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Abstract

This thesis summarizes the analysis in which we measure the cross-section for the production of
the standard model Higss boson of 125 GeV in association with an electroweak boson (W or Z).
The analysis is performed in the nal state where the Higgs boson decays into a pair of b quarks
and the electroweak boson decays lectonically resulting in three channels based on the number
of charged leptons in the nal state (0, 1 or 2 leptons). The analysis uses data recorded by the
CMS experiment from proton-proton collisions at= 13 TeV in the LHC during the full Run

2 data taking period (2016-2018). The recorded data corresponds to an integrated luminosity of
138 fb 1. The analysis searches for 2 b-jets produced from b-quarks originating from the Higgs
boson along with lepton candidates decaying from the vector boson. The mass of the Higgs
boson is reconstructed from the four momenta of the b-jets which are identi ed using b-tagging
algorithms.

To account for events with a Lorentz boosted Higgs boson, a single large cone jet is recon-
structed which consists of the two b-jets merged together due to the boost. Taking this into
account, separate analysis called the boosted analysis is performed along with the nominal
resolved analysis to improve sensitivity in high phase space. Both resolved and boosted
analysis are combined together in the nal tto enhance precision of the measurement.

To reduce the dependency on theoretical uncertainties this measurement is performed in the
simpli ed template cross-section (STXS) scheme. This also allows for straightforward com-
parison of theoretical models using such measurements. Under this scheme, the cross section
measurement is done in regions delineated by type of vector boson (W or Z), vector boson
transverse momentunp{), and the presence of additional jets.

Keywords: LHC, CMS, standard model, Higgs boson, boosted objects, DeepCSV, DeepAKS,
STXS



ProSireni sa etak

Uvod

Podricje prowcavanja zike elementarnileestica temeljni su gradivni elementi materije i nji-
hove interakcije. Standardni model (SM) zileestica teorija je koja je konstruirana kako bi
opisala ponasanje elementaristica i utvrdila njihova svojstva razumijevanjem njihovih in-
terakcija putem tri temeljne sile, jakom i slabom nuklearnom silom i elektromagnetskom silom.
U ovom trenutku gravitacijska sila nije obutbena SM-om i to je jedno od njegovih ograet

nja. Meadutim, bud&i da je gravitacijska sila iznimno slaba na skali elementacestica, SM

mo e opisati interakcijeestica pomou preostale tri temeljne sile s velikom precizows

SM kakav poznajemo grupira elemntaroestice u dvije skupine, fermione i bozone. dlie
fermione spadaju sveestice kojecine svu poznatu materiju u svemiru. Postoji dvanaest fermi-
ona u trenutnom standardnom modelu koji se dalje dijele na kvarkove i leptone. S druge strane,
medu bozone spadajetiri cestice koje predstavljaju tri temeljne sile opisane SM-om i Higgsov
bozon. Svi otkriveni bozoni nositelji sile siestice spina 1 i stoga se nazivaju vektorski bozoni.
Higgsov bozon bio je najnoviji dodatak postogen SM-u i bio je to prvi skalarni bozon (spina

0) koji je otkriven. Pretpostavljalo se da Higgsov bozon postoji gotovo 50 godina prije nego Sto
su ga 2012. godine zajedno otkrili eksperimenti ATLAS i CMS.

10 godina nakon otktla, zicaricestica na Velikom hadronskom sudadugLHC) dodatno su
ispitali svojstva Higgsovog bozona i do sada je otkriven u pet &oiestanja, ZZ(4l), WWAt ,

ggi bb. Nedavno mjerenje takier je pokazalo dokaze da se Higgsov bozon raspada u par mi-
ona, Sto je bilo mogte samo zbog izvanredne kalie proton-proton sudara koji su se odvijali

u LHC-u. Takder je potvdeno da je vezanje Higgsovog bozona na bilo koju fundamentalnu
cesticu izravno proporcionalno masstice.

Preciznije mjerenje mase Higgsovog bozona utvrdilo je vrijednost od 125,086 pom@u
eksperimenta CMS s razinom preciznosti od 0,12%. Kadrisanjerenu masumy kao ulazni
parametar u teorijski model, mo e se vidjeti da Higgsov bozon koji se raspada u par b-kvarkova
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ima najveei udio grananja od 58% nde svim kanalima raspada Higgsovog bozona. Proces
H! bb otkriven je u eksperimentu CMS s opa enoncéiivanom) signi kantno&u od 5,6

(5,5) i u eksperimentu ATLAS s opa enom ¢ekivanom) signi kantno&u od 5,4s (5,5s)

2018. godine.

UH! bbprocesu, 78% od svih Higgsovih bozona proizvedeno je putem mehanizma gluonske
fuzije (9g! H). Medutim, precizna mjerenja u ovom proizvodnom kanalu nisu bila rbagu
zbog ogromne kotiine pozadine s viSe hadronskih mlazova u lanan stanju. Nan pro-
izvodnje ZH i WH, s druge strane, precizniji je pri mjerenju proces& bb. To je zbog
mogLEnosti iskoriStavanja prisutnosti leptona u konam stanju koji su produkti raspada Z ili

W bozona. Stoga su 2018. godine za dtkriaspad&l | bb ZH i WH kanali produkcije bili
kljucni kanali za postizanje preciznosti potrebne za 6tkri

U ovoj analizi mjerimo udarni presjek za zajedku tvorbu Higgsovog bozona i masivhoga
elektroslabog bozona (W ili Z) gdje se Higgsov bozon raspada u par b-kvarka dok se elek-
troslabi bozon raspada leptonski. Udarni presjek mjeri se u shemi simpli ciranih predlo aka
udarnog presjeka (STXS) koja ima za cilj mjerenja ducijalnog udarnog presjeka u potrazi
za novom zikom te se takder smanjenjuje ovisnost o teorijskim nesigurnostima. Prema ovoj
shemi, mjerenje udarnog presjeka provodi se u pgana odrelenim tipom vektorskog bozona
(Wili 2), transverzalnim momentom vektorskog bozopa)i prisutno£u dodatnih hadronskih
mlazova.

Eksperimentalni postav

Analiza je provedena na podacima prikupljenim eksperimentom CMS u proton-proton sudara
koji se odvijaju u LHC-u. LHC je najsna niji sudacarenutno u funkciji i dizajniran je za suda-
ranje protona i teSkih iona. @na sudara u LHC-u doga se izmdu protona, dok drugi teski

ioni poput olova takder doprinose malom udjelu ukupnih sudara koji se degau LHC-u.
Sudari se odvijaju naetiri tocke du LHC tunela gdje su postavljeratiri velika detektora za

bilje enje sudara. Eksperimenti ATLAS i CMS dva su detektoré@pamjene koji su smjesteni

u dvije od ovecetiri tocke sudara. Osim toga, eksperiment ALICE nalazi se u jednojaak#o
sudara za prazavanje sudara teskih iona, a oetvrtoj tacki sudara smjesten je eksperiment
LHCb posebno dizajniran za proavanje b- zike. Trenutno LHC radi na rekordnoj energiji
sudarap sod 13,6 TeV za proton-proton sudarecpuSi od 2022. godine kada je zago trei

ciklus prikupljanja podataka (Run 3). Ova analiza provedena je na podacima prikupljenim eks-
perimentom CMS tijekom drugog ciklusa prikupljanja podataka (Run 2) od 2016. do 2018.
godine nap sod 13 TeV &to odgovara 138 fb integriranog luminoziteta.



ProSireni sa etak

Detektor CMS, Sto je skianica od Compact Muon Solenoid, cilinchi je detektor s mnogo
poddetektora raspadlenih u slojeve kako bi se detektirali racti tipovi cestica u razéitim di-
jelovima detektora. U neposrednoj blizincte sudara nalazi se sustav za detekciju tragova koji
je odgovoran za mjerenje tragova nabijeodstica i koristan je za rekonstrukciju kratko it
cestica, npr. Higgsov bozon, iskoriStavanjem podataka o putanjama produkata raspada. Sustav
za detekciju tragova okru en je s dva kalorimetra, elektromagnetskim kalorimetrom (ECAL) i
hadronskim kalorimetrom (HCAL), koji mjere ukupnu energiju upadreltica uz pomode-
tekcije pljuskacestica koji upadnaestica kreira unutar ovih kalorimetara. Sustav za detekciju
tragova i kalorimetri zatvoreni su unutar supravodljivog solenoida koji osigurava homogeno
magnetsko polje od 3,8 T. Prisutnost jakog magnetskog polja oouggprecizno odidivanje
impulsa nabijenitcestica i njihovog naboja na osnovu njihove putanje u magnetskom polju.
Izvan solenoida postavljen je niz mionskih poddetektora za detekciju mioiséira signalom

jer samo mioni putuju velike udaljenosti bez deponiranja puno energije u bilo kojem drugom
podsustavu u unutarnjem dijelu detektora.

Sve sucestice rekonstruirane na osnovu svojih karaktengti potpisa u detektoru. Jedna iz-
nimka su naravno neutrini koji ne ostavljaju nikakav trag u detektoru za kasniju rekonstrukciju.
Stoga se energija neutrina u ddggu rekonstruira izreunavanjem nedostdja transverzalne
energije (MET) dogdaja koristéi zakon @uvanja impulsa. Za generiranje simuliranih do-
gadaja koristi se alat GEANT4 (GEometry And Tracking) za simulaciju geometrije detektora
I njegovog odgovora na prolaz raalih cestica. Procedura rekonstrukcije prikupljenih i si-
muliranih podataka identha je kako bi se moglo osigurati dobro slaganja idmpodataka i
simulacije.

Postupak analize

U analizi se tra e dva kandidata za hadronski mlaz iz b kvarka koji odgovaraju Higgsovom bo-
zonu i 0, 1 ili 2 leptona koji odgovaraju produktima raspada Z ili W bozona. Ova je analiza
stoga podijeljena u tri kanala na temelju broja nabijenih leptondunpeoduktima raspada Z

ilil W bozona kako bi se uzelo u obzir raziie kolicine pozadine u raaitim kanalima. Razni
pozadinski procesi koji imaju slan potpis konenog stanja kao VHbb proces taler su uzeti

u obzir i modelirani. Neki od glavnih pozadinskih procesa koji doprinose sudigigé+jets, t

i diboson.

B-mlazovi u ovoj analizi rekonstruirani su koriStenjem algoritma za grupire@egtica u mla-
zove. Ova analiza koristi Anti-kT algoritam s polumjerom stoSca od 0,4 za grupiranje u mla-
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zove. Kako bi se uzeo u obzir Higgsov bozon s visokim Lorentzovim boostom, provodi se
zasebna analiza koja tra i jedan Siroki mlazeg polumjera stoSca od 0,8 koji se sastoji od
dva b-mlaza umjesto dva odvojena b-mlaza radijusa stoSca od 0,4. Rekonstruirani mlazovi u
topologijama s razleenim b-mlazovima i Sirokim mlazom nazivaju se AK4 odnosno AK8 mla-
zovi radi praktcnosti. Rekonstruirani mlazovi zatim prolaze kroz algoritam b-oawanja koji
razlikuje b-mlazove od mlazova nastalih iz lakSih kvarkova i gluona. B-mlazovi identi cirani u
topologiji s razlwenim b-mlazovima ozmeavaju se pomau algoritma DeepCSV, dok su spojeni
b-mlazovi u topologiji s Sirokim mlazom ozoani pom@u algoritma DeepAK8. | DeepCSV

i DeepAKS8 su algoritmi temeljeni na dubokim neuronskim mre ama (DNN) koji iskoriStavaju
razlike u kinematkim informacijama b-mlazova i mlazova nastalih iz lakSih kvarkova i gluona.
DeepCSV oslanja se na informacije o sekundarnom verteksu i udarnim parametrima tragova,
dok je DeepAKS dizajniran za identi kaciju Sirokih mlazova koji patjeod dva b-hadrona ko-
risteci informacije o podstrukturi mlaza.

Dogalaji su odabrani uzimagiu obzir potpis za VHbb proces u tri leptonska kanala. U odabiru
dogalaja s VHbb topologijom koriste se kineneka svojstva b-mlazova i izoliranih leptona
zajedno s MET-om. U odabiru se tal@r primjenjuje ocjena algoritma za b-ora&anja na
kandidatima za b-mlazove kako bi se odabrali kandidati za Higgsov bozatistace. Krite-

riji odabira su isti u topologijama s razianim b-mlazovima i Sirokim mlazom, osim kriterija

za odabir kandidata za b-mlazove koji se razlikuju idonelviju topologija. Na kraju, obje se
topologije statistiki kombiniraju u konanoj prilagodbi kako bi se pogala osjetljivost analize.
Kako bi se ograrile glavne pozadine, kontrolna podja su dizajnirana primjenom shih kri-

terija odabira kao poduaje signala, ali ortogonalno u faznom prostoru u jednoj ili viSe varijabli.

tt kontrolno podrgje izgradeno je tra enjem dodatnih mlazova u dadggu, kontrolno podrcie

za proces V+laki kvarkovi izgdeno je iz regije neprolazne ocjene algoritma za b-oavanje
b-mlazova dok je kontrolno podeje za process V+teSki kvarkovi izgfana uzimajai u obzir

bocni pojas oko prozora mase Higgsovog bozona.

Kako bi se dobilo precizno mjerenje, dobro odvajanje signala od pozadine osigurano je upo-
trebom razicitin multi-varijantnih tehnika u ovoj analizi. Za odabir signala koristi se duboka
neuronska mre a (DNN) za klasi kaciju signala i pozadine. DNN koji se koristi u ovoj ana-
lizi treniran je na simuliranim uzorcima i na temelju ocjene svaki diagaobiva klasi kaciju
koja ozn@ava je li DNN slcan signalu (DNN ocjena bli e 1) ili pozadini (DNN ocjena bli e 0)
(Slika 1 lijevo). Za odabir signala u topologiji sa Sirokim mlazom, pajsa stabla odkivanja
(BDT) koriste se za klasi kaciju signala i pozadine. U kontrolnom pajiulV+teski kvarkovi
za 0 i 1-leptonske kanale, klasi kator s viSe klasa osposobljen je za odvajanjeitiazom-
ponenti pozadine: V+jets (zajedhia proizvodnja vektorskog bozona i lakih, c ili b kvarkova),
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Slika 1: PredloSci duboke neuralne mre e u paimsignala (lijevo) i podroju V+teski kvarkovi (desno)
za kanal s 0 leptona pokazuju izvrsno slaganje podataka sa simulacijom.

pojedinani top kvark itt (Slika 1 desno). Ulazne znajke koje se koriste u treniranju DNN-

a obuhvaaju kinemattka svojstva konenog stanja: mlazova, kandidata za vektorske bozone,
leptona, mase, momenti i kutevi sustava dva mlaza. dakse koristi multiplicitet rekonstruira-
nih mlazova. Ove varijable odabrane su koriStenjem iterativnog postupka optimizacgeSpo
od velikog broja potencijalno diskriminiragih varijabli. Takaler se provjerava modeliranje
ovih varijabli u podacima, prije nego Sto se izvrSi prilagodba podacima.

Rezultati

BudLti da se udarni presjeci mjere u shemi STXS, komakup dogdaja u kanalu i u svakoj
regiji (signal ili kontrola) dalje se dijele prema shemi predloSka STXS. Prilagodba maksimalne
vjerodostojnosti izvodi se istovremeno u signalnim i kontrolnim pojilma za svako STXS
podricje kako bi se dobio modi kator jeine signalajf) koji oznacava omjer promatranog broja
VHbb dogalaja u odnosu na onaj koji seekuje u SM-u. u=1 predstavlja udarni presjek u
skladu s SM-om.

Analiza udarnog presjeka za VZbb

Za provjeru valjanosti analize, proce$d; H! bb zamijenjen je /Z; Z! bb mijenjanjem
prozora mase kako bi se ukijila masa Z bozona. Posebni MVA-ovi se treniraji/zg Z! bb

odr avajLi strategiju prilagodbe istom kao i u glavnoj analizi. Dobivene snage signala za ZZ i
WZ procese prikazane su na Slici 5.1 za sve kanale kada se koristi skup podataka od 2016. do
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Slika 2: Rezultat za VZZ! bb kanal koriStenjem punog uzorka podataka iz Run 2 i za WZ i Zdma
produkcije.

2018. godine. Inkluzivna opa ena VZ,! bb snaga signala jg= 1;16 0;13 Sto odgovara
opa enoj i acekivanoj signi kantnosti znatno iznad 5 standardnih devijacija.

Slika 3: Izmjerene snage STXS signala iz prilagodbe (lijevo). Izmjerene vrijednodB u istim STXS
podricjima kao i za jaine signala, kombinirafti sve godine (desno).

Vi
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STXS mjerenje zaVH; H! bb

SignalVH; H! bb dobiven je za svako STXS podije iz prilagodbe koja kombinira sku-

pove podataka od 2016. do 2018. godine. Inkluzivna snaga signala u odnosu na standardni
model (1= 1) izmjerena je nqu= 0;58" 8&3 Sto odgovara opa enoj (ekivanoj) signi kant-
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Chapter 1
Introduction

The idea that all matter in the universe is composed of tiny indivisible particles is a primitive one
and dates back to as early & &ntury BC. Some of the early foundations were laid by Jains in
India between 9 and 3" century BC. According to some of the founders of Jainism religion,
the ajiva (non living part of universe) consists of matter or pudgala, of de nite or inde nite
shape which is made up of tiny uncountable and invisible particles called permanu. Permanu
occupies space-point and each permanu has de nite colour, smell, taste and texture. In nite va-
rieties of permanu unite and form pudgala. Some of the philosophical theories on atom and its
nature were also studied by the Greek philosophers such as Leucippus, Democritus, and Epicu-
rus. In the 5th century BC, Democritus postulated an atomic theory of the universe by naming
these components atoms (from Greek atomon "uncuttable, indivisible"). Sometime af8und 2
to 4" century BC ancient Indian philosopher Kanada founded the Vaisheshika school of Indian
philosophy which was centered around studying "naturalism™ or atomism in natural philosophy.

Although profound theories existed before the era of modern physics, the fundamentals of such
theories were abstract and based on philosophical reasoning rather than experimental observa-
tions. In the early 1800's John Dalton postulated the fundamentals of atomic physics using
principles of stoichiometry. His theories on atom were based on laws of conservation of mass
and constant composition, i.e., a pure compound will always have the same proportion of the
same elements throughout. By the end df'X@ntury, J.J Thompson discovered the electron

as a negatively charged particle situated inside the atom. He made the discovery by passing
high voltage in a cathode ray tube that resulted in emission of electrons or "cathode rays" from
cathode to anode. On introducing a magnetic eld, the electron ray got de ected, proving that
the discovered particle is a charged patrticle. In later years, the nucleus and its constituents, the
proton and the neutron were also discovered. This was the beginning of atomic physics era.
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During the same period, radioactivity was also discovered by Henri Becquerel and Marie Curie,
while working with phosphorescent materials which led to the foundation of principles of par-
ticle interactions. Beginning of the Y0century also marked early developments in the eld

of quantum mechanics and the concept of particle-wave duality. Today's theoretical formula-
tions of particle physics are based on quantum eld theory which results from the uni cation of
guantum mechanics and the theory of relativity.

The Standard Model of particle physics, as we know it, is the theory of fundamental particles
and interactions between them. In particle physics, such a fundamental theory was required to
systematize all the new fundamental particles which were discovered in the last century. In the
early 1900's the particle nature of light was proposed by Albert Einstein when he tried to explain
the photoelectric effect. This theory was further solidi ed by A. H. Compton in 1923 with the
discovery of Compton scattering. This led to a more de nite approach to particle interactions
via electromagnetic force. Electron neutrinos were also proposed shortly after, to resolve the
apparent violation of conservation of energy in beta-decay. The theory of strong nuclear force
was proposed by Yukawa in 1934. He assumed that the protons in a nucleus must be attracted
to one another by exchanging a "Yukawa particle". However, no such particle was experimen-
tally observed till then to support his claim. This puzzle was resolved in 1946 when jpipns (
were discovered from cosmic ray experiments and for a long time pions were “considered to be
Yukawa particles that keep the nucleus bound. Muphsvere also discovered in one cosmic

ray experiment and behave in every way like a heavier version of the electron and properly
belongs in the lepton family. Similar to the electron neutrino, the muon neutrino was also pro-
posed by applying momentum conservation principles on muons decaying into electrons. It was
observed that electrons on average carry only a third of the muon momentum leading to believe
there must be two missing particles, one electron neutrino and one muon neutrino.

Cosmic rays proved to be a reliable source for discovering new particles and during the 1940's
many new hadrons like K'd,'s, S's, andQ's were discovered. In 1952, the rst modern par-

ticle accelerator began operating and for the rst time it was possible to create particles in a
laboratory rather than relying on cosmic ray experiments. With so many new particles being
discovered in quick succession, physicists had a hard time accommodating all the hadrons in a
single pattern, a periodic table of particles. Gell-Mann and Zweig, in 1964, made a proposal
that all hadrons are composed of even more elementary particles. This led to the birth of the
quark model and until 1974 the known quarks were up, down and strange quark. In 1975, with
the discovery of the y/ meson, the charm quark was discovered. The Tau lepjaiqng with
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its associated neutrino were also discovered in the same year. The Standard Model was nearly
complete by that time but now there was an anomaly. There were 3 generations of leptons but
only 2 generations of quarks. The Bottom quark was shortly discovered in 1977 which led par-
ticle physicists to believe that there should exist one last quark which is yet to be discovered.
Meanwhile, the gluon, the mediator of the strong nuclear forcegs@ts proposed by Yukawa)

was also discovered during this era in 1979 while the&dd Z bosons, the last of gauge bosons
mediating weak nuclear interactions, were discovered in 1983. Finally in 1995, the case of the
last quark to be discovered was settled with the discovery of the top quark, making the three
generations of quarks complete. By the beginning of th& &intury, the Standard Model of
particle physics was considered complete (for the time being), with all the known discovered
leptons, quarks and gauge bosons until the Higgs boson was discovered in 2012 independently
by the CMS and the ATLAS experiment using data collected from proton-proton collisions at
the Large Hadron Collider (LHC). Details of the Standard Model of particle physics will be
discussed in the next chapter.

1.1 Standard model

The Standard Model (SM) of particle physics was constructed to explain fundamental interac-
tions of particles involving electromagnetic, strong nuclear and weak nuclear forces. Its foun-
dation is laid upon the principles of quantum eld theory (QFT) which considers particles to
be excitations of the respective quantum eld, e.g. the electron is an excitation in the electron
eld. Various interactions in QFT are represented by which are Lagrangians that describe inter-
actions between the respective quantum elds. The current established SM does not account for
the gravitational force. Particles that constitute the SM can be broadly divided into two groups,
namely fermions and bosons.

The Higgs mechanism was introduced to explain how the mass of the weak-force bosons are
generated. Contrary to observations, these bosons would not have mass in the SM without the
Higgs mechanism. Through the so-called Yukawa couplings, the Higgs boson's introduction
into the Standard Model can also explain how fermion masses came to be. A major victory
for the SM came with the nding of a new particle, that is consistent with the Higgs boson,
about 50 years after the mechanism was rst postulated [22, 23, 24]. In 2012, it was discovered
jointly by the CMS [15] and ATLAS [25] experiments. In section 1.2.2, a brief explanation

of the Higgs mechanism and Yukawa coupling is described. Fig.1.1 shows an overview of the
standard model.
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Figure 1.1: The Standard Model of particle physics, with the Higgs boson as the latest addition. Figure
taken from [1].

1.1.1 Feynman diagrams

Feynman diagrams were introduced in 1948 by Richard Feynman to visually represent other-
wise complex particle interactions. It is extensively used as a tool in theoretical particle physics
to construct new particle interaction models and compute complex properties of interactions.
The rules of the diagrams are quite simple and easy to visualize. Fig. 1.2 shows the simplest
feynman diagram with an electron-positron (straight line with arrows) annihilating to release
a photon (wiggly line). One can observe that particles are shown by arrows pointing in the
direction of time while anti-particles are denoted to be backward in time. The progression in
time is horizontally from left to right. All electromagnetic and weak nuclear interactions are
denoted by wiggly lines (Fig. 1.3) and mediated by W and Z bosons while QCD interactions
are denoted by curly lines (Fig. 1.4) and these represent propagators in QFT formalism. In my
thesis, | will be using Feynman diagrams to explain various processes.
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Figure 1.2: Feynman diagram of electron-positron annihilation to release a photon.

1.1.2 Fermions

Fermions are spin half particles which make up all visible matter in the universe. They obey
Pauli's exclusion principle and follow Fermi-Dirac statistics and hence the name fermions.

Fermions can be further classi ed into leptons and quarks, and they come in 3 generations
based on hierarchy of masses, from the lightest to the heaviest.

Figure 1.3: Feynman diagrams of weak nuclear interactions representing the two kinds of electroweak
bosons, the W and the Z boson. AWioson is produced between an electron and electron neutrino (left)
and a Z boson produced from electron-positron annihilation which further decays into a pair of muons

(right).

Quarks

Quarks are the class of fermions which follow the QFT framework designed for strong nuclear
force called Quantum Chromodynamics (QCD). Besides that they also interact via electroweak
mechanisms. Quarks can be categorized into 2 types based on electric charge and further into
3 generations based on mass, making it a total of 6 quarks in the standard model. The distinct
feature of each of these quarks is that they possess fractional cha@@mhp-type and% for
down-type quarks. QCD allows for quarks to possess a kind of charge similar to electric charge
and this is termed as color charge. Each quark comes in 3 different color charges, namely red,
blue and green. In QCD, color charge should always be conserved, therefore quarks with color

5
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don't exist as free particles and are always con ned in bound states with other quarks or anti-
guarks forming hadrons which is "white" in color. This phenomena is called color con nement.
Proton and neutron are well known examples of hadrons which are a bound state of 3 quarks, 2
up and 1 one down for the proton and 1 up and 2 down quarks for the neutron. Such hadrons are
called baryons. There are also hadrons which are made up of 2 quarks. They are called mesons
andp meson is one good example of such a bound state.

Figure 1.4: Feynman Diagrams of QCD interactions showing gluon (curly line) exchanged being two
pairs of quarks.

Leptons

Leptons, unlike quarks, don't carry a color charge and purely interact via electoweak interac-
tions and therefore, can be observed as free particles. Similarly to quarks, they are also classi ed
into 2 types based on electric charge, and in 3 mass generations. Leptons possess integer values
of electric charge. Electron, muon and tau are the 3 generation of charged leptons that differ
from one another in terms of mass, i.e. electron being the lightest and tau being the heaviest.
Neutral leptons are called neutrinos and they are named after their respective charged lepton in
that generation, e.g. electron neutrino (denotedd)y They have feeble electroweak interac-

tions unlike charged leptons. They are also extremely light particles and for a long time they
were considered massless. Itis only in the last decade that upper limits on the mass of neutrinos
are measured.

1.1.3 Bosons

Bosons are integer spin particles which do not obey Pauli's exclusion principle and follow
Bose-Einstein statistics. These particles emerge as mediating particles for various interactions.
Electromagnetic interactions are mediated by photons and QCD interactions are mediated by
gluons. Weak nuclear interactions are mediated\by and Z bosons. All the Lagrangians
which are represented by the force carrier bosons are invariant under gauge symmetry. There-



1.2. The electroweak theory Chapter 1. Introduction

fore, these bosons are also called gauge bosons. They also have the characteristic feature of
having integer spin values. Higgs boson is the only observed scalar (spin 0) boson.

1.2 The electroweak theory

The SM Lagrangian is a gauge theory meaning it is invariant under local gauge transformations
which form certain Lie groups. The Lie groups which give rise to the interactions described by
the SM are the SU(2) U(1) and SU(3), corresponding to electroweak and strong interactions
respectively. More generally speaking, any process which can be described by the SM preserve
charge, parity and time symmetry with few exceptions. If we take the simplest example of
electromagnetic interactions which follows U(1) symmetry and apply it on Dirac equation, it
can be seen that it is invariant under gauge transformation. The Lagrangian from which the
Dirac equation is derived is

L free= V('dlﬂp m)Y (x) (1.1)

Applying local U(1) gauge invariance requires the Lagrangian to be invariant yrftgr!
€Qay (x) transformation. To achieve this symmetry, a new gauge Agl(k) is added to the
Dirac Lagrangian which transforms as:

A9 = A+ (@) (12)

We also de ne a covariant derivative

Duy (%) =[Tu ieQA(X]Y (X) (1.3)

Applying U(1) transformation accounting for tiAg(x) term, the newly constructed Lagrangian
is

L =iy(X)gDy () my(Xy (x) = Lireet eQAMXIY (XY (X) (1.4)

and is invariant under local U(1) transformations. This additional eld tefy{X)) describes
the interaction between this eld and the fermions. We can recognize that this eld can be at-
tributed to the gauge boson of the electromagnetic interaction, the photon.

The Lagrangians describing the strong and weak interactions are constructed using similar
methods, requiring local gauge invariance under SU(3) and SU@)1) symmetry groups,
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respectively.

1.2.1 Weak interaction and electroweak uni cation

The motivation for weak interaction was driven by nuclear ssion and fusion reactions. The
electroweak theory describes the electromagnetic force and the weak force in a uni ed theory
based on a local SU(2) U(1)g gauge symmetry. U(g)group represents the electromagnetic
interactions mediated by photon, while weak interaction is generated by, SiF()p. The sub-

script L in SU(2) group signi es the transformation in left-handed elds while right-handed
elds remain invariant under SU(2transformation. This implies that weak interactions do not
conserve parity. A new quantum number is introduced for weak interactions, the weak isospin,
I. Its projection represents the charge corresponding to the S@{Zhimetry while another
quantum number by the name of hypercharge is associated tg U(1)

The chiral operatorél g)=2 and(1+ g5)=2 project fermions into their respective left/right-

handed components. Left-handed fermions transform as weak isospin-doublets under SU(2).

! !
uL
d.

Ne

(1.5)

cL= IL= orQ=

and the right-handed fermions

YR= €rOr Ur OF dr; (1.6)

as singlets (e ande for leptons and u, d for quarks). The corresponding local transformations
are

L
! 0=e 0T ighie . (1.7)
Yyr! yp=¢€ igooiiyR (1.8)

!
whereT = % s are the generators of the SU(2roup With s being the Pauli matrices and

is the hypercharge operator. The coupligandg are gauge couplings of U(1)and SU(2)
respectively.

The eld strength tensors are de ned as,
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BH" = fuBn  YinBy (1.9)
WE = W2 W2 ge?™WPW2 (1.10)

!
wheree?* s the Levi-Civita [26] tensor anklV, = W} WZ; W2 andB,, represent the gauge
elds. Two of them can be associated to the two charged bosons mediating the weak force with
the following transformation:

o1 _
W H= |p—§(W“’1 WH2): (1.11)

The third boson is a neutral gauge boson which is reminiscent of the neutral gauge boson in
the electromagnetic Lagrangian. This is a hint that the electromagnetic and weak forces may be
uni ed into a single force, the electroweak (EW) force.

The associated covariant derivative for electroweak theory that ensures the invariance of the
Lagrangian can be de ned as,

! i
Du= Tu+igT W+ igO'EBu (1.12)

A linear transformation between tNg*3 andB* can be expressed as:
I I I

WH3 _ com sinqw ~ Z% (1.13)
BH singy cosgw ~ AM
The mixing anglegw, also called the Weinberg angle, is selected so that
°
gw = tan l(E): (1.14)

The motivation for such a choice is that it causeszhéo only couple to isospin an& only to
the electrical charge. The two elds then correspond to the Z boson and the photon, respectively,
and can be expressed as:

_ gOBu+ QV\{‘?

ydg B
g2+ g%

1.15

A = gpa“ g (19
g2+ g%
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Combining electroweak Lagrangian with the QCD Lagrangian, we nally obtain the Lagrangian
density invariant under SU(8) SU(2). U(1); and is expressed as follows,

L = iLj DL + iQy DQi. + ierDer + ifigDuir + idirDdir
1 1 ! 1 |
ZGﬁnng ZW“”:W“n 7 BH": B yn; (1.16)

. g . oi
Dp= Tu+ Igs§A3+ igT W+ |go'§Bu:

which describes a self-consistent massless theory of strong and electroweak interactions.

1.2.2 Electroweak symmetry breaking and Higgs mechanism

In the previous section, we constructed a Lagrangian which is massless but invariant under
SURBX SU(2)L U(1); transformations. However, this is not true since all the known quarks
and fermions had masses. Including the W and Z bosons which were predicted to be massive
particles and were also observed experimentally to be massive when they were discovered. An
extra term is added to the electroweak Lagrangian to account for mass of the fermions which
would be,

Ty = my"y-+yty®) (1.17)
However, as we saw in the previous section, this term cannot be gauge invarianSuidgr
since only left-handed elds would be affected by the transformation. The electroweak sym-
metry breaking (EWSB) an idea which is deeply rooted in condensed matter physics on global
symmetries, introduces mass terms for local symmetries.
A Lagrangian density is added:

Liggs= (DM)T(Duf)  V(f); (1.18)

whereDy,,

[ i
Dy= fu+ igT W+ igo'EBu; (1.19)

allows for the gauge invariance of tl&J(2). U(1); Lagrangian to produce the physical
symmetries and masses for W and Z bosons while leaving the photon massless. The covariant
derivative of a Higgs scalar complex eld which is aSU(2), doublet of the following form,

10
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! !
1 f, +if _ ff

f=p— =
p_2 fzg +ify fO0

X (1.20)

describes the couplings to gauge elds. The procedure of EWSB, requires the patéhjisbd
have an in nite number of equivalent minima. Here the following form is considered,

V(f) = p2f T + 1 (FTF)% with p° < O: (1.21)

The shape of this potential is depicted in Fig. 1.5. Picking one minimumffg.= 0 and
flac= Vthe symmetry of the vacuum is simultaneously broken. Wesehe vacuum expecta-
tion value of the Higgs eld [27] and expressed as follows,
12
Ve o 246222 GeV (1.22)

Applying the minima conditions transforms the elds as follows,

1 .
W H= p—é(Wl“ W) | W  bosons (1.23)
Z"=  BMsingy+ W*cosgqw ! Z boson (1.24)
AY= BHYcosqw W3Hsingw ! g photon (1.25)

whereqy is the weak mixing angle as shown in Eq. 1.14.%sjpis measured exBerlmentaIIy
to be 0.23121 0.00004 and the boson masses are relatedgys 3vg, mz = v g2+ g2
An excitation in the Higgs eld is de ned as,

1 0
f=p= : 1.26
9—2 Ve H ( )

replacing it in Eq. 1.18 gives rise to the Higgs boson mass term muith= P 2l v and the
trilinear and quartic self-coupling of the Higgs boson.
To add the fermionic masses, the following Lagrangian density terms are added,

Lur = ¥iQifujr yﬂ-@iLf dir YiLuifer+ hicii;j;= 1,053 (1.27)
wherey;; are the Yukawa-couplings arl= isof . The resulting fermionic masses, in the
fermion mass eigenstate basis, have the following form,

11
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Figure 1.5: Shape of the Higgs potential. Picture taken from [2].

= By nf = &/ me= P (1.28)

2 2 2
This demonstrates that for various fermions, the ratio of interaction strengths (to Higgs) equals
the ratio of their masses. More information of Higgs mechanisms and Electroweak symmetry
breaking can be found in [22, 23, 24, 28].

1.3 Higgs boson phenomenology at the LHC

In this section, we discuss the production and decay modes of Higgs bosons produced at LHC
given by theoretical predictions.

1.3.1 Higgs boson production modes

In the proton-proton collisions taking place at the center of CMS detector, the Higgs boson
has 4 major production modes, namely gluon-gluon fusgg¥), vector-boson fusionBF),
associated production with a vector bosdfiHj, and associated production with a pair of top
qguarks {tH). The corresponding Feynman diagrams to all these production modes are shown in
Fig. 1.6. Fig. 1.7 shows the calculated value of different Higgs production modes at the LHC.

* In the ggF production mode, gluons don't couple directly to the Higgs boson, but through
a loop where virtual quarks are exchanged. Since the coupling of Higgs boson to fermions
Is directly proportional to particle mass, the quark loop is usually a loop mediated by the

12
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Figure 1.6: Feynman diagrams of the Higgs production at LHC: (a) gluon-gluon fusion, (b) vector-boson
fusion, (c) associated production with a vector boson, and (d) associated production with top quarks.

Figure 1.7: Calculated production cross-section of the Higgs boson via various production modes as a
function of my (right) and as a function (ﬁ s (left). Figure taken from [2].

heaviest quarks (top and bottom quarks). This is the dominant production mode of Higgs
boson at the LHC. However it suffers from an overwhelming amount of background in
form of QCD jets from the hard scattering of proton collisions.

* In the VBF mode, a pair of quarks radiate a vector boson (W or Z boson) while getting
slightly scattered in forward direction. The radiated vector bosons "fuse" together to
produce a massive particle such as a Higgs boson. The scattered quarks result into two
hard jets in the forward regions of the detector giving a major signature of this mode.

13
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VBEF is the second largest cross-section process in the Higgs production at LHC.

» The VH production mode starts off with a quark anti-quark pair interacting weakly to
form a virtual vector boson. If the radiated vector boson has high enough energy it radiates
a Higgs boson. The kinematic information of the decaying leptons from the vector boson
help in suppressing large QCD backgrounds obtaining a higher signal purity even though
having the third largest cross-section among all Higgs production modes.

* In the ttH process, two gluons collide, with each decaying to a top-antitop quark pair.
A top quark and an antitop quark from each pair form a Higgs boson together. The ttH
process has the fourth largest cross-section.

1.3.2 Higgs boson decay modes

The latest measurement of mass of Higgs boson resultedin a value of to be 12h11B. With
the Higgs masa treated as an input to the theoretical model, the prediction on the branching
ratio of the Higgs decay channels can be made, as shown in Fig.1.8. Different decay products

Figure 1.8: The branching ratios of the Higgs boson decaysmgar 125 GeV . The theoretical uncer-
tainties are represented as bands. Figure taken from [2].

of the Higgs boson result in different features in the decay charthel. bb has the highest
branching fraction among all Higgs boson decays. However, the measuremidnt obb

14
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process highly depends on the resolution of b jets and ef ciency of tagging béts. gg

andH! ZZz! 4l are known to be golden channels and the rst Higgs boson discovery were
made possible through these channels even though having a lower branching ratio than other
Higgs decays. This is because all particles in their nal state can be well reconstructed making
my to be measured with excellent resolution. Contrary to &ld. W*W ! 1" nl n and

H! t*t decay modes that suffer from the energy loss due to the presence of neutrinos and
large backgrounds, thus, theny resolutions are relatively poor.

1.3.3 VHbb production at the LHC

Higgs boson decaying into a pair of b quarkk!( bb) has a branching ratio of 58% among alll
Higgs decays. As already stated both gluon-fusion and vector boson fusion modes have a higher
production cross-section than VH mode but suffer from large mulitjet background. The VH
production mode decaying into b quarksH ! bb) relies on triggers based on leptons coming
from decays of the W or the Z boson making VH production cleaner in terms of background
rejection. The W boson can be reconstructed from its leptonic da&clayln (I = e orp), while

the Z boson can be reconstructed from the decag/lofe* e , u*u or nn where the presence

of a neutrino is inferred from the missing transverse momentum observed in the detector. The
Higgs boson can be reconstructed from a pair of b-jets which are identi ed using b-tagging
algorithms. The main challenges in measuring ! bb come from background modeling,

ef ciency in tagging b-jets and measuring its momentum and energy resolution.

1.4 Limitations of the SM

So far SM has been consistent with what has been experimentally observed and in the last
decades it has been proved to be a great asset to particle physicists however, there are still many
open ended questions in eld of particle physics which are not answered by the current SM.
Listed below are few of many phenomena which are not well explained by the current SM.

e Gravity in SM

It is understood for a long time that our nature consists of four fundamental forces. While
the electromagnetic, weak and strong nuclear forces are well explained by the SM, gravity
is not accounted for. It also fails to explain why gravitational force is so weak compared
to the other 3 forces. Graviton is the hypothetical particle that mediates gravitational
interactions, however it has not yet been experimentally observed.

15
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» Dark matter and dark energy

Dark matter is another elusive topic which is not explained by the SM. Through cosmo-
logical experimental observations it has been established that ordinary matter constitutes
5% while dark matter constitutes 26 % of the known universe [29]. The rest of the 69%
is occupied by dark energy [29]. However they at best feebly interact with SM particles
and therefore have not yet been experimentally observed. There are theories and mod-
els explaining coupling of Higgs boson to dark matter particles but they are beyond SM
formalism.

+ Matter antimatter asymmetry

Since the Big Bang and the early creation of the universe, it is predicted that matter and
antimatter should have been created in equal proportions throughout the universe. How-
ever, it is observed that the amount of baryons far exceeds the amount of anti-baryons
leading to baryon asymmetry in the universe. The current SM fails to explain this asym-
metry. It is also unable to predict any underlying theories which could be leading to
this phenomena. So far, charge parity symmetry violation (CP violation) in baryons is
one requiremnt which could cause this asymmetry and it was experimentally observed in
1964 with neutral kaons leading to Nobel prize in physics in the year 1980. Although CP
violation is currently allowed in SM, it is alone insuf cient to justify the baryon asym-
metry. Another necessary condition for the asymmetry involves baryon number violation
mechanism which is yet to be observed experimentally.
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Chapter 2

Detector and Experiment

2.1 Large hadron collider

Large Hadron Collider (LHC) is world's largest and most energetic particle collider. It is a
circular collider with a total circumference of 27 km situated 175 m underground on the national
border of Switzerland and France. Fig. 2.1 shows an aerial view of the Swiss-French border
with a schematic of the LHC ring situated underground. As described in previous chapter,
hadrons are bound state of quarks bound together via strong interactions by exchanging gluons.
Most of the hadron collisions that happens at LHC are proton-proton collisions. Besides that,
fraction of collisions also happen in combination with heavier ions, e.g. lead. Proton-lead
and lead-lead collisions happen for around one month in a year of total LHC collisions. LHC
started circulating proton beams for the rst time on September 10th, 2008. By end of 2009, it
had already crossed Tevatron's record energy of 0.98 TeV making it the most energetic particle
accelerator in the history. By March of 2010, the beams had ramped up to an energy of 3.5 TeV
and rst proton-proton collisions happened at LHC at a record collision centre of mass energy
(p s) of 7 TeV. In 2012, the beam energy was ramped up to 4 TeV and collisions happened
at P s =8 TeV. This is known as the Run-1 era of the LHC. After that a periodSbfohg
shutdown from 2012 to 2015 was introduced for various R&D activities in order to achieve
higher collision energies. LHC restarted collisions in 2015 and continued operating until 2018
ata recorcP sof 13 TeV. This marked the Run-2 era of LHC. Recently LHC restarted collisions
with Run-3 in July, 2022 with an even higher collision energf@ = 13.6 TeV after the
period of 29 long shutdown. Current Run-3 is supposed to happen till 2025. Begiées

of colliding protons, another important quantity in any collider experiment is instantaneous
luminosity denoted by.. This quantity measures the number of particle collisions per unit of
time. Therefore, while increasing center of mass energy, LHC also has to ensure steady increase
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Figure 2.1: Traversed path of LHC ring as observed from an aerial view of Swiss-French border. Figure
taken from [3].

Figure 2.2: LHC tunnel situated underground which contains the LHC beam pipes

in luminosity to achieve higher statistical precision in collision data. The general expression for
L is the following:

| = MofrevNaN - 2.1)
4psySy '
where frey IS revolution frequencyny, is number of colliding bunch pairdy;.» are the beam

intensities whilesy,, are transverse sizes of the beam at the collision point assuming beam
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direction is along z-axisF is the geometric factor. In LHQ\; andN, are the same, so they
can be replaced be a common intensity téifns andsy term can be expressed as,

q q
sx= beg! sy= begg!? (2.2)

where,e is normalized transverse emittance along x and y dxiss the beta function at col-
lision point whileg is the relativistic factor. In LHCg = g, so they can be replaced by a
common emittance terng,. Putting values 0§y andsy in equation 2.1 we obtain,

N frengg

4penb
The geometric factdr is a relativistic correction term, that determines the change in luminosity
in case the beams collide at an angle. It is expressed as,

L = (2.3)

F=g—— (2.4)
1+ 352
2S¢

wherea is the beam crossing angk; is the bunch length angk is the transverse width of the
bunch. Determination of beam parameters is a necessary step towards luminosity measurements
at LHC and this is performed with Van der Meer scans. It involves scanning the LHC beams
through one another to determine the size of the beams at their point of collision. These mea-
surements, when combined with information on the number of circulating protons, allow the
determination of an absolute luminosity scale. Integrated luminosity is another related quantity
which measures the number of collisions over a period of time. Mathematically, it is the time
integration of instantaneous luminosity as shown in Eq. 2.5. Integrated luminosity is typically
expressed in unit of inverse barns. This is a unit of area widely used by particle and nuclear
physicists to represent cross-sectional area of particle interactions. 1 barn convert&€ma0
of area and 1 fb! (inverse femtobarns) of integrated luminosity corresponds to 1 collision per
fb of area which is equal to 1d° m? of area in Sl units. In simple terms, 1 fbof collision
data is equivalent of approximately ¥@-p collisions.

Z
Liw= Ldt (2.5)

Total integrated luminosity delivered by LHC in the CMS detector from 2015-2018 is shown
is Fig. 2.3.
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Figure 2.3: Luminosity delivered by LHC year by year in the CMS detector in Run 2 era. Figure taken
from [4].

2.1.1 Accelerator Design

As mentioned in the introduction, LHC is built underground at a depth of 175 m. Below this
depth exists the LHC tunnel which hosts the LHC beam pipes as shown in Fig. 2.2. Two beam
pipes circulate inside the LHC tunnel carrying proton beams in opposite direction to one an-
other. This tunnel was previously home to the Large Electron-Positron (LEP) collider where
instead of hadrons electron-positron collisions were happening. The maximum collision en-
ergy achieved at LEP was 209 GeV. This is a much lower collision energy than today's LHC
collisions owing to energy loss through synchrotron radiation which is much more pronounced
in case of electrons. Synchrotron radiation is a form of electro-magnetic radiation which is
emitted when a relativistic charged particle is moving perpendicular to a magnetic eld. Since
the radiation energy is inversely proportional to the fourth power of mass of the charge particle
(0 #), electrons radiate approximately®@imes more energy compared to protons. This is
one of the primary reasons for using protons as the colliding particles at the LHC collisions.

To achieve the required collision energy at LHC, protons are accelerated in several stages before
getting injected into the LHC ring. For this reason, previous particle accelerators with lower
energies are utilized. All of these accelerators are located in the vicinity of LHC and are in-

20



2.1. Large hadron collider Chapter 2. Detector and Experiment

terconnected to ramp up the acceleration of the colliding proton beams. The course of protons
during ramp up involves passing through the following stages:

Linac 4 - Linear accelerator 4 or Linac stage 4 is the rst stage where hydrogen gas is
ionized in presence of electric eld to generate free protons for acceleration. Protons then
enter the accelerator and by end of the Linac tunnel protons are accelerated up to 160
MeV. Linac 4 started its operation in 2020, following its predecessor Linac 2 which had
an acceleration energy of 50 MeV.

PSB - The Proton Synchrotron Booster is made up of four superimposed synchrotron
rings that receive beams of protons from Linac 4 at 160 MeV and accelerate them to 1.4
GeV for injection into the Proton Synchrotron (PS).

PS -The Proton Synchrotron accelerates either protons delivered by PSB or heavy ions
delivered by the Low Energy lon Ring (LEIR). It consists of 277 magnets located in a
ring of 628 meters and is CERN's rst synchrotron. In 1960s, the PS was the world's
highest energy particle accelerator. The accelerator boosts protons up to 26 GeV.

SPS -The Super Proton Synchrotron is a nearly 7 km long circular accelerator and is the
second-largest accelerator at CERN. It provides proton or ion beams to the LHC by taking
particles from the PS accelerating them up to 450 GeV. Besides, acting as a mediator
collider between PS and LHC, it also serves as an independent collider providing beam
collisions to other experiments at CERN: NA61, NA62 and COMPASS. The SPS was
switched on in 1976 and played a crucial role in 1983 in the discovery of W and Z boson
while running as a proton-antiproton collider.

Once the protons are inserted into the LHC ring, they need to be further accelerated to the
designed beam energies. Sixteen Superconducting Radio Frequency (RF) cavities (8 per beam)
are used for acceleration, applying a 400 MHz oscillating electrical eld parallel to the beam

line.

After the beam reaches its nominal energy, the RF cavities provide the beam with the

energy lost due to synchrotron radiation. The oscillating electrical eld of the cavities also
shapes the proton bunches. Protons which are ahead of the rest in the bunch will be decelerated,
while the protons at the back of the bunch will get accelerated, centering the proton bunch. Each
bunch contains about 110 billion protons and is approximately 7.5 cm long. The time separation
between the bunches is 25 ns, corresponding to 7.5 m distance at the speed of light.
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LHC Dipole

Around 1200 magnetic dipoles are placed in beam pipes to keep the hadrons in circular path.
Additionally 400 magnetic quadrupoles are placed to keep the beams focused while stronger
guadrupoles are placed at collision points to maximize collisions at crossing. Since the magnets
are superconducting, the temperature required to maintain superconductivity is achieved using
approximately 96 tonnes of liquid Helium. Overall temperature around the superconducting
magnet coil is 1.9 K (Fig. 2.4). An alloy of Niobium and Titanium metals is used for making
the superconducting magnets used in LHC dipoles. Around 10,000 superconducting magnets
are installed in the LHC beam pipe combining all the magnets from dipoles, quadrupoles and
some higher multipole magnets used in the LHC beam pipe.

Figure 2.4: Transverse cross-section view of the LHC beam pipe consisting of two beam carrying tubes
surrounded by superconducting dipoles. Figure taken from [5]

Collisions at LHC happen at four points along the LHC ring where four major experiments of
LHC are situated. These experiments are situated to detect energetic particles originating from
p-p collisions at these points in LHC. Our analysis uses data collected by the Compact Muon
Solenoid (CMS) experiment which is located at the collision point 5 of the LHC. ATLAS,
ALICE and LHCb are the other LHC experiments which are built at different locations on the
LHC ring to record collision events similar to CMS experiment. Higgs boson was observed
using collision data collected from the period of 2010-2012 (Run 1). This was the rst major
success of the LHC and in years to come, both CMS and ATLAS promises wealth of data to be
collected which would lead to new discoveries of particles associated to new physics theories.
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2.2 Compact Muon Solenoid experiment

The Compact Muon Solenoid (CMS) detector is a cylindrical detector built around one of the
4 proton-proton collision points at the LHC. The purpose of such an arrangement is to record
energetic particles from collision in all 3 dimensions. It is one of the general purpose detectors
designed to observe possible new physics phenomena that LHC might produce. Fig. 2.5 show
a schematic diagram of the CMS detector.

Figure 2.5: A schematic diagram of the CMS detector. Figure taken from [6].

2.2.1 Detector Geometry

CMS detector is a cylindrical detector centered around the beam pipe of the LHC. It uses right-
handed coordinate system with origin centered around the nominal collision point. The z-axis
is considered along the beam pipe while the transverse cross-section of the detector is on the
x-y plane. Since protons are composite particles, it is a priori impossible to determine the
momentum of the colliding partons which lead to a certain process. Also since the collisions
happen at relativistic speeds, nominal measurements of particle properties would be altered due
to presence of Lorentz boost. Therefore physical quantities which are invariant under Lorentz
transformation are used. Cylindrical coordinates are used for measuring position of objects in
the detector. Whilé is the azimuthal angle that determines the angle in positive x-axis along
the x-y plane, the polar anglg)(is the angle between the positive z-axis and the direction of
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the particle momentum. In practiogjs not a Lorentz invariant physical quantity, so instead of
g we use a quantity called pseudorapidity (vhich is de ned as follows

h= In tan g (2.6)

whereq is the polar angle mentioned above. The conversion betWweaTtdq is shown in Fig.

2.6. For massless particles and in the limit of momentum much greater than the particle mass,
h is equivalent to the physical quantity called rapidigy Wwhose differencedy are invariant

under Lorentz boosts along the z axis. Rapidity of a particle is de ned as

E+p,
E P
where E is the energy of the particle apgis the z component of its momentum. Nevertheless,
h is more commonly used since it only depends on the polar aggle,

1
= Sln 2.7)

Figure 2.6: Sketch showing the relationship between pseudorafidityl the polar anglg.

With a height of 15 m and a length of 21 m is rather compact compared to the ATLAS
detector and it was designed to detect muons very accurately and features a 3.8 T solenoid
magnet. There are many parts of the detector which are put in place at different locations
starting from the point of collision to measure different kinds of properties of particles coming
from the hadron collisions in LHC.
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2.2.2 Tracker

The tracker of the CMS detector is a cylindrical, full silicon based system with an outer radius
of 1.20 m and a length of 5.6 m. It is designed to be extremely granular in order to offers
separation of closely-spaced particle trajectories in jets. The barrel (endcaps) comprises of four
(three) layers of pixel detectors and surrounded by ten (twelve) layers of micro-strip detectors.
Around 16,500 silicon sensor modules are nely segmented into 124 million pixels [30] of
dimensions 150 100um and 9.6 million strips of pitch of 80 180 um. The pixel modules

have a slight overlap to their adjacent modules in the overall arrangement in order to ensure
a circular cross-section of the whole tracker system. Fig. 2.7 shows the arrangement of the
tracker system in longitudinal cross-section of the CMS detector.

Figure 2.7: A longitudinal section view of the CMS tracker showing the position of the modules and
the components. Tracker inner barrel (TIB), tracker outer barrel (TOB), tracker inner discs (TID), and
tracker endcaps (TEC) are marked in the relevant position in the gure. Figure taken from [6].

Pixel Detector

The inner tracker is made of thin silicon pixel detectors, placed in 4 cylindrical layers and seg-
mented in both z anfl directions to allow for good spatial resolution. The main purpose of the
pixel layers is to measure the position of the interaction vertices and to create seeds for tracking.
The interaction vertex can be a primary vertex (PV) from a pp collision or a secondary vertex
(SV) from the decay of an unstable particle, for example a B hadron. Measuring these secondary
vertices is important for the identi cation of b and ¢ quarks produced in p-p collisions.
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Strip Detector

The silicon strip tracker consists of 10 layers of silicon sensors with a total area af®20he
thickness of the sensors varies from 320 to f@0depending on the module position. The strip
detectors are placed after the pixel detectors and provide coarser seeds for particle tracks while
reducing the number of front-end electronic channels to be processed which is the case with the
inner layers of pixel detectors.

2.2.3 Calorimeters

CMS hosts 2 sets of calorimeters whose primary goal is to do energy measurements by pro-
ducing showers from incoming leptons, photons and hadrons after they have passed the tracker
system. Each of these calorimeters work by the principle of scintillation and for targeting differ-
ent particles different kinds of scintillators are put in place. The electron calorimeter or ECAL,
measures energy from electrons and photons while the hadron calorimeter or HCAL does the
same for hadrons.

Electromagnetic Calorimeter

Electromagnetic Calorimeter (ECAL) uses lead tungstate (PhVe@stals, a material with

high density that produces scintillation light in fast, small, well-de ned electron and photon
showers. Since, the yield of scintillation is low and in order to measure the energy, the scintilla-
tion light is are captured by photodetectors, converted to an electrical signal and then ampli ed.
The ECAL barrel covers a pseudo-rapidity rangg¢hpf< 1.5 and the two endcap disks cover a
range of 15< jhj < 3:0. The barrel (endcap) crystal length of 23 (22) cm corresponds to 25.8
(24.7) radiation lengths, which is suf cient to contain more than 98% of the energy of electrons
and photons up to 1 TeV. It also amounts to about one interaction length for hadrons, causing
about two thirds of the hadrons to start showering in the ECAL before entering the HCAL.
Salient features of the ECAL are:

« Crystals measure 2.2.2 23 cn? in the barrel and 33 22 cn? in the endcaps
* There are around 76,000 crystals in the ECAL

« The density of lead tungstate is 8.3 gkm
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Hadron Calorimeter

The Hadronic Calorimeter (HCAL), which measures energy by stopping the particles through

interactions, is a calorimeter like the ECAL. It is a sampling calorimeter because it is con-

structed with layers of absorber (brass) and scintillating (plastic tiles) material spaced apart
from one another [31].

The HCAL features extensions that allow it to absorb energy leakage from the outer layer, also
known as the HCAL barrel and annotated with HO in Fig. 2.8. The HCAL endcap (annotated

with HE in Fig. 2.8), similar to the HB, uses brass as absorber and plastic tiles as scintillators;
these pieces providejaj = 5.2 coverage. The HO uses magnet and iron yoke as absorbers

and plastic tiles as scintillators. The forward sections, annotated with HF in Fig. 2.8, use iron

absorbers and quartz bers parallel to the beam as scintillators.

The energy resolution of HCAL combined with ECAL for hadrons, from [32], is

SE 100%
— =P 5% 2.8
E E(GeV) 28)

where the symbol means that the uncertainties to be added in quadrature.

Figure 2.8: Longitudinal cross-section of the CMS HCAL showing the four components: HCAL Barrel
(HB), HCAL Outer (HO), HCAL Endcap (HE) and HCAL Forward (HF). Figure taken from [6].
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2.2.4 The CMS Magnet

The central feature of the CMS experiment design is a large superconducting solenoid magnet.
It delivers an axial and uniform magnetic eld of 3.8 T over a length of 12.5 m and a free-bore
radius of 3.15 m. This radius is large enough to accommodate the tracker and the calorimeters,
thereby minimizing the amount of material in front of the calorimeters. This feature is an ad-
vantage for reconstruction of particles, as it eliminates the energy losses before the calorimeters
caused by patrticles showering in the coil material and facilitates the link between tracks and
calorimeter clusters. At normal incidence, the bending power of 3.8 T magnet to the inner sur-
face of the calorimeter system provides good separation between charged and neutral particle
energy deposits.

2.2.5 Muon Detector

Outside the solenoid coil, the magnetic ux is returned through a yoke consisting of three layers
of steel interleaved with four muon detector planes. The amount of absorbing material before
the rst muon station reduces the contribution of punch-through particles to about 5% of all

muons reaching the rst station and to about 0.2% of all muons reaching further muon stations.

The goal of the muon chambers is to record the passage of muons through the detector. The
recorded hits are combined with the information from the Tracker and used to precisely recon-
struct muon tracks. Even though it is located outside the solenoid, the strong return magnetic
eld in the iron yokes curves the muons and helps the determination of their momenta. Fig.
2.9 shows the overall placement of all the sub-detectors in the muon system. The whole muon
subsystem can be divided broadly into 4 sub-detectors:

e Drift Tubes (DT) - Drift Tubes are placed in the central part of the CMS detector pri-
marily to capture muon position in the central part. DT cover a pseudo-rapidity region
of jhj < 1.2. The whole DT system consists of rectangular drift cells of transverse size
of 13 42 n? while being 2 to 4 m long. Each drift cell consist of a gas chamber and
a centrally passing anode wire which is charged with high voltage. When a muon passes
through the gas, it ionizes the gas releasing electrons. These electrons then drift towards
the determines the location of the passing muon in the DT. Four layers of DT are arranged
in orthogonal orientation to each other in order to measure muon position across orthog-
onal planes. Two layers measure thef coordinates while 2 layers measure thez
coordinates. Each such arrangement consisting of four layers of DT forms a superlayer.
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Figure 2.9: Placement of all the muon detectors irrthe quadrant of the CMS detector highlighting the

four CMS muon subdetectors: DT in yellow, CSC in green, RPC in blue and the two newly placed GEM
chambers in red. Barrel Wheel 0 and two Wheels at positive z axes are shown as well as the separation
into rings in the endcap. Figure taken from [7].

Twelve superlayers cover the whdleegion in each wheel of the muon system. Fig. 2.10
shows a schematic diagram of one of the DT chambers in CMS experiment.

Figure 2.10: Mechanism inside the Drift Tubes for measuring muon position. Figure taken from [8].

» Cathode Strip Chambers (CSC)Due to presence of higher and inconsistent electric
eld on the end caps of the CMS experiment DTs cannot be used there. Therefore an

29



2.2. Compact Muon Solenoid experiment Chapter 2. Detector and Experiment

alternate detector in form of Cathode Strip Chambers (CSC) were used to cover the CMS
end-caps. This is because they do not operate in very high magnetic eld like the DTs.
Each CSC chamber consists of a mixture of Ar (40%), CO2 (50%) and CF4 (10%) gases.
They consist of arrays of positively-charged anode wires crossed with negatively-charged
copper cathode strips within a gas volume. The directions of the wires and the strips are
orthogonal to each other, allowing the measurement of two coordinates. The shorter drift
paths of the charge carriers, when compared to DTs, makes them suitable for regions
with higher ow of charge particles and strong non-homogeneous magnetic elds. Each
endcap has 4 stations containing CSC chambers. A CSC chamber includes 6 CSC layers
and the CSC chambers cover the 0jBj< 2.4 region. The spatial resolution of the CSCs

is in the 40 - 15Qum range.

» Resistive Plate Chamber (RPC) - Resistive Plate Chambers or RPCs are additional
set of muon detectors put in place to improve timing resolution of the muon subsystem.
Compared to DTs and CSCs, RPCs have excellent time resolution of 1 ns which makes
them ideal for muon matching with corresponding bunch crossings. They are situated
both in the barrel and the endcaps along with DTs and CSCs covering a pseudorapidity
rangejhj < 1.6 as shown in Fig. 2.9. RPCs consist of two parallel plates, an anode and
a cathode, both made of a very high resistivity material and separated by a gas volume.
Electrons, created by the ionization of the gas by the passage of a muon, get accelerated
and in turn further ionize the gas, causing an avalanche of electrons. The large amount of
generated charge induces an image charge on the external metallic readout strips which
Is readout as the electrical signal. The spatial resolution of the RPCs is in the 0.8—-1.2 cm
range.

* Gas Electron Multipliers (GEM) - GEMs are the newest addition to the CMS Muon
system and currently they occupy two disks on the endcap. There are plans to add two
more GEM disks during 2024-26 period. GEMs are gaseous detectors like all other Muon
detectors and are lled with a mixture of Ar/GO CQO, in the mixture is responsible of
getting ionized when a charge particle passes through it. Inside the gas chambers exists
the GEM foil, which consists of a 50 micrometer-thick insulating polymer (polyimide)
surrounded on the top and bottom with copper conductors. Throughout the foil, micro-
scopic holes are etched in a regular hexagonal pattern. A potential difference applied
across the foils generates sharp electric elds in the holes. The electrons created during
the ionisation process drift towards the foils and are multiplied in the holes. The resulting
electron avalanche induces a readout signal on the nely spaced strips.
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Chapter 3

Event Simulation and Reconstruction

3.1 Trigger in CMS experiment

The LHC delivers a collision rate of 40 MHz to the CMS experiment. However, it is not feasible

to record all the collisions given their high rate, and overwhelming volume of generated data. To
provide a perspective, an average size of an event is roughly 1 MB so if all events were stored,
that would amount to 40 TB of data per second which is impossible to store with the currently
available technology. Secondly, most of the events are not really interesting for the physics goals
set by the CMS as they originate from well-known processes. As shown in Fig. 3.1, interesting
SM processes such as the pair production of top quarks, or the production of the Higgs boson
have cross sections several orders of magnitude below the inclusive pp cross section. Therefore
CMS has a 2-tiered trigger system in place that provides ef cient and reliable way to select
relevant data and discard the rest. The rstlevel (L1), composed of custom hardware processors,
uses information from the calorimeters and muon detectors to select events at a rate of around
100 kHz within a xed latency of about fs [33]. The second level, known as the high-level
trigger (HLT), consists of a farm of processors running a version of the full event reconstruction
software optimized for fast processing, and reduces the event rate to around 1 kHz before data
storage [34]. The event reconstruction takes roughly 40 seconds in CMS where the L1 step
takes roughly 4 ms and HLT around 300 ms. These time scales rely on incorporation of Field
Programmable Gate Arrays (FPGA), Application Speci c Integrated Circuits (ASIC) and high
performance computing solutions chosen by the CMS collaboration. The collected raw data is
further processed to reconstruct the physics objects from detector information. the next sections
discuss the physics objects.

31



3.2. Event simulation Chapter 3. Event Simulation and Reconstruction

Figure 3.1: SM cross sections at hadron colliders as a function of the center of mass gli?erﬁgy,
several processes.

3.2 Event simulation

Computer-generated simulations of the necessary physics processes (generator level) and the
detector behavior in reaction to the particles formed by these processes (reconstruction-level)
are needed to examine the data produced by collisions in the CMS detector. A common ap-
proach entails comparing the simulated data with collision data in order to quantify the charac-
teristics of recognized SM processes or to search for novel physics by looking for differences
between the two sets of data. Multiple levels of complexity must be taken into account in the

32



3.2. Event simulation Chapter 3. Event Simulation and Reconstruction

proton-proton collision simulation.

Fig 3.2 demonstrates the approach used by general purpose Monte Carlo generators used in
particle physics. The red circle in the center of the graph denotes the hard process, in which
calculations are performed in perturbative regime, it is the result of the collision of the hardest
momentum partons (constituents of hadrons, here the incident proton) that carry a fraction of
the momentum of the proton. The behavior of these fractions are determined experimentally,
and they are formulated as Parton Distribution Functions (PDF). More information about PDFs
is described in section 3.2.1. The red branched out structures, including the red circle, are
radiations and splittings from the hard process. The blue lines represent the Initial and Final
State radiations (ISR and FSR), all of which are simulated with parton showers. The nal state
hadrons are indicated with green circles. The process of hadronization is modeled with phe-
nomenological and effective models as in the con nement regime perturbation methods cannot
be applied. Additional Multi-Parton Interactions (MPI) often have small momentum transfers
and are simulated with similar models, these are shown as purple circle and lines. The gen-
eral steps involved in event simulation are shown in Fig. 3.3. It starts with incoming protons
for collision. The PDFs provide the probabilities for nding a parton in the proton at speci c
momenta. The hard interaction between the incoming partons is done by the matrix element
calculation, described in Sec. 3.2.2. It determines the type and kinematic properties of the -
nal state particles. The parton-showering step, described in Sec. 3.2.3 deals with the shower
evolution of strongly interacting particles which undergo the process of hadronization. Finally,
the interaction of stable particles with the detector is simulated to obtain the detector response,
brie y described in Sec. 3.2.4.

3.2.1 Parton distribution function

Protons are hadrons which are made up of 3 valence quarks (2 up quark and one down quark)
bound by gluons. Therefore collision between 2 protons actually occurs between single con-
stituents of each proton. Any of the constituents (partons) may be involved in the hard scattering
of a given p-p collision, be it valence quarks, gluons or short lived quark-antiquark pairs of all
avors called the "sea" quarks. Hence, the colliding partons carry a fraction of proton's total
momentump = x:P. Therefore, the energy at the center of mass of the two pro?oi;]sis not

the center of mass energy of the interacting partons. The latter varies from collision to collision.
The probability of nding a certain parton with the momentum fractias given by the parton
distribution functions (PDFs). The PDFs not only depend on the type of the parton and the
momentum fraction, but also on the energy s&ehe proton is probed at. Therefore, PDFs
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Figure 3.2: Schematic of a proton-proton collision Monte Carlo simulation. Figure taken from [9].

are denoted a§(x; Q%), wherei represents the parton avor (gluon or one of the quarks).

3.2.2 Matrix element

The main characteristics of an event is determined by the process with the greatest momentum
transfer, known as the hard process. The calculation of the matrix element in event simulation
serves as a representation of the hard process. It has to do with the probability of a process
changing from its initial state to its nal state. Two arriving, interacting partons determine the
initial state, while a variable number of particles determine the nal state.

Leading order (LO), the rst contribution to the expansion, is comparatively easy to compute
and offers a decent approximation of the matrix element, albeit a rough one. The precision of
the calculation of the matrix elements is improved by subsequent orders, such as the next-to-
leading order (NLO), next-to-next-to-leading order (NNLO), and so forth, but the complexity
and quantity of Feynman diagrams signi cantly increase. Due to these factors, LO matrix ele-
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Figure 3.3: lllustration of the key steps of the event simulation procedure. Figure taken from [10].

ments are still commonly employed while NLO and NNLO calculations are only available for
a select few processes.

This analysis uses MadGraph [35] and POWHEG [36] event generators to calculate the ma-
trix elements for event generation.

3.2.3 Parton showering and hadronization

Additional partons from p-p collisions are created from ISR and FSRs and can occur in the
formof: q! qg,g! ggandg! gg A huge number of partons can be produced by further
splitting the generated partons in a cascade, as indicated in the Fig. 3.3. Parton showering is
the term for this activity. The parton showering approach evolves the event with successive
random splittings from the hard process nal state, which was obtained by the matrix element.
Each succeeding splitting reduces the partons' energy scale until each parton's energy is below
a cutoff scale calledl gcp. At this scale, the effects of color con nement begin to dominate,
forcing partons to undergo a process known as hadronization in which they produce color-
neutral hadrons. Matching methods must be used to prevent double counting because both the
matrix element and parton showering imitate the emission of extra partons. To do this, cutoffs
that ensure emissions over a speci c momentum or angle are represented by a matrix element
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and the remaining portion of the phase space by a parton shower can be included. Hadronization
occurs at low energy scales, outside the realm of applicability of perturbative calculations. One
example of a Monte Carlo generator based on parton showering is PYTHIA [37]. It is used
to simulate many of the Monte Carlo samples for this analysis. The hadronization process in
the PYTHIA event generator is based on the Lund string model, which introduces the concept
of QCD eld lines between quarks, which can be seen as strings holding energy. The string
Is stretched as the gap between the quarks widens until the potential energy is high enough to
produce a quark-antiquark pair out of vacuum.

3.2.4 Detector response simulation

After particles are generated following parton showering and hadronization, their response is
simulated in the CMS detector to compare real data recorded from p-p collisions. This is done
using GEANT4 (GEometry ANd Tracking) [38] toolkit which is used for simulation of particle
response in matter. The simulation includes the geometry of the detector presented in Ch. 2 with
the appropriate material for its individual components. The toolkit simulates the interactions
with the material based on the cross sections of electromagnetic and hadronic processes. It
takes the magnetic eld into account when simulating the trajectories of the particles and it
also allows the creation of new particles from the interaction with the detector which are also
further propagated. The electronic responses of the various detector modules are determined
and calibrated to match the observed data.

3.3 Eventreconstruction

CMS uses a set of advanced algorithms called particle ow (PF) [39] to reconstruct particles
whose properties are measured by different parts of the detector. Fig. 3.4 shows signature of
different particles in different parts of the detector. Its purpose is to distinguish and reconstruct
particles of different types as physics objects. Each physics object has a speci ¢ algorithm
designed to reconstruct it as ef ciently as possible. It reconstructs the tracks, extrapolates them
to the energy deposits in the calorimeters, and links this data along with the identi cation of
muons and electrons. It also reconstructs photons, charged and neutral hadrons and energy of
neutrinos in terms of missing transverse energy (MET). The reconstructed particles from PF are
further used for reconstruction of jets and other composite objects.
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Figure 3.4: Transverse cross-section view of the CMS detector with signatures of different particles in
different parts of the detector. Figure taken from [11].

3.3.1 Charged-particle tracks and vertices

Initially, charged-particle track reconstruction was used to tag b quark jets, measure the mo-
mentum of energetic and isolated muons, and detect energetic and isolated hadiecags.

Thus, tracking was restricted to well-measured tracks and focused exclusively on energetic par-
ticles. Since the magnetic eld inside the tracker is very homogeneous, a track will travel in a
helix-shaped path. The parameters used to describe a track are:

* do; zp: transverse and longitudinal impact parameters

 f: azimuthal angle

* (: polar angle

* pr: transverse momentum of the track based on curvature of track in magnetic eld

wheredg is given bydg =  ygcod + Xgsinf. Herexg; yo andzy are 3D coordinates of the point
of closest approach (PCA) to the center of the detector. An iterative procedure involving 4 steps
Is carried out while reconstructing tracks and are listed below:
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« track seeding nd triplets/doublets of 3D hits in the pixel detector and add constraint
for beam-spot position. This allows the estimation the 5 parameters needed to describe
the helix-shaped track.

* track nding : extrapolation of seeds in the outward (and then later inwards) direction
using a Kalman Iter and association of new hits along the track

* track tting : re- tting of all found hits with Kalman Iter and smoother applied includ-
ing more sophisticated method to take inhomogeneous magnetic eld into account and to
remove a possible bias from the beam-spot constraint

« track selection rejection of fake tracks with various quality requirements, such as num-
ber of layers with hits oc?=nd f of the t

Each iteration follows removal of hits associated to already reconstructed tracks. This is done
to reduce complexity in reconstructing dif cult (e.g. displaced) tracks in subsequent iterations.
Primary vertices

Primary vertex (PV) refers to the position of hard collision along the beam axis. This is the point
where partons from the collision hadronize and form jets. Therefore, PV is also associated to
jets in a collision event.

It is reconstructed in a 3 step procedure:

« selectionof tracks matching the beam spot
* clustering of similar tracks in z using simulated annealing algorithm
» tting the position of vertex from tracks clustered in the previous step

The leading PV with the highest sum of squares of transverse momenta is selected as the PV
of the jet. Subleading PVs with lower momenta are classi ed as pileup vertices if they are
compatible with the luminous region and have at least 4 tracks associated.

Secondary vertices

The inclusive vertex nder (IVF) algorithm is used for reconstructing secondary vertices (SV).
Based on their separation in three dimensions, it clusters tracks around seeds with high impact
parameter signi cance. Then, an outlier-resistant t of a common vertex of all the tracks in

a cluster yields the SV position. Tracks are then re-associated to either the primary or the
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Figure 3.5: Secondary vertex properties (corrected SV mass, ight distance signi cance) to discriminate
between b and light avor jets. Figure taken from [12].

secondary vertex based on their compatibility and the SV position is tted again using only the
remaining tracks if there are at least two tracks remaining. SVs aren't employed directly in this
study, but in the event that they can be rebuilt, they offer signi cant jet avor differentiation and
are thus used in b-tagging discriminants like DeepCSV. As example two of the SV properties
are shown in gure 3.5 for different jet avors.

3.3.2 Jets

Jets are a spray of stable particles in a conical shape formed from quarks and energetic glu-
ons after they undergo hadronization and fragmentation. Reconstruction of jets from detected
particles helps in understanding the properties and nature of its original parton.

Jet clustering

Many different algorithm exists for jet reconstruction, and each algorithm prioritizes some prop-
erties of jet over others, especially when multiple jets are close together or partially overlapping.
One of the popular and widely implemented type of algorithm is sequential recombination al-
gorithm, which takes list of particles associated to the jet and de nes a measure of distance
between each of them with reference to the beam axis:

D2
dj = min(ki:K}) = (3.1)
dig = k3P (3.2)
where,
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DZ=(yi y))2+(fi f))? (3.3)

with transverse momentg;, rapidityy; and azimuth anglefs. Nearby particles are iteratively
clustered together until the distance exceeds a threshold. Each iteration involves the following
steps,

* Finding the smallest betweely anddig

« If dij, recombine i and j into a pseudoparticle (by adding their 4-momenta)
« If dig, call i a jet and remove from list of (pseudo)particles

* Repeat step 1 until until no pseudoparticles left

Depending on the value gffrom Eq. 3.1 and 3.2 different jet clustering algorithms are chosen
which are listed as follow,

e p=1! ky algorithm
* p=0! Cambridge-Aachen algorithm
* p=-1! Anti-kr algorithm

Jets reconstructed from various algorithms are shown in 3.6.

Anti- kt algorithm

This analysis uses the amj- algorithm for clustering jets. The arnty algorithm (AK) is
obtained by setting p = -1 in the above equation. This algorithm preserves shape of the jets and
keeps particles for reconstruction within a desired jet cone radius. This reduces the smearing of
the jet momenta from hard scattering when pile up events are added. In this analysis, we select
jet with a cone radius of 0.4 for 2 separate b-jet candidates (AK4 b-jets).

Jet avor tagging

Identifying the avor of a jet's originating parton is crucial for the VHbb analysis since it allows

for the removal of a signi cant portion of background data by requiring the presence of jets that
originate from b-quarks induced hadrons. Each jet is given a score using a b-tagging algorithm
that indicates how likely it is that the jet originated from a b-quark rather than a light quark.
Modern taggers are implemented as multi-classi ers that may differentiate between light, ¢
and b-quarks, as well as occasionally gluons or different decay channels of b-hadrons. The
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Figure 3.6: Jet reconstructed using various jet clustering algorithms with jet cone radius, R = 1. This
analysis uses jets clustered using &qtialgorithm.

DeepCSYV technique [40], which is based on SV and track data, is used in this research and uses
a deep neural network (DNN). It performs a multi-class classi cation and outputs the scores
(probabilities) of 5 different classes:

* b: one b hadron

bb: at least two b hadrons

c: one ¢ hadron, no b hadrons

cc: at least two ¢ hadrons, no b hadron

light: no ¢ and no b hadrons

A b-tagging score between 0 and 1 is created by combining the probabilities for the b and bb
class. Working points are cut positions with the given light and ¢ avoured jet contamination
on this score (mis-tagged jets). Working points that are tight, medium, and loose have mis-tag
rates of 0, 1, and 10%, respectively.Figure 3.7 shows a comparison in performance of DeepCSV
algorithm with its predecessor b-tagging algorithms for the Phase 1 of the detector.
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Figure 3.7: Performance of the DeepCSV b-tagging algorithm compared to its predecessor b-tagging
algorithms. The curves are obtained on simulateeivents using jets within tracker acceptance with

pr > 30 GeV, b jets from gluon splitting to a pair of b quarks are considered as b jets. Figure taken from
[13].

For Lorentz boosted part of the analysis DeepAKS8 algorithm [14] is used for characterizing fat
b-jets from other jets originating from a charm or lighter quarks/gluons. It is also a multiclass
DNN classi er based algorithm trained on AKS jets to distinguish Lorentz boosted resonances.
It divides AKS jets into W/Z/H/T and other categories, with subclasses for the various decay
channels (e.g. Hto bb). The DNN architecture uses up to 100 particles per jet, each of which has
42 attributes totaling essential kinematic properties incluglingcharge, energy deposits, and
angular observables. Additionally, up to 7 SVs worth of secondary vertex features are utilized.
The network design consists of a fully connected layer after 14 (10) 1D CNN layers for the par-
ticle (SV) features as shown in Fig. 3.8. The jet mass is a very effective discriminating variable
between the various categories. Even if the jet mass is not explicitly stated, the network may
nonetheless calculate it from the low level input properties, shaping the jet mass distribution
for the various output categories. A mass decorrelated variant is trained using an adversarial
method to reduce this sculpting as shown in Fig. 3.9. This analysis uses the Hbb output node
of the mass-decorrelated DeepAKS8 tagger (bb-score). In contrast to the DeepCSV tagger, no
calibration of the simulation to match data for the full range from 0 to 1 is available, the tagger
shape is reduced to 3 bins: 0-0.8, 0.8-0.97, 0.97-1. Scale factors for the signal, computed from
gluon splitting to bb, with a transfer function applied to match them bbb Hre available for
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Figure 3.8: The network architecture of the DeepAK8 algorithm. Figure taken from [14].

the 0.8-0.97 and 0.97-1 bins. Scale factors for the backgrounds are measured in-situ and imple-

Figure 3.9: The network architecture of mass decorelated DeepAK8 algorithm. Figure taken from [14].

mented as free oating normalization parameters applied on top of the process normalization
parameters that are global in the nal t. The four parameters for V+light jets, V+c jets, V+b
jets and TT are constrained by the difference in the data to MC ratio in the boosted control

regions.

3.3.3 Isolated leptons

The relative isolation to select clean and prompt leptons is de ned as:

h i
é_ p%—harged"' max O;é p?_eutral_'_ é p% p_leU(|) (3.4)

lpErel: I
Pt

Here pt terms corresponds tpt of various PF objects.p'T corresponds t@t of leptons,
charged 5 nd pietral refers topr of charged and neutral hadrons respectivplyrefers topr of

Pr

photons angtV (1) corresponds ter of hadrons originating from pileup.
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