuals as a function of absolute n for AK4
PFCHS jets. Right: krggr correction factors as a function of absolute n
for AK4PFCHS jets.

=

The final L2 relative residual correction factors can be defined as follows;

(o) = (G} esn(In7) (76)
a .

Rpara

The final L2 relative residual correction factors are obtained by using both
pr-balance and MPF methods for AK4 PFCHS jets and the results are shown in
Figure 7.18. In addition, the residual corrections have been obtained per bin in 7
with four different pr values to show the impact of the pr-dependency of the
corrections. The pr-dependence of the relative residual corrections for AK4
PFCHS is shown in Figure 7.19. The pr-dependence is much larger for the
transition region between the endcaps and HF region for both pr-balance and MPF

methods while a good agreement was observed in the n < 2.853 region.
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Figure 7.18. The final L2 relative residual correction factors as a function of |n| for
AK4 PFCHS jets.
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Figure 7.19. The relative residual correction as a function of |n| for both pr
balance (left) and MPF (right) methods is shown for pr = 25, 40, 50,
and 100 GeV. The nominal value of the pr is indicated as a black solid
line.
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7.2.3. Closure Test

After obtaining the residual corrections, we now can check the effect
produced. To perform this, the analysis is repeated by correcting the jets with all
the levels of corrections and obtaining the new relative response ratios.

The values of the final L2 residual corrections per 1 bin shown in Figure
7.18 is recorded in a different text file for each method. The MPF_Loglin text file
was applied to the data as the L2L3Residual correction. The jets in data are now
corrected with L2L3Residuals in the closure test and then the correction factors are
re-derived per 7 bins. In this step, the re-deriving correction factors should be near
one. Figure 7.20 shows the distribution of MPF responses on data and simulation
as a function of p$¥® in 1.93 < n < 2.322, without L2 residual corrections (left)
and with (right). After applying the residual corrections, there is a clearly observed
an improvement in the previously observed discrepancy between the distribution of
responses data and the simulation. Figure 7.21 left shows the ratio of the responses
per each 7 bins, and the distribution of kpsg corrections is shown in the right part
of Figure 7.21. The final L2 relative residual correction factors per each 1 bins
after applying the newly derived JECs for Run2015D is shown in Figure 7.22. The
closure test shows the non-closure is ~5—10% for the forward region and nominal
values of pr. The pr-dependence of the relative residual corrections derived after

JECs have been applied is depicted in Figure 7.23.
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Figure 7.20. The MPF response estimator determined from the simulation (red

dots) and compared with the data (black dots) in 1.93 < n < 2.322

at the nominal working point @ < 0.3, without (left) and with (right)

residual corrections.
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Figure 7.21. Left: The relative residuals as a function of absolute n for AK4
PFCHS jets. Right: krgr correction factors as a function of absolute n

for AK4 PFCHS jets.



7. DETERMINATION of L2 RESIDUAL JECs Ziihal Seyma DEMIROGLU

RunD X fb (13 TeV) All Runs (13 TeV)

gl T T T T T T S S b
£ [ CMS Anti-k, R = 0.4, PF+CHS 1 £ [ CMS 1
| T - [0} = —
§1-15 [ Simulation 3 5115 Simulation 3
o E —t B o E g
[ C | (9] C |
r ] o F ]

E 1.1 - g 1 -
] [ ] ] C ]
14 r . ] c C ]
1.05 J 1.05 _|_ ﬂ\; 4'—
i | zg.__ . 1 :
S R ] E —— ]
0951 = 0.95F =
[ ---- MPF Flat ] F ]
0.9—--- Pt Flat - 0.9;_D .

F —MPF Loglin ] E 1

0.85 :*_ Pt LOg|In *: 0.85; *:
SR AR R AT T S B B A B

0.8y 1 2 3 4 5 0.8 1 2 3 4 5
Inl Inl

Figure 7.22. Left: The L2 relative residual correction factors as a function of ||
for both pr-balance and MPF methods with kpgg-histogram values
applied. Right: The L2 relative residual correction factors as a
function of |n| for Run2015D, in which the MPF Loglin results are
selected as the final correction factor.
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Figure 7.23. The pr-dependence of the relative residual correction for pr-balance
(left) and for MPF (right) methods for AK4 PFCHS jets with kpgg-
histogram values applied.
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8. SUMMARY AND CONCLUSIONS

The reconstructed jet energy differs from the true jet energy because of the
failure in the jet reconstruction algorithm or the calibration problems of the
subdetectors. Therefore, the energy of reconstructed jets needs to be calibrated to
remove these deviations. The jets reconstructed in CMS are calibrated by using a
factorized approach. In this approach, several levels of correction are available and
each of these levels corrects a particular detector effect. Each level depends on the
corrections applied in the previous level, so the order in which these corrections are
applied is also important. The pileup offset (L1FastJet) correction factors remove
the effects of PU and detector noise. The L2Relative and L3 Absolute correction
factors correct detector effects and the non-linearity in the jet response in bins of #
and pr. The first three correction factors are applied to both data and simulation.
Furthermore, a residual correction (L2L3Residual) is extracted and applied only to
data in order to correct the biases in jet response between the data and simulation.
The optional corrections are also available depending on the jet flavor and it is
derived from the simulation. After applying these correction factors, the
reconstructed jet energy can be associated with true jet energy. The measurement
of the true energy of the jets is the essential requirement to perform precision
measurements which includes hadronic final states and also in all analyses where
the jet objects are considered as background noise. Two different correction levels
by focusing on the low pr region are obtained in this thesis.

The first part of these analyses has been devoted/allocated to the
L2Relative (7 dependence) and L3Absolute (pr dependence) jet energy corrections
from simulated events. It has been done by using the events based on MC truth
information from QCD PYTHIA8 MC set tuned with CUETP8MI1 at 13 TeV
which has no PU. We have derived MC truth jet energy correction for PFCHS jets

reconstructed with the cone size parameters of 0.4 for jet pr’s from 10 GeV up to
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reco

905 GeV. The jet response, the reconstructed jet p7°“° over the p;ef , has been

obtained as a function of jet n and p;ef for the matched jets. The closure test has
been performed on the corrected jets which are coming from the same events used
for the derivation of the corrections. In the closure test, the calculated jet response
is expected to close to one. The corrections are symmetric for positive and negative
n bins. They are also smooth as a function of p7°“°. We observed that more than
80% of the original pr are retained in || < 3.0 region when considering the jet pr
less than 400 GeV. When considering the jet pr = 15 GeV in |5| > 3.0 region, 35%
of jet pris lost. The results are showed full closure within +1% for pr is from 15
GeV up to 400 GeV except some bins in the HE and HF regions because of a lack
of statistics and non-closure for the jets with pr < 20 GeV in all regions of the
detector. These results have been approved by the CMS JetMET group and have
been published in the CMS JEC database under title Falll5_lowPU V1 _MC.

The work presented in the second part of this thesis has been carried out by
using the low PU data collected at 13 TeV in the initial period of the LHC’s second
run (Run2). The collected low PU data correspond to an integrated luminosity of
L;:=0.41 pb'. After the MC truth jet energy correction chain, the reconstruction
performance of jets is studied by measuring their energy scale using two different
techniques on dijet events at low energy in data and simulation. pr-balance and
MPF methods show correction factors are less than 3% in || < 2.5. In the endcaps
and the forward regions (|| > 2.5) some differences show up as the correction
factor grows up to ~1.1 for the pr-balance method, meanwhile, the MPF method
shows the correction factors less than 5%. Therefore, the result obtained with the
MPF method is chosen as L2 relative residual correction, provided for the usage in
CMS physics analyses. The analysis results of the “Determination of L2L3
MCTruth and L2 Residual jet-energy corrections with Low PU data at 13 TeV” are
presented in this thesis are documented in CMS Analysis Notes (Cerci, Sunar

Cerci, and Demiroglu, 2020).
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Figure A.1. The asymmetry distributions for all # bins and pr bins in data.
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Figure A.2. The asymmetry distributions for all # bins and pr bins in MC.
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A.2 Control Plots — MPF Distributions
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Figure A.3. The MPF distributions for all # bins and pr bins in data.
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Figure A.4. The MPF distributions for all # bins and prbins in MC.
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A.3 Control Plots — Asymmetry Distributions for DATA
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Figure A.6. The distribution of asymmetry quantity in data as a function of p£¥® in
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Figure A.8. The distribution of asymmetry quantity in data as a function of p£“® in
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0.45.
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Figure A.12. The distribution of asymmetry quantity in data as a function of p7“®
in bins of 3.839 < |n| < 5.191 and the nine different a bins from
0.05 to 0.45.
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A.4. Control Plots — Asymmetry Distributions for MC
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Figure A.13. The distribution of asymmetry quantity in simulation as a function of

p5Y¢ in bins of 0 < |n| < 0.783 and the nine different @ bins from
0.05 to 0.45.
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Figure A.14. The distribution of asymmetry quantity in simulation as a function of

p5#Y¢ in bins of 0.783 < |n| < 1.305 and the nine different a bins
from 0.05 to 0.45.
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Figure A.15. The distribution of asymmetry quantity in simulation as a function of

p$Y¢ in bins of 1.305 < |n| < 1.93 and the nine different @ bins
from 0.05 to 0.45.
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Figure A.17. The distribution of asymmetry quantity in simulation as a function of

p5$Y¢ in bins of 2.322 < |n| < 2.853 and the nine different a bins
from 0.05 to 0.45.
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Figure A.18. The distribution of asymmetry quantity in simulation as a function of

p5$Y¢ in bins of 2.853 < |n| < 3.139 and the nine different a bins
from 0.05 to 0.45.
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Figure A.19. The distribution of asymmetry quantity in simulation as a function of

p5$Y¢ in bins of 3.139 < |n| < 3.839 and the nine different a bins
from 0.05 to 0.45.
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Figure A.20. The distribution of asymmetry quantity in simulation as a function of

p5$Y¢ in bins of 3.839 < |n| < 5.191 and the nine different a bins
from 0.05 to 0.45.
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A.5. Control Plots — The MPF Distributions for DATA
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Figure A.21. The distribution of B quantity in data as a function of p7® in bins of
0 < |n| < 0.783 and the nine different a bins from 0.05 to 0.45.
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Figure A.22. The distribution of B quantity in data as a function of p7® in bins of
0.783 < |n] < 1.305 and the nine different a bins from 0.05 to 0.45.
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Figure A.23. The distribution of B quantity in data as a function of p
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Figure A.24. The distribution of B quantity in data as a function of p£”¢ in bins of
1.93 < |n| < 2.322 and the nine different @ bins from 0.05 to 0.45.
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Figure A.25. The distribution of B quantity in data as a function of p£”¢ in bins of
2.322 < |n| < 2.853 and the nine different a bins from 0.05 to 0.45.
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Figure A.26. The distribution of B quantity in data as a function of p£”¢ in bins of
2.853 < |n| < 3.139 and the nine different a bins from 0.05 to 0.45.
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Figure A.27. The distribution of B quantity in data as a function of p£”¢ in bins of
3.139 < |n] < 3.839 and the nine different a bins from 0.05 to 0.45.
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Figure A.28. The distribution of B quantity in data as a function of p7® in bins of
3.839 < |n] < 5.191 and the nine different a bins from 0.05 to 0.45.
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A.5. Control Plots — The MPF Distributions for MC
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Figure A.29. The distribution of B quantity in simulation as a function of p£”¢ in
bins of 0 < |n] < 0.783 and the nine different @ bins from 0.05 to
0.45.
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Figure A.30. The distribution of B quantity in simulation as a function of p£”¢ in

bins of 0.783 < |n| < 1.305 and the nine different @ bins from 0.05
to 0.45.
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Figure A.31. The distribution of B quantity in simulation as a function of p£”¢ in
bins of 1.305 < |n| < 1.93 and the nine different a bins from 0.05 to
0.45.
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Figure A.32. The distribution of B quantity in simulation as a function of p£”¢ in

bins of 1.93 < || < 2.322 and the nine different a bins from 0.05 to
0.45.
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Figure A.33. The distribution of B quantity in simulation as a function of p£”¢ in

bins of 2.322 < |n| < 2.853 and the nine different @ bins from 0.05
to 0.45.
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Figure A.34. The distribution of B quantity in simulation as a function of p£”¢ in

bins of 2.853 < |n| < 3.139 and the nine different @ bins from 0.05
to 0.45.
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Figure A.35. The distribution of B quantity in simulation as a function of p£”¢ in

bins of 3.139 < |n| < 3.839 and the nine different @ bins from 0.05
to 0.45.
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Figure A.36. The distribution of B quantity in simulation as a function of p£”¢ in

bins of 3.839 < |n]| < 5.191 and the nine different @ bins from 0.05
to 0.45.
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