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Search for a new topophyllic leptophobic Z'rc, boson in the
fully hadronic ttbar final state using the CMS detector

Lucy Kotsiopoulou

Abstract

This thesis focuses on the experimental search for a new Z' boson decaying to tt
pair resonances, arising from a Topcolour Assisted Technicolour (TC2) model
(Z'1c2) using 2016 data taken by the CMS experiment at the LHC at CERN. TC2
aims to provide an underlying mechanism for ElectroWeak Symmetry Breaking
(EWSB) assuming that new interactions couple preferentially to the third
generation and especially to the top quark. In the theoretical component, 1 first
review the currently standing Standard Model (SM) of Particle Physics and the
CMS experiment, and subsequently present the theoretical elements of TC2 and
cross section formulae. The experimental component comprises of an overview of
the jet reconstruction techniques used at CMS, such as the anti-k; algorithm and N-
subjettiness, and a small synopsis of the data analysis framework used, ROOT. The
final chapter focuses on my own work: analysis of Monte Carlo simulations and
data for the fully hadronic tt final state. A cut-based Top Tagger is created from
zero, to distinguish the reducible and irreducible background signals of SM
produced tt and QCD respectively. After the insertion of the data, a data driven
method is used to fully calculate the QCD background contamination, after which
fitting methods are applied to the data, and the log-likelihood function is graphed.
Finally, observed Bayesian upper limits for the signal yield are calculated. No
significant deviation from the SM background is observed.

Key words: Z prime, Z' boson, Z'rc> boson, Topcolor Assisted Technicolor, Topcolour Assisted
Technicolour, Electroweak symmetry breaking, top quark mass, electroweak scale, ttbar resonances, data-
driven method for QCD, cut-based top tagger, subjettiness, anti-k; algorithm, Bayesian upper limits, CMS
Collaboration, CERN.
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Ava{njtnon véov top-orkov Aento@ofikoy umoloviov Z're; oy TANP®E

adpoviki) TehMki Kathotaon {edyoug ttbar pe yprion Tov aviyvevti CMS

Aovkio Kotolomoviov

Iepiinum

H owmlopatiky avty epyacio emKevIip@veTol otnv  ovalntnon &vog VEoL
pmoloviov Z' mov dwombrtan oe (e0yoc GUVIOVIGUAV tt, omd TO WOVIENO NG
Oewpiag Topcolour Assisted Technicolour (TC2), ypnoiponoidvtag dedoUEVA TOV
2016 amd to meipapo CMS oto CERN. H TC2 emyeipei va e&nynoet tov Pabivtepo
unyoviopd g Opavong g Hiektpacshevoic Zvppetpiog Bewpdvrog g pio véa
woyvpn dvvapkn €yl Tpovopakn Levén omv Tpitn [eved, kat Wiitepa 610 top
quark. Xto Bewpntikd HEPOG, TPAOTU KAV® Uio, cuvoyn T T@PvNG Bewpiog Tov
Kabiepopévou Ilpotdmov tov Zrtoyyeiwddv Xopatdiov (SM) kot to melpapa
CMS, xou petémerta v avoAvtiky Oswpia g TC2 kot TOVG LTOAOYIGLOVG
evepyov dwropdv. To mepapoatikd pépog amotereitor omd pio emMoKOTNON
TEYVIKAOV OVOKOTOOKEVTG TOOK®Y, Omw¢ Tov oAyopduo anti-k, kot v N-
subjettiness, Kot pio KPR €00Y®YN OTO  WPOYPOUUO  avdAvong  Tov
ypnowonomonke, ROOT. H tehevtoio evotnTa TPOyUOTEDETAL TNV OTOMUIKY
dovleld pov: katackevaletot évag Top Tagger yio TV aviyvevon tt 6Ty TAMPoG
adpOVIKN TEAMKN KOTAGTOON, Y10 Vo, SloymploTodv Ta. $Ho vrdfoudpa Tov tt Kot Tov
QCD SM dwdikacidv. Metd v mpocnkn kol Tov dedopévav, pio pedodog
vrofonBovpevn-amd-6edopéva VAOTOEITAL Y10l TOV VITOAOYIoUO TG LOALVOTG amd
vroPabpo QCD. Epopuoletar otn ovvéxelo mn d0dkacio TPocapuoyng oto
oedopéva, kot oxedtdletar 1 ovvaptnon log-likelihood. Teiwd, vroroyilovtal ta
v Opwa Bayes yio tnv mopotnpovpevn mocoOtnTa oNpotoc. Agv mopatnpeitol
GNUOAVTIKN TOKALGT] TOL GTULATOC 0t TO VTOPabpo Tov SM.

AéEeic khedid: Z rovovuevo, urolovio Z', urolovio Z'rc>, Topcolor Assisted Technicolor, Topcolour
Assisted Technicolour, Opavon nlekpachsvovs ovuusrpiag, puada Tom Kovdpk, NAEKTPaceviic kKAluaka,
ovvroviouoi ttbar, data-driven QCD uéfooog, cut-Paciouévog top tagger, subjettiness, anti-k, alydépi0uog,
ave épa Bayes, Yvvepyacio CMS, CERN.
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There once was a Z' at CERN
About which we’re going to learn
It’s an interesting particle
The definite article!

For which all the physicists yearn

So, a fermion or boson?
Check its spin to know for sure
An integer or just a half?

But both decay, they don't endure

So you'll have to count them quick
To clear up scientists’ confusion
Assess Z' and ttbar
Sketch the graphs and draw conclusions

GG Carey, 2023.
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EKTETAMENH ITEPIAHYH XTHN EAAHNIKH

H ®vokn Ztoyeiwdov Zopotdiov (OXX) 1 adlwg 1 Puowkn Yyniov Evepyeidv (OYE)
glvar 1 vrokatnyopio. Tov Puowkodv Emomuov mov emyelpel va PEAETNOEL TOL TO GTOLXEUDON
ad10ipPETO CLOTATIKA TNG VANG, AALA Ko va avakaAvyetl véa. H mo minpng Bempio g OXX sivan
avt) tov Kabiepouévov Ilpotomov (KII), n omoio opadomolel ta copatido g VANG, T
QeprdvIo, Kot To. COUOTIOW-Qopels Tov duvduewv, ta umoldvia, oe pio ohokAnpopévn kot
ovvektikn Bewpia (deite ewkdva 2). To KIT weprypdoet tpeig amd T1¢ 1€00epic OepeMmdOelg dSuvapelg
oL Bewpoivtal Twg VLapyovv otV EVoN: ™V loyvpr] AAMAnAenidpacmn, | onoia “Kpatd” evouéva
ta quarks péco ota TPMTOVIOL Kot ToL VETPOVIO, TV atopmv: tnv HAektpouayvntikn, 1 onoia eivat
EUPAVIG GTNV KAONUEPIVOTNTO GE LOYVITES KO KOAMO pedpaTog: TNV AcBevi, 1 onoia gvBivetan
Yoo TV Tupnviky Odomacn-f kol TG depyaciec otovg aotépeg. Ot dVO TEAELTOLES £YOLV TN
evomomOei oe pia pe Baon mv HAskrpaobeviy Oswpia, evd v t€toptn amoterel 1 Bapoumta, n

omoio KuPBepva ToV KOGHO HEYOANG KATLOKOG.

Ta copatidw yopilovtal 6T 600 TAPUTAVE VUPEPOUEVEG KATIYOPIES, To pepUIOVIOL Kot
ta. umolovia, To copatiote HVANG kot Ta copotiow-eopeis. Ta peppidvia ywpilovtal Tepaitépw ota
quarks kou 610 Aswrovier ta. up (u) ko down (d) quarks kot To niektpovio (e) amaptifovv Ta dtopa,
amo to omoia amoteleitar OAN M Kabnuepvr VAN. H kdBe dvvaun “petapépetor’” and to avtiotoryo
umolovio: 10 wtdvio (y) ywo v Hiektpopoyvntiky dvvaun, to ykAovdvio (g) v v Ioyvpn kot
to urolovia W*, W kat Z yia tqv AcOevi|. To o tpdo@ato véo cmUatido mov avakaAdeonke kot
OV GLUTANPOVEL TNV TANPT ekova Tov KIT eivon o Aeyouevo prolévio Higgs, 10 omoio HEGm Tov

unyaviouov Higgs, mapéyel Tov TpOTo Le TOV 0010 T0, LTOAOUTO, COUATIS0 omokTovY pdlo.’

To KII, &v ocuvvtopio, meptypdoetor and v mAnpn (tomkn) opddo SUB)c x SUR). x
Ux(1), mov meptropPdaver v opdda ypopatos tov quarks SU(3)c (C: colour), kot tig opddes
SU(2). x Uy(1) mov oyetiCovron pe v HiektpacOevn adinieniopaon. To copartidio Higgs onder
v HiektpacOevn cvppetpia oy acbevij kAijuaka evépyslog, dtvovtag £tot palo oto PepUIOVIaQL,
Kot oto NAekTpachevn pmolovia, W* kot Z°:

SU(3). X SU(2), X Uy(1)»SU(3). X U,,(1)
Me oavtév tov TpOMO didomaons, TO  COUATIOWN TOV  EVOTOUEWVAVI®V OUAd®V  TOV
NAEKTPOLOYVNTIGHLOD KOl TOL YPOUATOS TOPAUEVOVY Apala, T0 @OTOVIO KOl TO YKAOLOVIO, EVD T
W* kot Z amoktovv palo, o0tav n opdda ordsl, oty nlekipacleviy kdiuaxa, nepinov O(100)

GeV/cii

i Thomson 2013; Mee ka1 Manton 2017.
ii  Mavromatos 2021.



Mo v Tepopotikny aviyvevon Kot HEAET TV copatidiov otny OXX, amoitovvtol VYNnAEG
EVEPYELEC YO TNV OlEPEVVNOTN TOV UIKPOTEP®V GLOTUTIK®V TNnG VANG. Eva omd 1o oyetikd
nepapata, Tov PpickeTon oto Evpomaikd ZvpPovito yio v upnvikr ‘Epgvva (Conseil Européen
pour la Recherche Nucléaire — CERN) otnv I'evedn tg EABetiag, eivar o Meydhog Emtayvvng
Adpoviov (Large Hadron Collider — LHC). 'Exet meprpépeta 27yAn Ko emtayOVel 6€ TEPAGTIES
EVEPYELES KO OPUES TPMTOVIO OE avTIOETES KATEVOVVOELS, OOV TEAIKA GLYKPOVOVTIOL GE TEGGEPU
dlpopeTikd onueia Katd unkog tov Emtayvvy (dOeite ewova 3). Le kdbe onueio, Ppioketon éva
melpaua, oe ovvepyacio 0 pe €va amd ta avtd, Aeyopevo CMS (Compact Muon Solenoid —
Zoumayéc ZoAnvoedég Moviov), mpaylotonomonke autn 1 SUTA®UOTIKY. ZUVOTTIKA, 0 TPOTOG e
Tov omoio Agrtovpyel, yopakmmpiletar amd TV KPEUUVOOT) HOPPT] TOV: €0V 1] GUYKPOLGT TWV
TpOTOViOV Bempeital Twg yiveTar oTnV HEGN TOL AVIXVELTY], KLAVOPIKA YOpw €xovv TomobetnOel
OTPMOELS OLUPOPETIKOV EIOOVG OAVIYVELTMV, TOL LETPOLV TNV BE0N TOV GOUOTIOIOL, TV OpuUN, TV

gvépyeto ko GAAeg 1810t TEC. Agite Tig £1kOVEC 4, 5 ko 6 Y10, peptd oyedioyplppoto.’

[Tap’6Ao mov 1o KIT mapéyet pion eEonpetid amAn Kot TANPN TEPLYPAPT TOV HUKPOKOGUOV,
apkeTd eavopeva gtvor axoun aveEnynta kot vdpyet evepyn avalnmon yo v “Avon” toug otV
emotnuoviky] kowotnto. H mapovoa epyacio eetdlel tpeig duvatdOTNTeS Yoo VEQL QUGIKY] Kot
emopéveg tpio KivnTpa yo v dmapén tov avainrodpuevov coupatidiov Z’, to omoio givol Kot to
Kevipikd aviikeipevo e, To mpdto “pUuotplo”, yuo o omoio aKoOun OV LILAPYEL TKAVOTOUTIKT
e€nynon, anotedel n mpoérevon g Aeyoduevng niskrpacbtevovs Y| aclsvovg klipaxas (weak or
electroweak scale), pepikaov O(100) GeV, omv omoio mapatnpeitor AvBopuntn Opovon g
Svppetpiag (Spontaneous Symmetry Breaking — SSB) mov mpokaieital and to Higgs petad g
HAextpopoyvntikng kot g AcBevovg dvvaung, emiong amoxaiovpevn HAiektpacHevic Atdomaon
(ElectroWeak Symmetry Breaking — EWSB). Evo etvat yvootd, votepa amd v avakdAvyn Tov
Higgs oto CERN 10 2012, g to copotioo Higgs mpokaiel tmv EWSB, dev givat yvaootd motog
glvar o0te TO1O¢ givat 0 PabvTEPOG UNYOVICUOG Kot 1) KOPLoL SUVOLIKT TTOV TNV OEMEL, 00TE 0 AOGYO0G
mov ovpPaivel oty ocvykekpiuévn nAekrpaclevny khipoxa. Térog, éva amd ta KOpa OEpota
épevvag oto CERN, givor o Adyog v tov omoio 1o top quark g Tpitng evedg, ivar téc0
BapOtepo amd ta VITOLOITA. ZVYKPITIKA, TO opécms emdpevo quark, to bottom (b) quark éyer pala
4.3 GeV/c?* (40 popéc pikpdtepo), evd to ehagputepo oto KII, to up quark (u), éxer pala 0.003
GeV/c? (10000 popég pukpotepo) (sucova 1).1

1 Martin xou Shaw 2017; Thomson 2013.
i1 Hill and Simmons, 2003.



Mia and 11 Bempntikég mpotdoelc, yio v e&nynon tov eawvopévov g EWSB, aAld kot
mov tpoPAénet to top quark pe peydin pala, elvar n Oswpia tov Technicolour Yrofonbovuevn and
Topcolour (Topcolour-Assisted Technicolour — TC2), mov apywd mpotdbnke ond Tov Bempnrtikd
ovowkd oto Fermilab, Christopher T. Hill to 1994 (deite ewkdva 7). H Bewpia Poaciletar otig

Bewpieg tov Technicolour kot Topcolour, aAAd N kavotopia TG €yKettanl 6To YeYovog 0Tt Bewpet

611 10 pmolovio Higgs amoteleitan améd éva cupmdkveopo {tt) (tt condensate), kol 6Tt EVGOUATOVEL
Néa Ioyvpr Avvopikn (Novel Strong Dynamics — NSD) ywo v e€nynon mg EWSB. Ocwpel ev
oAtyolg 6t 10 PBapv top quark givar To KAl yia v e&fynon g EWSB, a@ov 1 peydin tov pélo
VTOONAGVEL TG £xel HeyaAn ovlevén e to medio Higgs. Q¢ amotédespa twv NSD mov eilodyovtat,
mpoPAémeTan | VaPEN VOGS TEPAUATIKA AVIXVEDGILOV ATOTEAEGUATOS, EVOG VEOL £idovg pmoloviov
Z'rc; (omv ovvéyela copporlopevo pe avtodv tov Tpomo). Avdpeso otnv tAnddpa TV HOVIEA®V
nov potewve o Hill, pe dAdovg cuvadELPovg Tov, Yo TV ELPAVIOT] EVOC TETO0V GOUATIOIOL TNV
Bewpia elvar 1o “Movtého IV, Amotedel TO mO INUOPIAEG GE GUYYPOVEG TEPALATIKES avalNTNOELS
Kot Ofétet ko v peyaAvtepn evepyd dwatoun. H 10w avalntmon Ba deaybel kar otnv mapovoa

gpyooia.’

To Z'te; BeopnTiKd SaomdTar PeTd TV Topoyyn Tov ot éva (edyoc top-antitop quark (tt)
(ewdva 8), 10 omoio, Aoy TG adpavomoinons, eneaviletor g midakes (jets) GTovV aviXVeELTH
(ewdva 9). H adpavomoinon (hadronisation) givotr 1 dtadikacio amd v omoia TPOKLITOVY TIOOKEG
Ko Oyl Tpoytég quarks. Q¢ amotéleopa Tov aAlniemidpacewv g QCD, 1 evépyetla Tov mediov Tov
Ioyvpric AMnAermidpaong petold twv d0o quarks (oe omdotacn 107° m) petarpémeton oe
nepotépo Cevyn quarks ko antiquarks, to omoio teAkd Ba cuykpoticovv tovg midakec. Ev
oAMyolc: ‘cuykpotipata moAlGdv quarks amd aAniemdpdoceic qq. To t (t) dwaomdtar ev cvveyeia
kotd 99.8% og W (W) umolovio kat b (b) quark, kot cuvendg ot avalnticelg yuo (evydpia top
quark tt emkevipdvoviar otV avalfmon TOV TPoidVIOV VTGV ToV 800 copaTdiny. Tmv
nepinToon e Tapayoyng (evyaptlov tt, omme mpofrémeton Yo To Z'rca, OL KOTIYOPIEC TOV TEMKMY
Kataotdoewv Oa  sivor ov €€ mnpog adpovikny (fully hadronic) pe poévo quarks,
Aemtovikitridoxeg (leptontiets) pe éva W omd 1o {euydpt tt v dtaomdton oe quarks kot To GAAO
Aemtovikd, kKo Otkentovikt| (dilepton) pe Aentovikég dauomaoels kot Tmv dvo W (ewdveg 11 kar 12).
H mapovoa epyacio Ba emkevipovetor kan Oa eEetdler pdvo v mepintwon I[Anpovs Adpovikiig

TEMKNG KOTAGTOONG TOV GUGTHUATOC tt.”

i Harris, Hill koikon Parke 1999.
it Lannon, Margaroli ko1 Neu (2012), ceh. 1-3.



Epocov 1 avalnmon tov Z'tcz cvvendyetol v avalnmon {gvyaplod tt, 1 cuyypapedc
Eexva TV avaivon ¢ pe v onpovpyion evog adyopibuov yioo v gvpeon top quarks ( Top
Tagging) Kou TV dpopomoinotn tovg amd 10 éva €idovg vroPddpov g avdivong, oniadr to
avayoywo (reducible) tov depyaciodv QCD. Eexwvovtog pe apyelo TPOGOUOIDCEDY GYETIKOV
veyovotwv Monte Carlo, epappoloviar cuvinkeg mov aviiotoyobv ce 1010tTeg TOov t Yoo TNV
TOVTOTOINGT TOV: GLVVONKES oyeTKA pe TV pala Tov midaka tov t (mov aviikatomtpiletal otV
petofint jetMass) (ewdva 40), ™MV €0OTEPIKN YEWUETPiOL TOL TidaKA (CVLYKEKPUEVA TOGOL
VITOTTIOOKES EPTEPLEYOVTOL, TOV avVTIKOTOTTPileTon otV petofAntn g Subjettiness T3/t1) (gwova
39) kot o mepreydUeva copoTidln péca otov midaka (ewova 47). To meipopa CMS mapéyel v
groun mAnpogopia tov mdéca b quarks gumepiéyovion péoa oe Evav midaka,  omoia TAnpoopia Oa
ypnooromBet yio v tpitn cvvOnkm. Emiéyovrtatl ta axolovba dvo onusia epyacios (working

points), ta. Aeyopeva yadapd (loose) ko avornpd (tight):
Looseworking point:  Mass window cut A|[140,250 |+ 53 % Top Tagging Efficiency

Tight working point: Mass window cut A[140,250]+30 % Top Tagging Efficiency +b cuts
Metd TV Kataokeun Tov Stypoppudtov Arodotikétntas (euwoveg 48 kot 49), emléyetal 1 TpdTN
oLuVONKN ®¢ M KaAOTEPN. Xe avTd TO TEMKO onueio, yivetar cOYKPIoN TOV TAPUTAVE® GLVONK®OV Kot
LE TPOGOUOUDGELS TOV OVOLNTOVUEVOV COUATIO0V Z'tcz, Y10 TO 00i0 6TV cvvEyela Bo OempnOovv
1é00ep1g S0POPETIKEG TepmTdoelg palog (eikova 54): 1400GeV/c?, 2000GeV/c?, 2500GeV/c* kot
3500GeV/c .

Ymv avdivon mpoctifetal Kot T0 apyeio TV dESOUEVOV, Kol TOPTIPEITAL TO 1GTOYPOUULLN
™G avaAloiotg nalag Tmv 600 mdakwV Yo ta &1 cupmepthappavoueva apyeio: 1o vIoPabpo tov
tt, To T€00Ep0 ONHOTO TOL Z° Kot To. dedopéva. OAo T 1I6TOYPAUIATE TOPOVGIAlovToL UE VEQ
KMpoko pe Baon to xopaKTnPIoTIKE TOL OVIYVELTH Kol TNV £vePYO Olatour e kabe depyaciog,
MOOTE VO avOmopioTATOl O TPAYUATIKA ovapevopuevos aplfudg yeyovotov. Ilapatnpoviog tao
Swypappata (ekova 56), ot yalapés cuvnkeg epeoviCouv onpavtikn mrocdtnta and to vrdPfabdpo
g QCD, kot yUavtd epappoletor pio pébodog Paciouévn oe dsdouéva (data-driven method) yio

70 VToAOYIGO NG TosotnTac QCD pe ypron Tov avornpdv cuvinkov (ekdva 52).

"Exovtag vroioyicel to vwofabpo kot v QCD, gpapuoletor pio péBodog mpooaproyrc
(fitting method) otnv omoia o1 elevbepeg mapapeTpot ivat: 1 rocsdmta vrofddpov QCD N_QCD,
n mosoTTaL VToPadpov tt N_tt ko 1 mocdTa ofpotog N_signal i, 6mov i avagépetar oty kdds
nepintoon pdloc. Yrnoroyileton  ovvaptnon log-likelihood mov avalntd Tic EAIYIOTES TIES TOV

TOPOUETPOV QVTAOV KATH TN dodkacios TPosaproyns. Avt oxedldleTor G€ GLUVAPTNOT LE TNV TN



tov N_signal ywo «d0e mepintmon palag (ewoveg 66 ko 65). H gloyiotomoinon Tpokvmtel yio
apvntikég Tipéc tov N_signal, pe amotéheoua va unv vrdpyovv evoeiéels avakdivyns tov Z’
ocouatioiov, Kobmg dev TopaTNPEITOL KATOWL CUOVTIKT OTOKAMOT TOL GNHOTOG amd T0 voBadpo
0T0 QAGH0 GuvTovicno padag tt. Télog, vroloyilovtar o maparnpovuevae dvo opia Bayes, to
omoia kot oyedtdloviatl 6 cuvaptnon e ™V pala, availoya g evepyovg dtatoung (ewkova 67). H
evepydg dwatoun pewwvetar 6co avédvetar n pala, omwg ovoapévetar. Eml tov mapodvrog, dev
UTOpOoHV VA YIVOUV GUYKPIGELS e TEPAUATIKESG TILEG dNUOCIEVGE®V (OTT®G T O TPOCPATO, OO TO

CMS ko1 ATLASY), ka0dg dev vroroyiotkay ta dswpnrikd dvw dpia 6Ty Tapodco. pyusio.

H ovyypagéag mpoteivel v cuvéyela g aval)nong Kot yio to. VrOAowma Tpict LOVTEAQ,

Y T omoia, o’ 660 Yvopilel péypt otryung, oev €xovv deaybel avalntoeilg oto LHC.

i The CMS Collaboration 2019; The ATLAS Collaboration 2021.



I. INTRODUCTION

The field of Particle Physics (PP) or High Energy Physics (HEP) aims to study the
properties of the smallest constituents of matter, and possibly discover new ones. One could say that
the very beginning of the field was the attempt to describe the substance of light in Ancient Greece,

by "early scientists" such as Aristotle and Euclid, while the atomists first spoke of the smallest

i

constituent of matter being the atom (from the Greek: atomo/dtopo, meaning indivisible).
Following Newton's corpuscular theory of light and Einstein's Nobel Prize for the photoelectric
phenomenon, the conclusion finally becomes the following: all massive matter and non-massive
matter (such as the photons of light) behave equally as point-like place-determined particles AND
as flowing infinitely-extending waves, depending on the circumstances.

It could be considered that PP officially began as a field during one experiment and one
theory in 1897 and 1900, namely the discovery of the first subatomic particle, the electron by J.J.
Thomson; and the theory by A. Einstein, that light is made up of particles, called photons. For the
first three decades of the 20th century, PP and its sister field Nuclear Physics, the study of the
nucleus of atoms, were to all intents and purposes the same fields. PP then branched off into the
study of the interior of the atom, and of the nucleus, until the very elementary particles that cannot
be broken up any further.”

Physics as a science generally works in two areas: theory and experiment. An article in the
Fermilab Annual Report, “Theorists and Experimentalists: Partners in the Search” explains the

phenomenon very accurately:

One difference between physics and other sciences is that physics has a more or less strict division
into experimental and theoretical research. The main reason for this is that the laws of physics
depend on mathematics in a more basic way than other sciences. Because the talents and training
needed to carry out measurements in the lab are different from those needed to carry out
mathematical calculations, physicists tend to take one path or the other at the start of their careers

This thesis is split into two parts, the Theoretical Component, which will lay the foundations of the
modern understanding of PP and dive into new physics theories, and the Experimental Component,
which will focus on experimental techniques used at PP experiments to analyse already known

physics and to discover new physics.

i Z1éeog, Xtepyloving kat Xaptridov 2012, oeh. 130.
it Still 2017, p. 10.
iii “Theorists and Experimentalists: Partners in the Search” 1993, p. 28.



THEORETICAL COMPONENT

The modern picture of PP comprises of a very well tested theory, the Standard Model of
Particle Physics (SM), and of the theories aiming to extend the SM and answer mysteries within the
field, the theories Beyond the Standard Model (BSM). In the first chapter, I will review the SM, and
the fundamental particles and forces that it describes. Following the theoretical foundations of
modern PP, I will give an overview of the largest particle physics experimental complex built to
date, the Large Hadron Collider (LHC) at the European Organisation for Nuclear Research (CERN
- Conseil Européen pour la Recherche Nucléaire) which is located on the border between France
and Switzerland. Within CERN there are many collaborations, which each comprise of an
experiment, located along the circular collider of the LHC. This thesis was done in collaboration
with the Compact Muon Solenoid Experiment (CMS Experiment), and so it will be the focus of my
review.

One of these elementary particles, known as the top quark, is especially interesting because

of its very large mass. As a
Source: Thomson 2013, p. 3.

comparison, the second
. . ) First generation Ve e d u
heaviest particle in the quark
. . . ' s C
category is 40 times lighter Second generation b HO N Q
(the bottom quark), and the
lightest (the up quark) 10000 Ve . b

Third generation

times lighter than the top O O

quark’. This makes it one of the

most popular study subjects at
. . . Figure 1: The particles in the three generations of fundamental fermions with
particle physics experiments, | the masses indicated by imagined spherical volumes of constant density. In
reality, fundamental particles are believed to be point-like.

but it has also become an

essential component for developing new BSM theories. Another interesting mystery is describing
the fundamental mechanism of ElectroWeak Symmetry Breaking (EWSB), and why it happens at
the so-called weak scale. Since the 1950s the question has arisen of how the fundamental particles
acquire mass: in 2012, CERN successfully announced the discovery of the Higgs particle, which
completes the SM “particle zoo”. The Higgs, in short, gives mass to the rest of the massive particles
in SM, by breaking the ElectroWeak symmetry between the quarks and weak bosons at low
energies. However, the fundamental mechanism of this EWSB is not known; nor what the Higgs

particle actually is. As the top quark, the most massive particle of the SM, has a huge coupling to

i Particle Data Group 2000.



the Higgs field, it is hopeful that the further study of it will give fruitful explanations for the origins
of EWSB.

Next, [ will naturally cover some of the suggested theories to explain EWSB. Specifically, I
will focus on the Topcolour Assisted Technicolour (TC2) model’, first suggested by the theoretical
physicist Christopher T. Hill at Fermilab in 1994. It is based on the (Extended) Technicolour theory,
started in the 1970s, and the Topcolour theory. This specific model provides an explanation of
EWSB suggesting that the Higgs boson is actually a condensate of a top and antitop quark, and
manages to both explain a possible mechanism for EWSB by also predicting a viable large mass for
the top quark. Lastly, to explain these two phenomena, it is needed to insert new types of forces,
Novel Strong Dynamics (NSD), which in turn provide an experimentally testable consequence: the
emergence of a new type of gauge boson, the Z'tc; (Z prime, from a TC2 theory), which is
theoretically posed to decay to a top-antitop pair.

Following the presentation and analysis of the TC2 model that predicts the Z'tc; boson, I will
present the results of calculations of the cross section of the new boson, by researchers at Fermilab
and other institutions. The cross section of a particle is basically the property needed to be able to

detect it in particle physics experiments, which is what makes it a defining parameter in PP.

Finally I will analyse the various experimental signatures of the Z'ic;; in the case of this
thesis, it decays to a top-antitop pair, which can be experimentally detected and isolated as an
interesting event, possibly originating from the Z'rc,. The top quark has two ways of decaying, so in
the case of a top-antitop pair (tt), the situation is more complicated, as in the detector one will see
three different possible combinations of final particle states: fully hadronic, lepton+jets (or known
as semileptonic) and leptonic. This thesis will focus on the first type of decay, which will depend on
the detection of two distinct hadronic jets, i.e. two energy depositions in the detector, from each top

and antitop quark."

i Hill 1994; Harris, Hill and Parke 1999.
ii Lannon, Margaroli and Neu 2012.



EXPERIMENTAL COMPONENT

In the first chapter on the experimental component, I will first review some special detection
methods for hadronic jets within the detector, as is the case for the top-antitop pair. I will analyse
the concepts of Subjettinness and the anti-kr algorithm for jet clustering’, which will be used in the
main part of the analysis. Lastly, I will provide an overview of the data analysis framework used,
ROOT, and some statistical methods that will be needed later in the text.

The main analysis chapter, and fully my own work, is chapter 5. Here, I start by working
with Monte Carlo samples of Z'rc; and tt processes, simulations of how the processes should look
like when observed in the detector. I will use the methods described above to develop an in-house
Top Tagger using simple cuts (conditions) on the simulation files, to finally decide on the optimal
parameters to reduce the tt background process and highlight the Z'tc; signal. Afterwards, I
implement a reversed cut process, using a data-driven method, to quantify the amount of the second
background, the QCD background. Finally the fitting process is implemented, and the log-
likelihood functions are calculated, to acquire the finishing results, which are the observed Bayesian

upper limits of the amount of the signal process.

The last chapter is reserved for my personal conclusions. After shortly mentioning the most
recent particle searches of this type, I will comment on the future prospects of discovering such a

particle and suggest new possibilities for discovery."

i Cacciari, Salam and Soyez 2008; Thaler and Tilburg, 2011.
ii  The CMS Collaboration 2019; The ATLAS Collaboration 2021.



THEORETICAL COMPONENT

II. REVIEW OF THE STANDARD MODEL AND THE CMS DETECTOR AT
CERN

IL.1. Review of the Standard Model of Particle Physics

The best and most accurate describing model that PP has to date is the so called Standard
Model (SM). It was developed in the 1960s and 70s, and has been verified experimentally
numerous times over the years, needing just a few minor changes. However it is incomplete, as
there are still unanswered questions concerning the microcosm, such as the origin of dark matter
and dark energy'. In this thesis, and in the next chapter, the unknown mechanism of ElectroWeak

Symmetry Breaking, the origin of the "weak" scale, and the true nature of the Higgs boson will be

addressed.
Wikimedia Commons: Miss J, as in Hobbs, 2017
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Figure 2: All the particles described in the Standard Model of Particle Physics

i Still 2017, p. 8




The SM uses fundamental particles, and fundamental forces, to describe the fundamental
workings of nature. In this framework, the forces are also portrayed and described as the exchange
of other different particles, the force mediators.! Beginning with the forces, it is considered that
there are four fundamental forces in nature™

¢ Gravity, which acts on massive objects and mostly determines the large scale universe

¢ Electromagnetic force, which acts on charged objects and is responsible for holding

different atoms together

¢ Strong force, which "glues" together the protons and neutrons inside the atom

¢ Weak force, which governs beta decay and plays an important role in Star synthesis
If one assumes the Strong force to have intensity 1, then it is followed by the Electromagnetic force
at 107 times weaker, by the Weak force at 10° times weaker, and finally joined by the weakest
force, gravity at 10 ', The SM succeeds in describing the unified force of three of the above, the
united ElectroWeak (Electromagnetism and Weak) force, and the Strong force and its interactions.
The only force omitted by the SM is gravity, and incorporating it is one of the most challenging
prospects of modern PP.

Providing an overview of all the particles and their workings, the “periodic table” of PP is
provided in Figure 2. Each particle in this table is defined by three numbers: its rest mass, spin and
charges that govern its interactions. There are of course other properties that they may have, such as
magnetic moment and decay rates, but these are not as fundamental. The particles are split into two
categories: integer spin bosons, so named because they obey Bose-Einstein statistics; and half-
integer spin fermions, that obey Fermi-Dirac statistics. These statistics, are derived from the theory
of Quantum Mechanics (QM), and in short describe the constraints on particles, and in what state
they are allowed to be in."™ All bosons and fermions also have antiparticles, which are complete
replicas of the standard particles, with the same mass, but opposite charge, spin or other properties.

They constitute what is known as anti-matter.

In the SM, there are twelve fundamental fermions, all of half integer spin equal to 2. They
also are then divided into two categories, the quarks and leptons, according to whether they feel the
strong force; any particle with an electromagnetic charge will feel the Electromagnetic force, and so
one is left with the following: the quarks “feel” and can interact via the Strong, Weak and

Electromagnetic force, while as the leptons interact via the Electromagnetic and Weak force. It is

i Thomson 2013, p. 1.

ii  Mee and Manton 2017, p. 393.

ili Mavromatos 2021, p. 45.

iv. Mandl 2013, p. 245; Mee and Manton 2017, p. 394.



noted that the lepton category also contains three types of neutrinos, which are neutrally charged, so
they only interact via the Weak force. Apart from this categorisation into quarks and leptons, they
are also categorised into three groups, or generations, of four particles each.

& The first generation: up (u) and down (d) quarks, electron (€) and electron neutrino (ve)

¢ The second: charm (c) and strange (s) quarks, muon () and muon neutrino (v,)

¢ The third: top (t) and bottom (b) quarks, tauon (t) and tau neutrino (vz).
As can be seen from figure Figure 2, each generation is a heavier “copy” of the first, carrying the
same spin and charge values for the respective particles. Particles are symbolised with letters, for
example the muon p, and their antiparticles with the same letter but with a bar on top, .

Three particles in the first generation are those which make up all the tangible matter in the

cosmos. The two particles that make up the nucleus of the atom, the proton and the neutron, consist

ii, iii

of solely up and down quarks™ ", while as the electron is that which “orbits” around the nucleus,
forming a “probability cloud”, which completes the modern picture of the atom. The remainder of
the quarks in the other two generations also make up other matter particles, the Baryons, such as the
lambda (A) made up of uds, and the Mesons, such as the kaon (K), made up of su. The leptons do
not appear as constituents of any particle, and appear as free particles arising from various physical

processes.

In the beginning of the chapter, it was mentioned that the SM comprises of matter particles,
discussed above, and of three fundamental forces which are also described by force mediating
particles, namely the gauge bosons. As opposed to the classical approach of the theory of
interactions, in PP Quantum Field Theory (QFT) does not treat forces as scalar potentials that act on
matter from a distance, but as actual force carrying particles. Each of the three forces in nature is
described by a QFT, which describes the exchange of one of the spin-1 gauge bosons. The photon
(y), is the carrier of the Electromagnetic force, and its equivalent QFT is called Quantum
ElectroDynamics (QED). Similarly, the carrier of the strong force is the gluon (g), massless like the
photon, while for the weak force there are two massive particles, the charged W* (particle and anti-
particle) and the neutral Z°. The first governs the weak charged-current interaction, which is
responsible for nuclear f-decay and nuclear fusion, and the second the neutral-current interaction
for other weak processes. The four fundamental bosons, as well as some of their properties, are

depicted in Figure 2.

i Mee and Manton 2017, p. 394.

it The proton is made up of two up quarks and one down quark bound together (uud), while as the neutron consists of
two down quarks and one up (udd).

iii Mee and Manton 2017, p. 394.



The fundamental bosons are completed by the Higgs boson, which had been theoretically
posited for more than 20 years, yet was only discovered as recently as in 2012 by the particle
accelerator at CERN. It is the only spin-0 (scalar) particle discovered to date, and constitutes the
final piece of the puzzle to complete the SM. It provides the mechanism by which all the other
massive particles acquire mass, called ElectroWeak Symmetry Breaking (EWSB). In the following

chapters an extensive overview of the Higgs mechanism will be provided.!

In the language of mathematics, the SM is described in the terms of group theory and the
Lagrangian density (from now on known solely as Lagrangian) expressing the interactions between
the forces and the particles. Group theory in the particle physics context describes the underlying
symmetries within the theory in a neat manner; the Lagrangian contains the terms of these
symmetries and describes the relationship between them. As mentioned above, the SM is described
by Quantum Field Theories (QFT), and more specifically by their subcategory, gauge theories'. In
the following paragraphs, various parts of the Lagrangian will be sequentially be presented, along
with their group theory related counterparts, so as to finally arrive at the final Lagrangian of the
SM. As the purpose of this review is not the fundamentals of group theory nor of the theoretical
implications of PP, a general description of the formulae to follow will suffice to complete this
small review of basic concepts.

Beginning with the general picture, the complete (local) group that describes the SM is the
following™:

SU(3)c x SU(2), x Uy(1) (A)

The SU(3)c group expresses the colour symmetry between the quarks, SU(2)y is related to the
isospin parameter of the electroweak force and lastly Uy(1) represents the weak hypercharge, Y.
Starting with the last two groups, the way in which the Electromagnetic and Weak forces
can be described by a coherent electroweak force is presented. This theory is called the Electroweak
Theory, developed by Glashow, Salam and Weinberg (GSW), and it incorporates the leptons and
their interactions, including how they acquire mass via the Higgs boson. The part of the Lagrangian

that describes the lepton sector is the following:

i Thomson 2013, p. 6.
it Mavromatos 2021, p. 3
iii  The following review is all based on lecture notes by Mavromatos 2021, p. 78, 82, 86-8.
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where g is the strength of the weak force (Fermi’s constant), y* are the Dirac matrices, A is a
parameter constant and h.c. is the hermitian conjugate.
The first terms of the form Fw, and Fz ., respectively, are the field strength tensors describing the
weak force bosons W* and the weak hypercharge’ bosons B*. They are given by:
Fy =0, Ws—0,W;+ie™ W, W,
Fg,=0,B,—0,B,
(©)

where ¥, is the relativistic partial derivative, i is the unitary imaginary number, and &

is the Levi-
Chivita symbol. The summation in Ligyen sums over the three types of leptons (lepton doublets), and
contains the interactions between them and the hypercharge. The final term describes the
interactions of the Higgs field @ (doublet); this term “breaks” the symmetry of the SU(2). group,
and as a consequence the W* and Z° become massive.

After providing a description of the electroweak interactions, now the final group, SU(3)c
will describe the strong interaction. The strong force is mediated by the massless gluons, and is
primarily “felt” by the quarks. The quarks, analogous to the charge of the electromagnetic field,
have a colour charge, red, blue or green. They can also have the “opposite” colour charges, which
explains why the theory of Quantum Chromodynamics (QCD) describes them in colour triplets,
symbolised as yr. The QCD Lagrangian is the following:

Lop==73FF*+ > §(iy'D,~m)y; ()

f=flavour

where a spans 1,... 8, D,=0,+i gS%Ai , 8 1s the coupling strength of the strong force, my the
mass of quark f and f spans the flavour of the quarks.
The first term now is describes the field strengths of the gluons A%, and is given by:
a _ a o afy A B
Fuv_auAv_avAu-'-gsf yAyAt// (E)
where f are group theory form factors.

The second summation term describes the quarks and their interactions through their symmetry

group SUQ3)c.

i Weak hypercharge is a quantum number that relates the charge number (of the electromagnetic forces) with the
weak force quantum number, isospin.



It should be noted that, although principally it seemed like the electroweak interaction and
the strong interaction were two different theories, they indeed are very alike because of lepton-
quark symmetry. It can be seen as if the SM treats these two different types of particles as

symmetrical, with many similar properties.

This completes the full picture of the interactions that the SM describes, including the final

part, the Higgs boson. Putting an emphasis on the way this particle provides mass, as it will be a key

topic later on, it is explicitly presented that the Higgs terms break the following symmetry:

SU(3)c X SU(2), X Uy(1)»SU(3). X U,,(1) (F)
This way, as the “remaining” groups after the breakage are that of electromagnetism and the colour
group, the photon and the gluon will remain massless. However, the three weak force bosons will

acquire mass as the SU(2), will be spontaneously broken by the EWSB mechanism.

I1.11. The CMS detector at CERN

In order to obtain experimental results in particle physics, high energies are required to
“probe” either the interior of known particles, or to “create” new phenomena unseen until now in
the laboratory. For this reason, HEP experiments are very often of the form of particle colliders,
which accelerate charged particles that collide, producing new particles as products that can then be

studied.

Source: Thomson 2017, p. 84 . This thesis was done in cooperation with the CMS

[4!“ Experiment (Compact Muon Solenoid Experiment), one of
the experimental complexes situated around the Large
Hadron Collider (LHC). The LHC 1is a 27km
circumference proton-proton (hadrons) particle collider at
the European Organisation for Nuclear Research (CERN -
Conseil Européen pour la Recherche Nucléaire). After the

protons go through an initial acceleration process, they are

directed towards the main circular collider, the LHC,

where after executing multiple rounds and acquiring more

ISOLIE

o online devic and more energy and momentum they finally collide at

Figure 3: A schematic diagram of the CERN
site showing the LHC and some of its other
accelerators. 3)

four points, where the experiments are situated (see Figure
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Some interesting variables regarding accelerator experiments are the following: the cross
section o, the centre of mass energy Ecu and the luminosity L. Beginning with the second
parameter, in accordance with the theory of Special Relativity, in the Centre of Mass frame (CM) of
the colliding constituents, all the energy available from them become available for particle
production. Assuming that the crossing angle of these particles is zero, and that the colliding
particles are of the same mass (as in the pp case of the LHC), the CM energy Ecum will be:

E.,=2E, (G)
where Ey is the projectile along the beam energy of each particle. The current CM energies at the
LHC have reached up to 13TeV.' The CM energy is the parameter that determines the type of
particles that can be created and discovered."

The next quantity, the cross section, is related to how probable it is quantum mechanically
for a certain interaction. The luminosity is highly related, as it expresses the rate at which events
happen within the collider. Their relationship is the following:

N=o [ L(t)dt (H)
This equation describes that for a given process, the number of interactions N that will happen, will
be the product of the cross section ¢ (the reaction probability) and the integrated luminosity L

integrated over the lifetime t of the operation of the machine in question.™

Regarding the CMS detector, it is one of the experiments along the beamline at the LHC,

Source: The CMS Collaboration et al. 2008, p. 3. and similarly with the other

experiments, it uses an “onion-

Superconducting Solenoid
Silicon Tracker

Pleel Detector type” formation of detectors (see

Very-forward
Calorimeter

Figure 4 and Figure 5). The
protons, after being accelerated in
the LHC tunnel, collide in the
central vertex of the detector,
causing the particles produced to

move in an “outwards” direction,

Hadron . . .
Calorimeter perpendicular to the original
Electromagnetic
Calorimeter

Detectors beamline axis. For this reason, the

Compact Muon Solenoid . . .
P “onion” formation  includes

Figure 4: A perspective view of the CMS detector

i Martin and Shaw 2017, p. 78.
it Thomson 2013, p. 26.
iii Thomson 2013, p. 26
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putting different types of detectors around the production vertex; as the particles pass through the
different detector layers, different particle properties will be measured.

By looking at Figure 5, one can see some particle tracks of different types, and how they
pass through the detector. Briefly, the first tracker at CMS is a silicon tracker, which measures the
particles’ tracks, while the two calorimeters measure the energy deposition of the particles. One of
the main and defining features of the CMS detector is its superconducting solenoid, of 6m internal

diameter, providing a magnetic field of 3.8T.'

Finally, the coordinates used at particle experiments will be portrayed, as they will be
used in the experimental analysis further on in the text. The coordinate system can be seen in Figure
6. The coordinate system at CMS is centred at the nominal collision point of the protons, where the
y axis points upwards, the x axis radially towards the centre of the LHC circle, and the z axis along
the beam axis tangentially at every point. The polar coordinates used include @, the azimuthial angle
measured from the x axis in the Xy plane, and 0, the polar angle measured from the z axis. Finally,

another coordinate system includes the pseudorapidity variable i, and @, defined as:
n:—ln(tang) 1)

This variable is the limit of the variable y of rapidity, in the limit of negligible mass because of very

high energetic particles (mainly jets, discussed in the following chapters), given by:

1 E+p,
=—In(———=
Y 2 n(E—pz)

()
where E is the energy and p, the momentum along the z axis of the produced particle jets. Rapidity
is widely used as a parameter in coordinate systems, as rapidity differences remain Lorentz
invariant under boosts along the beam axis.”

Finally, a reference will be made to another measured variable within the detector, that is
of crucial importance for any particle physics analysis: the transverse (to the beam axis) momentum

p:, given by:"

p=Vpi+p, (K)

i The CMS Collaboration 2019, p. 2.
it The CMS Collaboration 2008, p. 2; Thomson 2013, p. 275.
iii  Thomson 2013, p. 274.
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Source: as in Kuusela and Panaretos 2014 (Barney (2004)). Copyright: CERN, for the benefit of the CMS
Collaboration.
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Figure 5: Illustration of the detection of particles at the CMS experiment (Barney, 2004). Each type of a particle
leaves its characteristic trace in the various subdetectors of the experiment. This enables identification of different
particles as well as the measurement of their energies and trajectories.

Source: Delmastro 2014, p. 19.

Figure 6: The detector coordinates used at CMS.
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II1. UNDERLYING THEORIES OF MODELS THAT PREDICT A Z'rc; AND
CROSS SECTION PHENOMENOLOGY

In this chapter I will briefly present the motivation, theory and experimentally expected
results of the Z', the particle in question. The chapter begins with an insight into some of the
unanswered questions by the SM, to be continued in the second subchapter, by one of the solutions
to some of the matters the SM has not been able to explain. One of these solutions is the theory of
Topcolour Assisted Technicolour (TC2), an evolution of the popular Technicolour (TC) and
Extended Technicolour (ETC) theories first developed during the 1970s by Weinberg and
Susskind'. The TC2 theories, while solving the “gaps” in the SM, also produce an experimentally
observable and testable consequence, the existence of a new type of boson, the Z' (or also Z*, Z
prime). This testable consequence has the potential of being discovered in particle accelerators,
among them being the LHC at CERN, and the final subchapterS will explore calculations of its

cross section and its possible detectable decay modes.

III.I. Motivations for the existence of a new Z' boson

As explained in the previous chapter, in the review of the Standard Model of Particle
Physics, the last piece of the puzzle was resolved with the discovery of the Higgs boson in 2012 at
CERN, and therefore the affirmation of the Higgs mechanism model, how the quarks and leptons
acquire mass by interacting with the Higgs field. At the electroweak scale, the interactions of the
various particles with the Higgs field cause ElectroWeak Symmetry Breaking (EWSB), ultimately
“giving” them masses. However, as yet unknown is the fundamental processes and underlying
interactions that govern EWSB; the Higgs particle solves the problem superficially, but how it
actually acts, or even what it is, remains a mystery. Before the discovery of the Higgs boson, the
theory of it had already been proposed, but there were still numerous suggestions on what it actually
was. As Kenneth Lane mentions in his review “An Introduction to Technicolor” (1994), on ways
that EWSB might manifest itself: “[it may be] a single new particle — the “’Higgs boson”; it may be
several such bosons; or a replication of all the known particles; or an infinite tower of new
resonances; or something still unimagined”.” This concludes the first motivation for necessitating

such new physics searches.

i Hill and Simmons, 2003, p.16.
ii  Lane, 1994, p. 3.
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The second reason is directly linked to EWSB: the electroweak scale (or weak scale), at
which EWSB actually takes place. It is located around the energy of 1 TeV, a scale that arises from
the vacuum expectation value (VEV) of the gauge Higgs field, or more specifically, the decay
constant of the Nambu-Goldstone bosons created by the Higgs mechanism f;, that will then be
transformed into the longitudinal components of the weak bosons (Wi* and Zi°). The weak scale,

therefore is given by:
1

fn:VWea =——=246GeV (L
“ 226, )

where Gr is the Fermi constant (the strength of the weal interaction).’ The weak scale opposes the

other two fundamental mass scales in nature, the QCD or strong interaction scale, Aqcp, and the
gravitational scale, Mpianck, Which arise naturally from the underlying theories, such as the SM and
Quantum Mechanics. On the contrary, the weak scale does not arise from any underlying theories or
symmetries, and usually requires fine-tuning to be produced; this is exactly what TC2 will aim to
solve and mimic: “a similar dynamical and natural origin”."

Closing, with the third motivation for the development of TC2, is the mass of the top quark.
As its mass is so heavy compared to the rest of the quarks (the next heaviest is the bottom quark,
with a mass of 4.3GeV/c?, 40 times smaller, while as the lightest, the up quark, at 0.003GeV/c?, is
10000 times smaller™), it naturally has an equally large coupling to the Higgs field. Therefore, “it is

natural to wonder whether m¢ [the mass of the top] has a different origin than the masses of the

other quarks and leptons”." Could the top quark be the key to EWSB?

IIL.11. The emergence of a Z'rc; boson in a Topcolour Assisted Technicolour theory

There are many theories which are capable of solving the questions above, some refuted and
revolutionised, while some others are still the subject of searches for physics Beyond the Standard
Model (BSM). This thesis will focus on the theoretical presentation and following experimental
search based on the Topcolour Assisted Technicolour (TC2) model, as numerous, if not most
modern experiments search for new physics based on this model, among others, and because many
already conducted searches from this theory serve as benchmarks for future ones. The most recent
collaborative publication regarding a search for the Z' based on TC2 is by the ATLAS Collaboration

in 2021, “Search for tt resonances in fully hadronic final states in pp collisions at \s = 13 TeV with

i Lane, 1994, p. 3; Hill 1994, p. 1
it Hill and Simmons 2003, p. 5

iii  Particle Data Group 2000

iv  Popovic and Simmons, 1998, p. 2
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the ATLAS detector”, in which they conduct a search for the TC2 Z're, using previously set

benchmarks by other searches based on the same model.

TC2 is the evolution of the TC theory, first

Source: “Theorists and Experimentalists: Partners

in the Search” (1993). developed in the late 1970s, and later on ETC, while

also embedding the idea of Topcolour. A main figure
in developing much of TC and relevant theories, and
the first to suggest TC2, seems to be the American
physicist at Fermilab, Christopher T. Hill'. He has
worked on the development of such models, and also
on cross section calculations that may be possible to
detect in particle colliders. During his PhD thesis,
“Higgs Scalars and the Nonleptonic Weak
Interactions” (1977)", Richard Feynman was among the
executive committee, while his supervisor was Murray
Gell-Mann.

Fi 7: —— left. two experimental Very briefly, Technicolour theories were

physicists, Fritz Dejongh and Vaia Papadimitriou, | developed extensively as they were able to make

discuss a question in b physics with theorists L L
Christopher Hill and Andreas Kronfeld predictions within the energy scale of EWSB, around

1TeV, while they are one of the most popular
realisations of models that can explain EWSB and predict the correct masses for the W and Z
bosons.™ The main ideas developed within TC, in trying to explain EWSB, is creating equivalent
dynamics, analogous to the strong force and the symmetry that governs QCD. It is therefore
assumed that the weak scale interactions are governed by Novel Strong Dynamics (NSD), in
complete analogy to the Strong Dynamics for QCD. For that reason, the theory develops an added
sector, that contains fechnifermions, techniquarks and technigluons, the details of which will not be
delved into here."
Pure TC manages to describe successfully the breakage of the chiral symmetries of the new
fermions of the theory, the technifermions. However, it is deemed non-realistic and extended to

Extended Technicolour (ETC), which develops a mechanism for transmitting EWSB to the ordinary

i For more information about Topcolour, TC and relevant theories see: Bardeen, Hill and Lindner 1990, Hill 1991
and Hill 1994.

it Hill 1977.
iii Lane 1994, p.1; Hill and Simmons, 2003, p. 17.
iv  Hill and Simmons, 2003, c€). 6,19, 24.
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SM quarks and leptons'. As the measurements though of the mass of the top quark got more and
more precise, it became clear that the mass of the top quark was of the same order of magnitude as
the weak scale where EWSB happens. Theories were then developed that encompassed the top
quark as playing a special role in TC theories, possibly as some kind of special techniquark. Some
early attempts, but ultimately unacceptable as requiring fine-tuning parameters, were top-quark
condensation and Topcolour, which were finally moulded into Topcolour Assisted Technicolour,
incorporating the best features from TC and Topcolour.” Using elements from the top-quark
condensation models, one of the main themes of TC2 is the postulate that the Higgs boson is not an
elementary particle, but a bound state of a top — antitop pair, a tt condensate, (tt) . This, in
addition to Topcolour dynamics, which can be reviewed in Hill (1991), creates the theory of TC2,
which will be analytically presented in the following paragraphs. ™

The TC2 model, including solving the problems of EWSB and generating a large top quark
mass, also has a testable consequence, which is the existence of a new Z' boson. The outline is the
insertion of a new strong gauge force, similar to the NSD of TC, that will preferentially couple to
the third generation of quarks. This new force is set to generate the tt condensate, that will
ultimately be responsible for a large top mass. TC2, however, needs yet another mechanism for all
to fall in to place, that of a tilting mechanism, which will ensure the enhancement of the production
of a tt condensate, and block a similar formation of a bb condensate.” Without this mechanism,
these two condensates could be equal, and the theory would generate masses of very close
magnitudes, as opposed to a 40 times difference in mass. One way of incorporating tilting into the
theory is to introduce a new boson, a neutral Z'. From here on, the only Z' to be discussed will be
that of a TC2 theory, and it shall be denoted as Z'rc,.

This new boson, shall provide an attractive interaction between tt, and a repulsive one for
bb, so as to create a light bottom quark and a heavy top. The equivalent Z boson in the SM
framework works in a similar way, although it is too weak to provide this type of tilting. In the
publication by R.M. Harris, C.T. Hill and S.J. Parke, “Cross Section for Topcolor Z', decaying to tt”
(1999), there are four different models presented that all produce different Z'rc,, with respect to
their resonance widths, their cross sections and the ways in which they actualise the tilting
mechanism. The simplest model, referred to as “Model I”, and originating in the first paper on TC2

“Topcolor Assisted Technicolor” by C.T. Hill in 1994, only requires embedding an extended

i Hill and Simmons, 2003, o). 6,19, 24
it Hill and Simmons, 2003, p. 18.

iii  T. Hill and Simmons (2003), ceA. 18.
iv  Harris, Hill and Parke, 1999, p. 2.
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electroweak sector, which includes an extra U(1) group that is responsible for the new boson.
Model I produces the lowest cross sections out of all four models, while as IT and III are similar and
produce slightly larger cross section values.'

Model IV is a more interesting proposition, not only for its complexity and plausibility, but
because it is the most searched for model experimentally. All searches for a Z'tc; boson that arise
from a TC2 model are based on the cross section calculations of this model, and as far as the author
is aware, there have not been any recent searches for the other models at the LHC (i.e. at the
accelerator with the highest centre of mass energy at present). Therefore I shall only present the
physics for Model IV, and begin in the next subchapter by providing the relevant Lagrangian and

the method to compute the cross sections for the current centre of mass energies at the LHC,

The main idea of the first three models is to extend the SM by adding an extra electroweak

sector of the form:
SU2)w x U(1)» x U(1), M)

assuming a stronger coupling gy of the U(1)» group, compared to the coupling g of the U(1).. These
two hypercharge groups will break into a subgroup U(1)y, effectively giving mass to a new Z'rc;
boson.™

The fourth model however, is not characterised by U(1)y mixing, and instead continues
using the standard coupling constant g; of the SM, normalised to fit with the model. It is a non-
standard model, meaning that the U(l)y — U(l}» x U(l), and the generations are grouped
differently. In Model 1V, the first and third generation of quarks only shall be grouped together as
having strong couplings to the Z'tcz, as to ensure topcolour tilting this model assumes a leptophobic

interaction.”

II1.111. Cross section calculations and predictions for the leptophobic “Model IV”

The tilting mechanism mentioned in the previous section is responsible for the enhancement
of the tt condensate and not the bb one, which is assumed to make up the inner structure of the
Higgs boson. This allows the theory to couple preferentially to the third generation, and specifically

the top quark, generating its unusual heaviness. In the following paragraphs, I will present the

i Harris, Hill and Parke, 1999, p. 2-3; Hill and Simmons (2003), p. 129.
it The ATLAS Collaboration, 2021, p. 1; Harris, Hill and Parke, 1999, p. 3.

iii Hill and Simmons 2003, p. 129; Harris, Hill and Parke, 1999, p. 2-3.
iv  Harris, Hill and Parke, 1999, p. 5, 8.
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equations calculated by C.T. Hill, R.M. Harris and S.J. Parke in 1999 of the decay widths and cross

sections based on Model IV discussed above.

Model IV materialises tilting using a leptophobic interaction. Therefore the Z'tc; is

postulated to couple to the first and third of only the quark generations, as follows:
quark generations (1,3) © U(1).
Therefore, during subsequent partial width calculations, decays of the Z'rc; to all first and third
generation quarks will have to be considered. The dominant part of the interaction Lagrangian, as
provided in the original publication “Cross Section for Topcolor Z’, decaying to tt” (1999), is:
L'yy=(39,c0t0,4)Z"(y,t,+b, v, b +f Gy, te+fbpy,be)—
—uy,u—dyy,d,—flpy,up—f,dpy,dg
(N)
As can be seen from the Lagrangian, the Z'tc; boson in question couples to all first and third
generation quarks, for example the terms tyy,t, and dry,dr for the top and down quark respectively,
Two additional constants, f; and f,, are added for topcolour tilting, in order to ensure an attractive tt
channel, and a repulsive bb channel, i.e. fi > 0 and/or f; < 0. To avoid fine-tuning the theory, the
constraint on the mixing angle, cotf, >> 1, is also imposed.
By summing on all colour and spin states, for initial and final states, the cross section for this Model
is:
_ 9a’m
16cos’0,,

S
(s—M;. V+sI'?

TC2

C0t49H><Zl><[B(1+%BZ)Xzz"'le(l_Bz)] [ ]9(5_4mr2> 0)

where z; is a variable I have inputted, which according to the final state, takes the following values:
1+f2 , foru+uinitial state
1+f> , ford+dinitial state
while as z, takes the following values:
1+f: , fort+t or u+uinitial state
1+f; , forb+b or d+d initial state
The last term is added to ensure that the final state will contain a tt pair, as the other terms contain

coupling to all four quarks in the first and third generations.

As there are couplings to all four quarks, the up, down, bottom and top, the partial widths for each

final state are calculated:
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2 2

(20t 1)= 2 O (1 )1~ -3, () (p)

TC2

- 2
8cos 6, M. M;,

_ acot’ 0, M.
[(Z'0,»00)=———=(1+f}) (Q)
8cos“0,,

2
acot’ 8, M.

F(Z,TCZ_)bB)_ (1+f§) (R)

8cos’ 0,
_ . acot’O, M,
[(Z'1c,2dd)=T(Z 7, bb)=—————"=(1+f}) (S)
8cos“0,,

Concluding, the total decay width will be:

ZQHMZ' —12 2 2 ? 2 :
F:b [\/1_]:;; ((1+f1)_(1+f1+3f1)Mm )+(3+f1+2f2)] (T)

2
8 Cos QW Z'rc Z ey

The authors of the publication offer a simplification, assuming f; = 1 and f, = 0, to ensure a
leptophobic, topophyllic and b-phobic (for the right-handed terms) final state, as will also be the
focus and search in this thesis. The following formulae are for the cross section and decay width of

this special case, and will be those used and referred to as orc; and I're; from now on:

2
O1co :wifCOtAHszlX[B(l"'lﬁz)XZz"'B(l_Bz)] [
16cos 6, 3

S
(s—My. J+sI?

160(s—4m;) (U)

where now z; shall be:
2 , foru+uinitial state

1, ford+dinitial state

and z,:
2, fort+t or u+uinitial state
1, forb+b or d+d initialstate
The decay width will be:’
2
acot"6,M,, Am? m;
[=————=m= [\/1— —(2-5———)+4] (V)
8cos 0, M. M.,

The cross section and width above can be used to numerically calculate the cross section
values, as a function of the Z'rc; mass over width ratio, for pp collisions at the LHC. As this thesis
realises searches for four different possible masses at the width of 1%, only 1% width calculations

will be presented further on.

i Harris, Hill and Parke, 1999, p. 8-9
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III.iV. Top-antitop pair production and decay modes

Based on Hill’s model IV from TC2, the Z'tcz _
theoretically decays to a top-antitop pair (tt) (Figure 8).
Therefore the attention will be on tt pair production
processes. During the experimental process, tt resonances
are sought out, massive resonances which pertain to the

presence of a massive particle in the tt mass spectrum (my).

p_ 4 "

p q
Figure 8: Feynman diagram of the decay of
the Z'rearca.

If observed, these resonances will appear as local deviations from the SM tt background processes

as “lumps” protruding in the mass distribution.’

Source: Thomson, 2013, p. 24.

Figure 9: An illustration of the appearance of a jet in a
detector. In practice, the individual particles are not
resolved.

The top quark is special, for, as opposed
to the other five, it has huge mass at 172.69 +
0.30GeV/c* 1, which gives it interesting
properties. One of them is that it can be observed
“naked” in the detector, as its hadronisation time
is larger than its lifetime, meaning that it decays
electroweakly into its products, before it has
time to hadronise. Hadronisation is the process
in which jets are produced instead of quark

tracks; as a result of QCD interactions, the

Strong interaction energy between the quarks (at a distance of 10"°m) is transformed into more

quark pairs, finally creating a “shower” of quarks, which make up the jet. As a result, if one quark q

is produced in a given process, pairs of qq will be finally be created and show the experimental

signature of a jet (see Figure 9). The other quarks hadronise much faster, and there is no time to

Source: Lannon, Margaroli and Neu 2012, p. 3

q L

gmb’b’m_._f g t

q ;| gwsTTTTTT .

Figure 10: Feynman diagrams for single top quark production. Represented are (a) a LO s-channel
diagram, (b) a NLO t -channel diagram, and (c) a NLO W t production diagram

A

i The ATLAS Collaboration 2021, p. 3
i1 Workman et al. 2022
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“see” their products in the detector.’ At particle accelerators, a top pair can be produced in two
ways: either through qq annihilations or through gluon-gluon fusion (Figure 9) and at the LHC the
first method is favoured by 15%, while as Z'rc; production also arises from the first",

Regarding the decay products of the top quark, it is found that at a rate of 99.8% it decays
into a W boson and a bottom quark b, as it is more massive than the W. Keeping in mind that the
current search will be for tt pairs, if the top quark t (antitop t) decays to a W* (W-), then there will
three different decay possibilities, because of the two decay possibilities of the W: 67.7% to qq (cs
or ud) and 32.4% to a charged lepton 1 and its corresponding SM doublet neutrino v;. Therefore, for
the tt pair case, there will be three possible final states: filly hadronic with only quarks in the final
state; lepton+jets (or semileptonic) where one W decays to quarks and the other to leptons;
dileptonic, with only leptons in the final state. In Figure 11 one can see a table for the various decay
possibilities, while as Figure 12 shows a representation of one possible tt bar event.

This search for the Z'rc; particle in tt final states will focus on only the fullly hadronic final

state case. Further on in the text the analysis will be orientated to isolate only jet signals.

Source: Lannon, Margaroli and Neu 2012, Source: Raeky 2009.
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_ Figure 12: Representation of a possible tt final state
Figure 11: Final states of the tt system

i Lannon, Margaroli and Neu 2012, p. 1-3
it The ATLAS Collaboration 2021, p. 3; Lannon, Margaroli and Neu (2012), ceA. 3.
iii Lannon, Margaroli and Neu 2012, p. 1-3
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EXPERIMENTAL COMPONENT

IV. EXPERIMENTAL DETECTION AND ANALYSIS METHODS USED BY
CMS

This chapter marks the beginning of the Experimental Component of this text, in which the
previous theoretical backgrounds will be seen being used “in action” to acquire real experimental
results.

It begins with a small overview on how CMS “reconstructs” jets within the detector, the
method in which particles and their properties are identified. The jet reconstruction algorithm used,
the anti-k; method, will be briefly presented, and finally the parameter of N-subjettiness will be
introduced, for identifying the number of subjets within a larger main jet.

The next section will briefly refer to the data analysis framework used to actualise the
analysis, ROOT, and some basic definitions needed for the final analysis chapter.

The last section will describe the statistical methods used to procure the final result of the
analysis: the fitting process, the calculation of the log-likelihood function, and the Bayesian

statistical approach to calculating the upper limits for the possible discovery of a Z'rco.

IV .1. Jet reconstruction techniques

A. The Anti-k, algorithm

X As in this analysis the main focus will be the production of top (or antitop, from now on
both referred to as “top jets™) jets, methods are applied during the collection of the data, or the
production of the Monte Carlo (MC) simulations, to create clusters of the detected experimental
signatures. These methods are applied mostly to highly collimated quarks and gluons, as they
hadronise very fast after their production; it is therefore necessary to try and reconstruct the jets and
identify the original particle that produced them.’

The most commonly used algorithm to cluster particles into reconstructed jets used at CMS
is the anti-k, jet clustering algorithm, and it is one of many methods". As this is an undergraduate
thesis, the author did not apply these methods during any point in her analysis, and instead procured

the already reconstructed jet histograms from files from her colleagues. Nevertheless, as this is an

i Bakas 22023, p. 65.
ii  Bakas 22023, p. 65.
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important method in event collection at CMS, there will be a brief overview in the following

paragraphs.

One begins by defining the following distance variables, d; and dis:
A2

;ktsz)Eg (W) > diB:kfip X)

dl.j=min(kfip
where dj expresses the distance between the particle i and the pseudojet j, while as dig is the
distance between the particle i and the beamline (B). The first definition includes finding the
minimum transverse momentum k; out of two particles, and multiplying by the distance between
them in the n-¢@ (eta-phi, rapidity-azimuth) plane Ay, finally dividing by a jet radius parameter R.
The distance Ajis defined as:

A=y y ) +oi—o)) (V)

The extra parameter p is what discriminates this algorithm from other clustering methods, as it
allows control over the relative power of the energy compared to the geometry of the jets.
The algorithm procedure is as follows: the two types of distances are calculated by looping over all
events and particles in the analysis; for each event, the smaller of the two is taken, and accordingly,
if the smaller value is the d; distance, the two particles i and j are grouped together and recombined,
while if it is the d the i particle is labelled as a “jet”, and is removed from the loop over the

particles. This loop procedure is continued until all entities have been exhausted and organised into

clusters.!

This completes the review of the anti-k: clustering algorithm. Next, the N-subjettiness
variable will be introduced, which identifies the number of subjets within an already reconstructed

jet.

b. N-subjettiness

In the previous section, an algorithm was discussed in order to cluster and reconstruct jets
together, after the production in the detector. After the clustering procedure and the jet
reconstruction, in this case of a top and antitop quark, further methods are used to identify subjets

within these original reconstructed jets.

i Cacciari, Salam and Soyez 2008, p. 1-2.
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In the case of a top jet, there will be three subjets within the originally reconstructed jet
structure: the bottom quark, and the products of the W boson decaying hadronically into two

quarks. As mentioned above, this analysis will focus on the fully hadronic final state of the top -

antitop pair.

A widespread used method in
identifying the jet substructure geometry, used in
the last ten years, is calculating the so-called
variable N-subjettiness. This variable can be used

as a distinguishing parameter between boosted

Source: as seen in Bakas a (2023), p. 17.

Low top
momentum

High top
momentum _,

boost

Resolved
region Boosted ™

region

hadronically  decaying objects and QCD

b ~
boosted top decaying hadronically
reconstructed as a large-radius jet

Figure 13: Non boosted top jets as opposed to boosted

with high p; jets. The second case can easily be
reconstructed as a main jet with three subjets.

backgrounds. As will be seen later in the analysis,

a boosted phase space of high transverse

momentum p; cut will be applied for the analysis

purposes; within this phase space decaying top jets collimate and it is possible to reconstruct all the
products within one jet, as seen in Figure 13. Additionally, a QCD background will also be present
during the current analysis, which, unlike the boosted top jets, does not contain “lobes” of three
energy deposits. This is what N-subjettiness exploits, by effectively measuring the number of
subjets within an already reconstructed jet. The discriminating variable of N-subjettiness therefore

aligns exactly with the purposes of this thesis.’

Assuming an already reconstructed main jet, N candidate subjets are originally theorised.”

N-subjettiness is defined as an inclusive jet shape, symbolised as v, as follows:

1 .
d—z prmin{AR, ,,AR, ,...,ARy | (Z)
0 k

Ty=
where the k index spans the constituent particles within the reconstructed jet, p: is their transverse
momentum, and AR is defined as follows:

AR, =\(Mn]'+(29) (Aa)
This variable represents the distance between a constituent particle k and a candidate subjet J in the
N-¢ (eta-phi, rapidity-azimuth) plane, which are popularly used coordinates used in the detector (see

Chapter I1.11). This variable is one of which will be calculated later on during the analysis part of

this text.

i Thaler and Tilburg, 2011, p. 2-3.

it In this analysis, the correct number of subjets will be theorised, based on the expectations of having three subjets in
top jet events. In more complex situations, minimisation procedures can be applied to calculate N.
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The normalisation constant dy is taken as follows:

do=§ pr«R, (A/b)

where Ry is the radius that was used in the jet clustering algorithm to initially reconstruct the
original jet.

By calculating Ty, one manages to quantify how subjetty a jet is, or similarly, how
accurate the original guesswork on the number of subjets is. Looking at the limits of the variable, if
N-subjettiness is calculated to be around 0, it means that all the subjets are very close to the
reconstructed jet and are aligned with it, meaning the assumption was correct and that the jet
contains N or fewer subjets. On the contrary, if Ty is large, it signifies that the energy of the subjets
are distributed far from the jet centre, meaning that one has “failed” to intuit the approximate
number of subjets. In this case, the jet in reality has at least N+1 subjets.

As an example, the case of distinguishing W*W- production jets and QCD jets will be
used. In Figure 14 event displays are shown of their energy deposit geometry; it is clear that the W
jets exhibit a more distinguishable dijet topology, with two subjets from the quarks in the hadronic
final state, while as the QCD jet “splits” multiple times, making its geometry appear more disperse.
For this reason, it is at first logical to assume that because the W jets contain two principal subjets,
and the QCD jet could be categorised as having one subjet, that the 1, and 1; respectively would be
the correct distinguishing parameters. However, observing the histograms of 1; and 1, for both types
of events (Figure 15), they do not seem to provide much distinguishing power. The ratio of these
variables though, remarkably, is the optimal discriminating variable, as can be seen in Figure 16 (a).
In 16 (b) a multivariate analysis is shown, in which the optimal relation between 1; and 1, can be

calculated.!

In conclusion, the ratio of the N-subjettiness pertaining to the boosted hadronically
decaying jets signal to that of the QCD background provides significant discriminating power
between the two. In the next chapter, it will be shown how these variables are used in practice, as

they will form a fundamental part of the preliminary analysis.

i Thaler and Tilburg, 2011, p. 3-5.
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Source: Thaler and Tilburg (2011), p. 4.

i

Figure 14: Left: Schematic of the fully hadronic decay sequences in (a) W"W™ and (c) dijet QCD events. Whereas a
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W jet is typically composed of two distinct lobes of energy, a QCD jet acquires invariant mass through multiple

splittings. Right: Typical event displays for (b) W jets and (d) QCD jets with invariant mass near m W. The jets are
clustered with the anti-kr jet algorithm [31] using R = 0.6, with the dashed line giving the approximate boundary of
the jet. The marker size for each calorimeter cell is proportional to the logarithm of the particle energies in the cell.
The cells are colored according to how the exclusive kr algorithm divides the cells into two candidate subjets. The

open square indicates the total jet direction and the open circles indicate the two subjet directions. The

discriminating variable 1,/1; measures the relative alignment of the jet energy along the open circles compared to the

open square.
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Source: Thaler and Tilburg (2011), p. 5.
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Figure 15: Distributions of (a) 7; and (b) 1, for boosted W and QCD jets. For these
plots, we impose an invariant mass window of 65 GeV < mj« <95 GeV on jets of R
= 0.6, p.> 300 GeV, and |n| < 1.3. By themselves, the v do not offer that much
discriminating power for boosted objects beyond the invariant mass cut.

Source: Thaler and Tilburg (2011), p. 5.
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Figure 16: (a): Distribution of 1./t; for boosted W and QCD jets. The selection
criteria are the same as in Fig. 2. One sees that the 1, /1, ratio gives considerable
separation between W jets and QCD jets beyond the invariant mass cut. (b): Density
plot in the 71—, plane. Marker sizes are proportional to the number of jets in a given
bin. In principle, a multivariate cut in the t,—t, plane would give further
distinguishing power.

IV.ll Processing physical quantities using the ROOT framework by CERN

The ROOT data analysis framework is what will be used to analyse the data and MC
simulations during the analysis. This information is stored in the form of histograms in files of the
type “file.root”, while as the programmes written to analyse the histograms are written in files of the
type “file.C” (in the C++ programming language). The histograms are organised by variable within
the ROOT file within what is called a TTree, for example: the scalar variable mJJ (the invariant
mass of two jets); the jet variable jetMass (the mass of one produced jet); the boolean variable

JjetlsBtag (if the jet is a B or not); the integer variable nJets (the number of jets during each event);
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and others. The jet variables will have as many histograms as the number of jets during each event;
the jets are ordered by their transverse momentum py, so the jet with the largest p; will be labelled as
[0], the leading jet, while as the next one will be the subleading jet, [1] and so on. In the case of this
analysis, the interest is turned to two decaying top and antitop jets, so there will only be two to

categorise, into leading and subleading.

The MC files used two simulation programmes, namely pythia and madgraph; pythia
simulates the hadronisation process, while as madgraph uses information from Feynman diagrams

and randomly generated numbers to calculate decay widths.

During the analysis and the presentation of the histograms hist of various variables later
on in the text, they will appear with different scaling factors, according to what is wished to be
observed or calculated. Within the code, the scaling is applied using the command
hist-»Scale (scaling_factor), which simply multiplies each entry in the histogram by the

scaling_factor number. In Table 1 the different types of scaling are listed.

Type of Scaling scaling_factor

None (pure number of events) -

Unity 1.0/hist-Integral ()
oL

Cross Section
N

generated events

Table 1: Types of histogram scaling

The fist type basically includes no modifications of the histogram, and shows exactly the number of
events generated in the simulation or measured in the collected data. The second is a scaling to
unity, by dividing the histogram by its integral; this is used for shape comparison between
histograms. The last type is labelled cross section scaling and is used for the MC simulations when
data is inserted so as to reflect the real number of events that would have been measured in the
detector. g; is the cross section of the process, and is shown in Table 2 further down, while as the
luminosity is taken as L=36fb" and Ngenerated evenss is the number of original events produced for each

MC simulation file.
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IV.11i. Statistical methods utilised: fitting procedures, log-likelihood calculation and
Bayesian upper limits

When reaching the final result during the analysis, the final step will be to apply a fitting
procedure to the data, with three free variables: the amount of tt background N_tt, the amount of
QCD background N_QCD and the amount of signal N_signal. These will be provided by carefully
analysed histograms from MC simulations, and the fitting programme will be required to find the
optimum solution for the three variables.

This procedure is accompanied by the calculation of the negative log-likelihood
distribution (multiplied by a factor of two) (symbolised as -2AInL), which minimises the fitting
process and finds the optimal values of each free variable. It is plotted as a function of the N_signal
value, as this is the interesting variable. This value is basically the optimal result of the fitting
process, and most likely value for the estimation of the value the analysis is in search of. In the

following paragraphs, a few mathematical definitions will be presented.

Assuming that the parameter 0 is the theoretical value one wishes to calculate, and X the

data sample of experimentally measured results, it is desired to calculate an estimator function for 0:
0=0(X) (Ac)
The N experimental measurements of the data sample X, x, will be regarded as a random variable,
with a probability density of p(x|0), with 0 being a set of r parameters (the theoretical values wished
to be estimated). Assuming that the sample measurements are independent, the likelihood L of set X
will be:
L(X[8)=p(%,|6) p(X,)6)...p(x316) (A.d)

The estimation of the values 6 will be calculated by maximising L:

-

0= argmax, L ( X|8) (A.e)

In practice, the log-likelihood function is calculated, as:
InL(X|6) Z In[p(X]6)] (A.D

and then it 1s minimised as:
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The calculation of the log-likelihood in this way makes calculations easier, as now additions instead
of multiplications will be present, and also the result is unaltered, as the In function is monotonous
and has the same minimum and maximum values as its argument.’

The fitting method used later on will calculate and graph the negative log-likelihood function

multiplied by 2, and one will be able to see where it is minimised.

If the calculated and graphed log-likelihood function is taken through a reversal process,

so as to calculate the original likelihood function L, one can estimate the Bayesian Upper Limit

(BUL).

Source: Kousouris 2023, p. 5.24
The goal is that of calculating a range in which the

theoretical value that is being searched for belongs to, as a range is a
“better result” than a single value. The Bayesian approach, as
opposed to the frequentist approach, treats the unknown value 0 as a

1
random variable.

posterior distribution P(6)

Figure 17: Bayesian approach
for BUL

Assuming now that the unknown variable looked for is now

labelled p, in the case of this analysis the N_signal, the posterior

probability p(p/x), will be given by the following formula based on

the Bayesian approach:
p(x|p)n(p)
plulx)= BT (A )
=0

where n(p) is called the prior probability, and expresses any knowledge about the theoretical value
known beforehand. In the analysis later on, a flat prior with m(p)=1 will be assumed. As it wishes to
calculate the range in which p will be found with a certain probability level, named credibility a, the

following equation can be solved to calculate the upper limit pp:

Hup ©

[ p(p)du=(1—a)[ p(p)du (A.i)

0 0

The p(p) will be given by the “reversed” -2AlnL function:
L=p(x|u)=e """ (A])

In this case, the x variable will be N_signal, and p, will be the upper limit sought for.

i Kousouris 2023, p. 2,4, 6
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V. ANALYSIS OF MC SIMULATIONS AND EXPERIMENTAL DATA

As has been discussed above, the elusive Z'rc; particle during the current search theoretically
decays to to a top — antitop quark pair (tt), based on the model used in this thesis. The objective is to
search for a “lump” in the data that pertains to the discovery of a new boson. By searching for tt
resonances in the mass spectrum (mg), any signs of new physics will appear as a localised deviation
(“lump”) from the SM tt background, as it is naturally monotonously steeply falling. For that
reason, events that contain tt pairs will be searched for, with one obvious background signal being
the rest of particles produced within the detector, the SM QCD background. This QCD background
will be named as reducible, as with necessary conditions it can be successfully suppressed,
however, there is one more background signal that cannot be so easily ignored, namely the
irreducible background, which will be the plethora of tt pairs created, but that do not originate from
the Z'rca. As will be seen further on, a number of conditions, named cuts, will be used to distinguish
the various backgrounds, and to find the optimal ones for this analysis.'

As this is an undergraduate thesis, I will use ready made MC simulation files from my
colleagues, which I will analyse using the ROOT framework. The two files in use will be one that
simulates ttbar events, and that contains both tt events and QCD background, to first distinguish the
reducible and irreducible backgrounds; and the second will be files that simulate Z'rc, production,

for various different masses and widths. These will be discussed later on in the relevant section.
V.1. Z'1c; and tt background variable plots

Before diving into the analysis, I will present some preliminary histogram plots of some
useful variable distributions. This will allow for a first insight into the objective of distinguishing
the background from the signal and the variables that will be needed later on. The two MC files that
will be used for this preliminary analysis are:

s “TT_TuneCUETPS8M2T4 13TeV-powheg-pythia8.root”, for simulating the tt background
o “ZprimeToTT M3500 W35 TuneCP2 Psweights 13TeV-madgraph-pythiaMLM-
pythia8 20UL.root”, for simulating the Z’ signal of mass 3500GeV/c* and width 1%.

i The information and analysis methods described in the following sections have been provided by the author’s
supervisor Dr. Kousouris, along with additional support and guidelines by her PhD doctoral student colleagues,
Eirini Siamarkou and Theodoros Chatzistavrou. The author has tried to implement this information as accurately as
possible, but there may be inaccuracies. When the source is other than mentioned here, it will be cited separately.
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The exposition of histograms will begin with the scalar quantities, namely: dPhiJJ (the angle

between the two jets produced), met (the missing transverse momentum during each event), nJets

(the number of jets produced during the event), and nLeptons (the number of leptons produced in

the event).
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Figure 19: Histogram of dPhiJJ for the Z'rc, signal and the tt
background
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Figure 21: Histogram of nJets for the Z'rc; signal and the tt
background
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Figure 20: Histogram of nLeptons for the Z'rc; signal and the
tt background

The dPhi variable peaks mostly at pi, as is logical because in the centre of mass (CM) rest frame the

top and antitop jets will be produced “back-to-back™ in a pencil-like formation. The missing energy

transfer variable is the missing energy that the detector had not measured, and usually refers to

neutrinos or errors due to the resolution of the detector. In the present analysis there are no

neutrinos, so it naturally peaks at zero. The nLeptons variable shows the leptons in the final state

which, as has been seen, appears in two possible final states of a tt pair. Finally, in the analysis two

jets are required, which is the maximum number shown in the histogram.
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The jet quantities split into the leading (denoted as [0]) and subleading (denoted as [1]) jets, are:
jetEta (pseudorapidity of the jet), jetMass (the mass of one reconstructed jet), jetPhi (the small

angle between one jet and the @ axis) and jetPt (the transverse momentum of the jet).
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Figure 22: Histogram of jetEta for the Z'rc, signal and the tt background separately for the leading and subleading jets.
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Figure 23: Histogram of jetMass for the Z'rc, signal and the tt background separately for the leading and subleading jets.
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Figure 25: Histogram of jetPt for the Z'rc, signal and the tt background separately for the leading and subleading jets.

As can been seen, the pseudorapidity variable spans from approximately -3 to 3 (allowing
for some imperfections), and presents a smooth peak at 0, implying that the jets are produced
perpendicular to the beam axis. The jetMass variables present peaks around the mass of the top
quark, while as the earlier peak of the background around 90 GeV is “iconic”, meaning that it is not
a real peak, but a pileup of events due to an original cut applied. The same explanation for the
“peak” applies to the jetPt histograms, while as the jetPhi variable appears relatively random.

Another jet quantity depicted as a histogram, but calculated by the author within the ROOT
programme, is the absolute value of the cosine of the angle 6* between the jet and the z axis in the
CM rest frame. In the rest frame, the two jets produced, and as they are produced as a two-body
decay, they should have a pencil-like formation, i.e. be produced exactly “back-to-back”. From
QFT calculations, it is expected that the tt process should make large angles with the z axis (so a
small cosine), while as the Z'rc; should exhibit small angles (cosine near 1), as can be seen in Figure

26.
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Figure 26: Histogram of jet-abs(cos0*) for the Z'rc» signal and the tt background separately for the leading and
subleading jets.
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Finally, I present the histograms for the invariant mass of the two jets together, mlJJ. This
distribution for the Z'tc; will have a peak at the mass of the Z'rc;, as determined by the mathe
hypothesis of the MC file used at the time. The tt background presents a steeply falling distribution.
The variable mTTbarparton is also plotted for the signal Z'rc;, which is a MC constructed variable,
aimed to simulate the mass of the partons produced, i.e. the top and anti-top quarks. It is not a
variable that is measured in the detector, and theoretically it ought to be equal to the mJJ variable.

They are shown in Figure 27.
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Figure 27: Histogram of mJJ for the Z'rc, signal and the tt background, and an overlay of the mJJ and mTTbarparton
variables for the Z'rc, signal.

V.ii. Top Tagger Development

The main analysis will begin with searching for tt pair events in the detector. As tt events
are required for the pinning down of a possible Z'rc; boson, the main analysis begins with procuring
the correct cuts for purely tt events. In this analysis, therefore, the tt will count as the "signal",
whereas the "rest" of the events will be characterised as QCD processes and basically of no use, as
the final objective is to have a tt enriched final state. This section will therefore be dedicated to
developing a Top Tagger, a mechanism to distinguish top jets (so the analysis will be per jet) from

their QCD background.

As discussed in Chapter IV.i.b, jet reconstruction when working with tt pair states is easier
and clearer in the phase space of high transverse momentum, p;, to obtain high p; jets. Therefore, the
analysis is improved by applying the following p cuts for all quantities:

p,cuts: p,>400 GeV/c (5.1)
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In Figures 28 and 29 the p; inclusive histograms (for the leading and subleading jets together) are

shown with the pre p; and post cuts. As the jets have been reconstructed and are stored as

information within the root file, first the following quantity is calculated:

DR=+D¢’+Dn’

(AK)

where DR shall be the angular separation (the distance calculated between the centre of the

reconstructed jet) (imagined as a cone shape) and the originating top parton, in this case a top or

antitop quark in the @ - n plane.
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The process is as follows: looping over all reconstructed jets, the quantity DR is computed per

event, and a histogram is filled with the minimum angular distance DRmin. By minimising this

distance, it will be possible to basically observe which top quarks have been determined by the
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trigger level as within the jet or not. The events that will be characterised as within the jets will be
referred to as matched jets (top jets), while the events well without the jet shall be non-matched jets
(namely the QCD background).
The histograms of DRmin in normal and logarithmic scale are shown in Figures 31 and 30.
As can be seen from the regular plot, there is a distinct drop in number of events after about
DRmin=0.5, which will also determine the first cut condition. As the purpose of this diagram was to
find top quarks matched to the reconstructed jets, it follows that the maximum of events will be
those. Therefore the tail following the sudden drop in events will be the remaining QCD
background. By observing the curve better in the logarithmic scale, the first cuts are determined:
Matched jets: DRmin<0.5 (5.1L1)
Non—matched jets: DRmin>2 (5.1L.11)

Following the 5.1I cuts, the subjettiness variables T3, (=t3/12) and 131 (=t3/11) for matched and non-
matched jets are plotted, to discern which of the two is best for distinguishing between tt and QCD
signals, first without the p; cuts. They can be seen in Figure 33 and Figure 32, and also in Figures 35

and 34, as p; binned (clearly without the p, > 400 cuts).
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Figure 34: The p: binned subjettiness variable T3, plotted for inclusive jets for matched jets overlaid with non-matched jets.
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jets.
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Figure 36: Plotting of the jetMass histogram for inclusive jets, without any initial cuts (left) and then with the p>400 cut
and mass cuts 140<jetMass<250.

Now, with the p: cuts in place, another one is applied, regarding the mass of the top jet. By

observing the jetMass variable peaks (Figure 36), the mass cut is originally chosen as:
Topmasscuts: 140<jetMass<250 (5.11.111)

By applying the top mass cuts as well as the p; cuts, the subjettiness variables are plotted again

(Figure 37):
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Figure 37: The subjettiness variables 13, and 13, plotted for inclusive jets for matched jets overlaid with non-matched
jets, with p>400 and 140<jetMass<250 cuts..

Observing the above histograms, it becomes clear that the 13; subjettiness variable is the best to
distinguish the matched from the non-matched jets. From now on, it will be the only subjettiness

variable used.

The 2D histograms (Figure 38) of jetMass vs. T3; and jetMass vs. Ts; are also plotted, with and

without the mass cuts, separately for matched and non-matched jets.
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It is observed that the matched jets contain the exact peak for jetMass, as is required, and shows that
the analysis before this stage had been done correctly. Specifically, the “yellow peak” is collected
and is more prominent when the mass cuts are applied, while on the contrary when the mass cuts

are applied to the non-matched jets, it is much fainter as there is nearly no peak.

The mass cuts originally chosen are now joined by two more, so as to explore more possibilities.
The subjettiness variable is plotted (Figure 39) for these different mass windows, however it does

not change much, as expected, as it depends on the structure of the jet and not its mass.

Overall, these are the three mass windows considered:
Mass window A :140< jetMass <250
Mass window B:150< jetMass <230
Mass window C:150< jetMass<210

(5.11iv)

The histograms of the jetMass with the above cuts applied can be seen in Figure 40.

t3/t1 for Inclusive Jets T Matched t3/t1 for Inclusive Jets (with Mass & Pt Cuts) — Marcted
= Non-Matched = Non-Matched
0.024

=3 = —_ =
S o.o22F 7y £ ooes e
9; 0028 Jr \"- ZE} - f \
£ oo18E fo) 2 r
= = J' 'l,I £ 002
% 0.016; r ',r"' g F /
5 oo I & ooisk L\"
0.0125 C
IR SRR W ST
0.008F { LY 001
= b C
] \ /AN
0_00‘6 I[ JIH ]"l.. 0.005 Y, .
ey NN : O
0o oz 03 04 o5 66 67 o8 09 1 K 01 ez 03 o4 ‘0-?*0-‘6'& 07 o8 08 1
matched_t3t1 matched_t3t1
3/t1 for Inclusive Jets (with Mass & Pt Cuts) - Matched t3/t1 for Inclusive Jets (with Mass & Pt Cuts) T Matched
— Non-Matched = Non-Matched

iy

f( \
TR\
/AN

h

N S NN

{1 I I S A AT Pt T T R T 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.1 0.2 03 0.4 0.5 06 0.7 0.8 0.9 1 matched_t3t1
matched_t3t1

N,

/1
A
AN
{ AN

k'

0.025

0.025

o
=
o

# events (Integral Scaling)

# events (Integral Scaling)

0.015

0.0

0.005

o'
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With these diagrams, the following quantity is calculated, the Top Quark Tagging Efficiency:

number of jetsthat pass mass cut +1,, cut with p,>400

Efficiency = (A

number of jetswith p,>400
The mass cuts will vary depending on which window has been chosen, A, B or C, while the p: cuts
are the same for all histograms from now on. The T3 is characterised as the integral from 0 up to

different points x every time of the 13; histogram:
Ty, CUt: f 75, (5.ILv)
0

The quantity is then calculated by calculating the numerator every time for different x points, and
dividing every time by the integral of the whole histogram. For each x, which will scan all the bins
in the histogram in this analysis, this variable is plotted, which results in the Efficiency diagram.
The y’y axis will be the fake rate (percentage of non-matched jets), by integrating ts3; for non-
matched jets; the x’x axis will be the top tagging rate (percentage of successfully tagged matched
(top) jets), by integrating the matched jets. The Efficiency can be seen in a normal and logarithmic

scale in Figure 41.
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Figure 41: The Top Tagging Efficiency diagram plotted for three different mass windows, A, B and C.

One may observe that not all the curves reach unity, as may be implied by equation (A.l). This is
logical, as the mass cut for each curve above has decreased the number of events that will be
integrated, more and more as the mass window becomes smaller. So when compared together, they
will not all have the same limits.

With the Efficiency diagram in hand, two working points are chosen, to continue the analysis:

Looseworking point :  Mass window cut A[140,250 |+ 53 % Top Tagging Efficiency (f 1,,<0.53)

Tight working point: Mass window cut C[150,210]+30 % Top Tagging Efficiency ( f 7,,<0.30)
(5.11.vi)

These points can be easily seen in the diagrams: the loose working point is for Top Efficiency equal
to 0.53 and Fake Rate equal to approximately 0.25. Similarly, the tight point will have efficiency
0.30 and fake rate 0.08. It is clear from the very shape of the diagram that one could never each
100% efficiency with 0% fake rate, which would be the ideal case. No matter which points chosen,
there will always be a percentage of “good signal” lost, and “bad signal” remaining. For this reason
two points are chosen at this stage, to later make more tests to finally choose one final working

point.

The mass cuts that relate to the two chosen working points can be seen in the previous Figure 40,
while as the final 73, variable with loose and tight cuts can be seen in Figure 42 and Figure 43 for

matched and non-matched jets.
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Figure 43: The subjettiness variable t3; with the tight and loose working point cuts applied for non-matched jets.

Continuing the analysis, the p; efficiency diagram is plotted, separately for matched jets, non-

matched, for loose and tight working points, giving four graphs in total. This efficiency is created

by dividing the p: histograms with the loose or tight cut conditions applied, divided by the total p;

histogram with only the p; cuts. It is a way of monitoring the efficiency as a function of the

transverse momentum, p.. The p; diagrams, with only the p; cuts, the tight and loose cuts, for
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matched and non-matched jets can be seen in Figure 44, while as the p; efficiencies can be seen in
Figure 45, where the loose and tight cuts are overlaid together in the same canvas for matched and

non-matched jets.
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Figure 45: The p, efficiencies plotted for matched and non-matched jets. The green curves represent the efficiency with
the loose working points, while as the blue utilise the tight working point cuts.

The loose cuts clearly have a better efficiency, both for tagging matched jets and for non-matched
jets.

The 2D histogram with only pe cuts of the jetPt vs. jetMass is also plotted in Figure 46 for matched

jets.
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Figure 46: 2D histogram of the jetPt vs. jetMass, for matched jets, with only p; cuts.

So far, two elements for tagging top quark jets have been utilised: referring to the mass of the jet,
and the substructure geometry of the jet. CMS provides one more tagging element automatically
within the ROOT file, which recognises the presence of a bottom quark within a jet. As mentioned

in chapter IIl.iv, the top quark decays into a W boson and a bottom quark. By utilising the ready
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variable jetNBSubDCSV and setting it equal to 1, the cuts become even more restrictive, and

hopefully more accurately tag a top jet. The following cut is consequently applied:

bcut: jetNBSubDCSV =1 (5.1L.vi)

This variable, with the 5.11.vi cuts applied, and previous cuts, is shown in Figure 47.
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Figure 47: The jetNBSubDCSV histogram with only p, cuts and with the condition that it is equal to 1 (with p, cuts).

The Top Tagging Efficiency diagram is then replotted, overlaying the earlier curves with loose and
tight cuts, with the same curves, but by applying cut 5.11.vi as well. In Figure 48 it is seen for two
different plotting axes (zoomed in and out).The p; efficiencies are also replotted, with the extra b cut

condition in Figure 49.
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Figure 48: The Top Tagging Efficiency diagram plotted for the loose and tight working points, and for the loose and tight
but the added condition of having a bottom quark subjet. To the left the axes are set to unity, while as to the right it is
zoomed.
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Figure 49: The p, efficiencies plotted for matched and non-matched jets. The green curves represent the efficiency with
the loose working points, while as the blue utilise the tight working point cuts. The extra condition regarding a b subjet
is utilised.

It is observed that both efficiencies drop compared to the case without the b cuts, but the efficiency
for non-matched jets reduces radically. This is a very good sign, showing that the background is
significantly reduced when using this new variable.
By inspecting Figure 48, two NEW working points are set:
NEW loose working point :  Mass window cut A[140,250]+53 % Top Tagging Efficiency
NEW Tight working point: Mass window cut A[ 140,250 ]+30 % Top Tagging Efficiency +b cuts
(5.11.vii)

In summary, the NEW loose cuts and NEW tight cuts basic difference is the utilisation of b cuts or
not. The more subtle difference is the percentage of 1s; that is kept, while the mass window remains

as that of A for both.

In the next section, the Sensitivity will be calculated for each new working point, and will be
plotted for different mass values of the Z'rc; which this thesis is in search of. From now on, the

NEW loose and tight working points will be simply known as loose and tight working points.
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a. Sensitivity diagram

With the two types of cuts in hand, the loose and tight working points:
Looseworking point :  Mass window cut A[140,250 |+ 53 % Top Tagging Efficiency
Tight working point: Mass window cut A[140,250]+30 % Top Tagging Efficiency +b cuts
(51L.vii)
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Figure 50: The histograms of jetMass, jetNBSubDCSV, jetPt and 13, with loose cuts for the background and four Z'rc,
signals.

of course still retaining the high p; phase space:

p,cuts: p,.>400 GeV/c (5.1)

The final variable in the Top Tagger analysis will be calculated, this time as a function of the mass
of the real signal, the Z'tc,. The different masses for the Z'rc> will be procured from the following
ROOT files:
e “ZprimeToTT M1400 W14 TuneCP2 Psweights 13TeV-madgraph-pythiaMLM-
pythia8 20UL.root”, for simulating the Z’ signal of mass 1400GeV/c* and width 1%.
o “ZprimeToTT M2000 W20 TuneCP2_ Psweights 13TeV-madgraph-pythiaMLM-
pythia8 20UL.root”, for simulating the Z’ signal of mass 2000GeV/c* and width 1%.

49



e “ZprimeToTT M2500 W25 TuneCP2 Psweights 13TeV-madgraph-pythiaMLM-
pythia8 20UL.root”, for simulating the Z’ signal of mass 2500GeV/c* and width 1%.
e “ZprimeToTT M3500 W35 TuneCP2 Psweights 13TeV-madgraph-pythiaMLM-
pythia8 20UL.root”, for simulating the Z’ signal of mass 3500GeV/c* and width 1%.
All the variables determining the loose and tight cuts, separately for loose and for tight cuts, are
plotted as overlays with the background and the four Z’ mass signals in Figure 50 and Figure 51.
The loose cuts and tight cuts will be applied respectively to BOTH the background events ( tt and
QCD) and the signal events (Z'tc2), so as each process has gone through the same cut conditions.
The plots now that the Z'rc, signal will been overlaid, and to prepare for when the data is
also plotted are, so as to depict the true number of events expected to be obtained in the detector,
cross section scaled. All variables earlier were depicted as scaled to unity, but the histograms will
now be multiplied by the following numbers depicted in the following table. The exact formula and

more about this type of scaling have been discussed in IV.ii.

Process Cross section (pb)! Scaling factor
tt background 832 (for all final states) 0.760265179
Z'rc> with m=1400 and I'=1% 0.9095 0.251950026
Z'rc2 with m=2000 and I'=1% 0.1662 0.047517521
Z'rc> with m=2500 and I'=1% 0.04749 0.013247152
Z'rc> with m=3500 and I'=1% 0.005105 0.001532231

Table 2: Cross sections and scaling factors used for each process in the analysis

As can be seen in the plots, all the cuts have been applied correctly, and it is clear that the Z're;
signals are significantly smaller that the background signal, especially as the mass becomes larger.
The last mass of 3500GeV/c* is practically negligible, as is logical by inspecting the small scaling
value and cross section that it has. In the mJJ mass spectrum (in Figure 52 in normal and
logarithmic scale) one can see the overlay of the background and the four signals. The Z'rc; signals

are also nearly negligible.

By observing the mass distributions for the different Z’ cases (Figure 53)", the following mass

windows are selected by the author:

i These cross section values have been procured from the source (Bakas b 2023). They are from previously created
MC simulations, which use generic cross section values for all relevant Z’ models. Still, this thesis has focused only
on the theoretical presentation and interest in the TC2 model, as it is the one most been searched for

it These are selected from distributions only containing the p; cuts.
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Figure 51: The histograms of jetMass, jetNBSubDCSV, jetPt and T3, with tight cuts for the background and four Z'rc,

signals.
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Process Mass window (GeV/c?)
Z'rc> with m=1400 and I'=1% [900, 1600]
Z'rc> with m=2000 and I'=1% [1400,2300]
Z'rc> with m=2500 and I'=1% [1800,2800]
Z'rc> with m=3500 and I'=1% [2500,4000]

Table 3: Mass windows chosen to select the peak for each Z’ process

The sensitivity will determine which working point is better based on the search for Z'rc, signal,

with the background known from the Top Tagger development. This background will contain tt
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Figure 53: The histograms of mJJ for each of the four Z'rc; signals, taken from the zoomed in overlays of all four
together plus the tt background. In each plot, the plot whose peak is perfectly within the canvas boundaries is that of
interest: Top left: mass 1400; top right: mass 2000; bottom left: mass 2500; bottom right: mass 3500.

(background for this analysis) events and QCD events. The sensitivity is calculated by the following

formula;:

signal

sensitivity =
v Vbackground+signal

where sensitivity and background imply taking the integral of the mJJ distribution in the mass
windows of Table 3 of the background process and the different Z're; process. In total four
sensitivities will be calculated: one for each Z'tc; case, by integrating in each mass window. Two

plots will arise, the four calculated sensitivities, for each cut case: loose and tight working points.
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The sensitivity diagram, plotted as a function of each of the four Z'rc; masses, is shown in Figure
54.

Both plots contain an unnatural drop at mass 2000; after careful inspection, it is the author’s opinion

Sensn“”ty = | oose: jetMass[140,250),53%,n0 b

— Tight: jetMass[140,250],30%b
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Figure 54: Sensitivity diagram, comparing the loose and tight cut working points, as a
function of the Z'rc; mass.

that the ratio of background events and signal events for this mass is just enough to cause the drop,
as can be seen in Figure 50. The peak for mass 1400 coincides with the peak of the tt background,
and for the other two masses the ration of background and signal is relatively stable; however, at
mass 2000, the signal appears with a large peak, and at the same time the background is steeply
falling with no peak in that mass window, creating the anomalous drop.

The final verdict is that, when comparing the signal to the tt background, the loose cuts provide
better distinguishing power between the two. Even thought the loose cuts contain more background
QCD noise, based on the Top Tagger development earlier, the tight cuts appear to “cut” too much

signal with the “b cut” condition.

In the next section, data will be added to the analysis, which contains much more QCD background
than any of the previous files. A data-driven method to calculate this amount of QCD will be used,

and finally a fitting procedure will be applied to obtain the final constraints of this search.
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V.111. Data analysis and comparison with MC simulations

In the previous analysis the loose cuts were deemed as the optimal option, as opposed to the tight
cuts. Hence, the plots for all five relevant variables (jetMass, jetNBSubDCSV, jetPt, t3/t1 and
finally mJJ) are plotted together, including the Data file from CMS data taken from the LHC in
2016. The file is the following:

e “JetHT Run2016-17Jul2018.root”, 2016 data file, The CMS Collaboration, CERN

They are first plotted for the loose cuts case in Figure 55, and in Figure 56a for mJJ. Of course the

data file has gone through the same cut process as the other processes.
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Figure 55: The histograms of the four relevant variables used during the cut process, for loose cuts. Overlaid are:
2016 data, tt background process, four different Z'rc> processes for different mass cases.
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Figure 56: The mJJ histogram with Loose and Tight cuts. Overlaid are: 2016 data, tt background process, four different
Z'rc2 processes for different mass cases.
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Figure 57: The histograms of the four relevant variables used during the cut process, for tight cuts. Overlaid are: 2016
data, tt background process, four different Z'rc, processes for different mass cases.

As can be seen initially from these plots (Figures 55 and 56a), the data appears to be very “far
away” from the tt background. This seems to be a case of QCD flooding, as the whole analysis up
to this point has been to identify tt jet events. Applying the chosen cuts, therefore, should have
yielded similar distributions for data and tt background, which is not the case here. Therefore the

same diagrams for the tight cuts are also plotted in and Figure 56b for mlJ.
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For the tight cuts, there is a much better agreement between the data and the tt process, and so
henceforth the chosen cuts will be using the tight working point. The difference in agreement now

is purely because of QCD background, which was not as present in the Top Development scheme.

Now a reversal method will be implemented to calculate the amount of QCD present in the data.
This method basically implies reversing the cuts applied, to attain the opposite phase space in order
to calculate the “noise”. This region will be called the Control Region (CR), while as earlier the
work was being done in the Signal Region (SR). It is recalled that the tight cuts are the following:
Tight working point: Mass window cut A[140,250]+30 % Top Tagging Efficiency +b cuts
(511L.viii)
The defining variable, ensuring that the events after applying the above cut are produced by a top
jet, is NBSubDCSV, which gives the information on whether there is a b quark within the jet or not.
By “reversing” all the quantities in the cut, the phase space would be irrelevant to the analysis, and
the QCD contamination would not be able to be calculated. The main variable is the number of
bottom quarks in the jets, and that is the one that will be reversed. The following cut therefore, is
applied to all variables, keeping every other condition constant and unchanged:

Reversedbcuts: NBSubDCSV =0 (5.111.1)
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Figure 58: The histograms of the four relevant variables used during the cut process, for reversed b cuts. Overlaid are:
2016 data, tt background process, four different Z'rc, processes for different mass cases.
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The plots of all five relevant variables with Reversed Tight Cuts can be seen in Figure 58 and

Figure 59.
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Figure 59: mJJ histogram for reversed b cuts. Overlayed are: 2016 data, tt
background process, four different Z'rc, processes for different mass cases.

As can be seen from the NBSubDCSV plot in Figure 58, the reversed b cuts have been applied
correctly, while all other conditions have remained as they were. Observing the mJJ distribution, it
is seen that the QCD contamination from the tt process and the Z'rc; signal processes are nearly

negligible.

The Reversing process is now as follows: The contamination events are now subtracted from the
data events in the CR for the mJJ variable, so as to procure the “pure” data distribution. This
distribution is then normalised to unity to create a PDF, called the Template.

The parameter Nqcp is calculated, expressing the amount of QCD present in the analysis:

Nocp=Niea— No'=4040.13

The signal, separately for each Z'tc; mass case should also be subtracted. However, to avoid
complications and because it is so negligible, it will be omitted and only the tt events will be
subtracted. This Nocp is now multiplied by the Template created earlier, to create the final QCD

histogram. All four created histograms throughout this process are shown in Figure 60.
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Figure 60: The mJJ histograms during the removal of contamination process. Top left: the data distribution in the CR
without the removal of the contamination overlaid with the CR data after the removal of the contamination; top right:
the CR data after the removal of the contamination; bottom left: the pdf distribution of the CR data after the
contamination; bottom right: the pdf distribution of the CR data after the contamination multiplied by the Nocp
parameter.

All variables now go through this removal of contamination process, and are stacked on top of
other, as seen in Figures 61 and 62. The stacking process includes stacking the tt background events
on top ofthe QCD distribution calculated above, by practically adding the events. This addition
ought to sum to the data events, as the QCD distribution is basically the “subtraction” of the tt
background from the data. As can be seen below, this is true except for a small incoherence, in
which the tt background appears slightly increased. The supervisor of the author assured her that
this has been seen in other analyses as well, and is from imperfections due to the MC simulations’

creation process.
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Figure 61: Stacked histograms for all four relevant variables: in red in the QCD distribution calculated above, in teal

the tt background and in black above with error-bars is the signal. The lined histograms underneath are the Z'rc,
signal distributions, which are nearly negligible.
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Figure 62: Stacked histograms for the mJJ variable: in red in the QCD distribution calculated above, in teal the tt
background and in black above with error-bars is the signal. The lined histograms underneath are the Z'rc, signal
distributions, which are nearly negligible. Top figures are the mJJ distribution for different x axes, and underneath
zoomed profiles to outline the signal distributions better.
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At this point it will be noted, that in order to calculate the QCD background another MC file could
have been used, as in the case of the tt background, instead of implementing the data-driven
method. The reason was that the MC simulations made for QCD are difficult and often inaccurate,

and would not yield a good result.
V.iv. Fitting process and Bayesian upper limits calculation

As the author is not familiar with the fitting process implemented using the ROOT
framework, to do the fitting to data a ready programme (root code file) was used implemented by
her PhD candidate colleagues, Eirini Siamarkou and Theodoros Chatzistavrou.

During the fitting process, first an only background implementation was used, by inserting
the histograms from the stacks in the previous section as the “data”, “tt background” and “QCD
background” files. The fitting parameters are the N_tt and N_QCD, respectively for the “amount”
of tt and QCD background. The negative log-likelihood (-2AlnL) function is also plotted. See
Figures 63 and 64. The -2AlnL function is plotted assuming the N_tt variable as its parameter, and

as can be seen in the plot, its minimum is at the value of approximately 3500 N _tt.
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Figure 63: Fitting result for only the background hypothesis Figure 64: The NLL distribution for the tt background.
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Adding in the signal, a different fitting procedure will be followed for each Z'tc; mass case, and the
-2AInL function will be plotted with the parameters of the N_signal variable, for each case. As can
be seen in the fitting distributions, the signal is extremely weak, and peaks at negative values, as
ought to after observing the -2AlnL. In the 1400 case one can see the the signal takes its negative
peak value on the y axis. The -2AlnL function all have their minimums at negative values, which
basically means there is no signal detected, and that there is no discovery. As the -2AInL function
spans as nearly a Gaussian distribution, it will contain parts in the negative axis and the positive, if

the minimum value is negative.
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Next the Bayesian upper limits will be calculated, for which the upper limit for the null result will

be presented.

The Bayesian upper limits are calculated in the following way (refer to chapter IV.iii for a
theoretical overview): the -2AInL distributions, separately for each mass case, are “converted” into
a Gaussian distribution L in the following way:

L=p(x|p)»e™ ™™ (Am)
where X is the unknown parameter that is trying to be calculated, and p is the “known” value. p(x|p)

is the conditional probability of X, with known p. This distribution is graphed in Figure 67.

Likelihood function for m=1400 Likelihood function for m=2000

0.007 » F

PR I
g N
/ , b f !
/ y hY
s J -,

CS scaling

/

0.006

0.005

0.004

0.003

0.002

0.001 AJJ_,J‘H 'HHH
0 =1 s % . = R L Il e R 4
N_signal N_signal
Likelihood function for m=2500 Likelihood function for m=3500
10° -
@ 0351 2 45>:m
T - El E
& oaf .—'JJF—‘LLLLH % a0 Jﬂh
. o =
S & S = ‘JJ L-"LL‘
F J_rrr 351
025 = I_IJ L|-|_|
E ’J_H lLL 30 IJ- ..Ll
0.2: JJI LLLIW = JI -LLL
0.15 - 20
S ] =) "y
C 15
0.1 "'J = -LLL
C JJ_rrr LLLL 10 L
0.05 - M, F r|‘|J -LLLLL,_
- -LH“‘\ s;f -
07 1 L L L L L il L il L L L L P 07\ L1 L T 'l L | L1 L‘-\L‘-‘\-‘-‘\-‘-‘\—‘-
“60 —40 —20 0 20 40 G D30 25 —20 15 ~10 -5 0 5 10 15
N_signal N_signal

Figure 67: NLL Gaussian distributions for each mass hypothesis, with the x axis parameter being N_signal. Top left: 1400,
top right 2000, bottom left: 2500, bottom right: 3500.

Next, the the upper limit p, is calculated in the following way, where a is the credibility parameter:

Hap ©

| p(w)dp=(1—a) [ p(p)dy

0 n
a shall take two values, 0.1 and 0.05 (or similarly a 90% and 95% Confidence Level). In Figure 68

Wy 1s plotted as a function of the four masses and in Table 4 these values can be explicitly seen.
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Hup
Process
a=0.1 a=0.05
Z'tc; with m=1400 and I'=1% 57.25 74.75
Z'rc> with m=2000 and I'=1% 6.2 7.8
Z'tc> with m=2500 and I'=1% 24.6 30.6
Z'tc> with m=3500 and I'=1% 7.125 8.925
Table 4: Final Bayesian limits for the amount of N_signal for each mass hypothesis
Bayesian Upper limits for Four Z'(TC2) Mass Hypotheses [~ 90%CL
= 95% CL
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Figure 68: Bayesian upper limits plotted as a function of the four Z'rc, mass hypotheses.
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V1. CONCLUSIONS AND FUTURE PROSPECTS

As can be seen from the last diagram of the analysis (Figure 68), the amount of signal
observed, N_signal, which is analogous to the cross section (it is effectively a cross section
multiplicative constant), falls steeply as mass increases. This is an expected result, as the increase of
mass in a particle makes is “harder” to detect: it requires more energy to be produced, and it will be
a less likely occurring process, as nature will not favour its production. The result of this will be the
lack of sufficient data for a proper statistical analysis; as can be seen for the mass at 2000, the
statistics here are problematic. There was also an anomaly at this mass value, observed in the
Sensitivity diagram, which had originally been attributed to “just as it occurred from the
calculations”. As this mass seems to exhibit deviations from the others, the author suggests a further
inspection of the physics for this case.

The most recent collaborative publications in the search for a Z’ are from CMS and ATLAS,
namely “Search for resonant tt production in proton-proton collisions at Vs = 13 TeV” (2019) and
“Search for tt resonances in fully hadronic final states in pp collisions at Vs = 13 TeV with the
ATLAS detector” (2021) respectively. The first search is conducted for all final tt states (fully
hadronic, leptontjets, dileptonic), while the second only for the fully hadronic final state.
Unfortunately, these results cannot be compared to those in this thesis, as only the observed
Bayesian limits were calculated and not the expected theoretical limits. Therefore, there cannot be
any comparison with previous results, nor can a coherent conclusion about this thesis’ final result be
inferred. The next step would be to calculate these expected upper limits for a proper comparison,
or to calculate the Confidence Level intervals, using the Frequentist method, and not the Bayesian
one.

Finally, the author would like to suggest to the scientific community that the Z’ boson
arising from models I, II and II from source [i]' should also be searched for. The cross section
calculations for these three have already been calculated for the centre of mass energies for the
Tevatron, and had presented significantly smaller cross sections than for Model IV. However, with
the possibility now of the LHC at 13TeV, detecting them may be have fruitful results. The possible
cross sections for the LHC for Model IV had already been calculated by [ii]", and to the best
knowledge of the author, have not been calculated for models I-III. In the future, it may be a task I
am interested in undertaking. I am optimistic that these new searches may provide useful insights

into new physics.

i Harris, Hill and Parke, 1999.
i1 Harris and Jain 2012.
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