CERN-THESIS-2022-378

07/12/2022

@)

APIXTOTEAEIO ITANEIIIXTHMIO G@EXXAAONIKHXE

MEAETI] IOAV-AETTTOVIKOV KATAGTACEGDV
ywa v avadiptnon Néag Pooikig pe To meipapa
ATLAS otov LHC oto CERN

ToonovAov Mapia-Evav0ia

Awatp1f Tov LTOBARBNKE Y1 TNV AMOKTNOTN TOL S18AKTOPIKOV SITAWMHATOG

oto Tunpa dvokng g LxoAng Ostikov Emotnpaov

EmpBAémovoa kaBnyntpla : Xapd [etpidov

Aexépppilog, 2022

* K z = —
. * Emixsipnoiaxé Mpoypappa — EZ”A
i & AvéarrTuén AvBpwitivou Auvapikod, =pm 2014-2020
* * z - s » E—
e Ektraidsuon ka1 Aia Biouv Maénon T
Evpwrnaiki Evwon
Eupwnaixd Kowwviké Tapeio Me tn ouyxpnuarodsétnon e EAAGSag kat tng Eupwnaikrig Evwong

«To é€pyo ovyxpnuatodotei{tal and tnv EAAGSa kat tnv Evpwnaikr Evwon (Evpwmnaikd Kowwvikd
Tapeio) péow touv Enyetpnotakol Mpoypduuatog «AvdntuEn AvBpwmivov Avvautkol, Eknaibevon Kot
Al& Biov Mabnon», ato mAaiowo tng MpdEng «Evioxuon Tou avBpwTmvou £pELYNTIKOD BLVALKOL HEOoW

NG vAomoinong dWakToPIlKAG épevvag» (MIS-5000432), mov vAomotel To 18pvua KpaTikwy YTOTPOpLWY
(IKY)»



[TepiAnym

Amo ToUVG TIPOTOLG TIPO-XPIATIAVIKOVG owveG , 1 “Atopikn” Bewpla ep@avionke wg
évvolx TO00 OTA EAANVIKG  (AnpoKpltog, AEVKIMNOG) 000 Kal G WOIKA QLAOCOPIKA
pevpota.  H avtiAnym ot 1o ZOpmav anoteAsiton and oTOKEIOSN owpaTidia enaviABe
Tov 160 odva and tov I'aAhaio, o omoiog oxvpiloviav OTL OAX T QPUOTKE POVOHEVX
(ekTOG TOL MYOVL) Mapayovtal and “OAn ge kivion”. H 16éa ét n VAN amnoteAeiton amo
aropa emkupodnke 0 1930 6MOL TO LTOATOUIKA COWHOTIOWX (NAEKTPOVIO, TIPWTOVIO Kol
Q®TOVI0) TavTomoOnkav MANP®G He TNV ovpfBoAn g Bewplag g KPavtopnyavikmg.
Apyodtepa, ota péoa tov 1970, teAetonor|Onke n Bewpia tov Kabiepwpévou Ipotdmov
HEC® TNG MEWPAPATIKNG emPePaimong TG VTAPENE TV KOLAPK TPOKELTAL yix pio Bewpia
TIOU TIEPLYPAPEL TX OTOKEIWON OWHATIOW NG VANG KaBhG Ko Tig aAAnAemdpdoelg mou
avamtooogovial petad Ttouvg.  IMapd T0 yeyovog OTL 1) mapatrpnon twv W kol Z
SlovuopaTik®v proloviey, Tov Kopugaiou (top) KOLAPK, TOL T-VETPIVO KOl ELGIKOTEPX TOU
prmoloviov Higgs mpooédwaoav vymAn adlomotia oto Kabiepopévo Ipdtumo, n vrapén
OPKETAOV OVEEHYNTWV QOWOUEVOV ONG T BOPUOVIKI] OCUMPETpIO TNG VARG 1N
evoopatwon g Paputikng Svvaung kol 1 vmapén Ikotewvrg YAng — Evépyelag
odnynoav otnv avantuén Bwplov népav tov Kabiepwpévou Ipotdnov. Q¢ anotéAeopa, n
TPEXOLOA EMOTNHOVIKN TIPOKANOT €lvon 1 €0peotn POV TEPAPATIKNG emPefainong
aLTOV TV Benplov (6moTe avTd eival Suvatd) Kol i Siepevvnon HaG MBAVHG EMEKTAOTG
N Tpomnonoinong tov Kabiepwpévou TIpotdmov pe TOX0 TNV SIHOPP®OOT| HIOG TIO YEVIKNG
“Oewplog Tev ITaviwv”.

H avagqmon ywx Sipmolovikohg ouvioviopolg amoteAel pia faoikn Siepedvnon ota
TAQIOl NG KATAVONOTG TOU ONAoipatog TG NAekTpaaBevodg ouvppetpiag. Xt1o
Kabiepopévo TIpotumo n 10x0g g o0levéng touv Pabpwtod mediov Higgs pe ta
SlIOVLOPATIKG PTodOVIO TIEPLYPAPETOL GE IKAVOTIOMNTIKO Babpo, 0oTtd00 €ival eupémg
YVOOTO OTL 1] YapUnAn pada touv pmoloviov Higgs odnyel o€ mpofAnpata 1epdpynong tewv
pal®v yeyovog mov vnodnAmvel ot 1o Kabiepwpévo TIpotuno amoTeAel pia mTPoOoEYYIOTIKN
Bewpla MOV TEPIYPAQEL TTOAD IKAVOTIOMTIKA TIG XXHUNAEG TIEPLOXEG EVEPYELAG OTO KEVIPO
p&log. Q¢ amoTéAETHR TPOKULMTEL T avaykn ywx ewoaywyn Néog Duoikng mov va
TIEPLYPAPEL TIEPLOYXEG LYNADTEPNG EVEPYELNG OTO KEVIPO palag. H mapovoa Si8aKTopikn
SlotpPn eoTialel 08 TOAV-AEMTOVIKEG TEAIKEG KOTOOTOOELS Ol OMOIEC HOG TIXPEXOLV
KaBapég evdei&elg yeyovotwv onpoatog. H mapovoa Siatpiffy otoyxevel otnv avaditnon
GLVTOVIOH®V Ol omoiotl mpofAéntovianl amd 6o Slakpitég vmobéoelg Bewpldv onpaTtog :
éva HovtéAo mov meplAapBhvel éva pmoldvio W' pe omyv 1 mou TpOKUMTEL oMb TNV
TOPAUETPOTIOMOT NG AAYKPOAQXVIG TIOL TIEPLYPAQPEL M1 TPUTAETA SIKVUOHATIKGOV
proloviwv pe peyaAn pala (Heavy Vector Triplet 1 HVT) kot éva povtéAo mou mipoBAénet
mv vrapén evog eoptiopévou pmoloviov Higgs H* pe omv 0 (Georgi-Machacek 11 GM
Model). E181kOtepa, HEAETNOAUE TNV TOPAYDY] OLVIOVIOHAOV TIOL OlOOTIOVIOL OF
prolovic W kol Z  prOlHOTIOI®VTHG SeSOEVA TIOL OVTIOTOLXOUV OE GLYKPOVOELG
TPOTOVI®V TIOL €Youv OULAAeXBel amd Ttov aviyveuty ATLAS otov peydAo adpoviko
emtayvvty (LHC), ta omoia aviiotoyobv oe 0AoKANpopévn gotevotnta ton pe 139 fb™
Kol evépyela KEvipou palag ion pe 13 TeV; yia 11 Staomaoelg twv W kot Z pumoloviwv
AapBdvoupe v’ oYV pOVO T AEMTOVIKA KovOoAla Slxomoong mov  mepthapfavouv
NAEKTPOVIX 1] Hovia. Aev mapatnpnnkav onokAicelg and to Kabiepwpévo Tpdtumo
OTIOTE OPIOTNKAV OPLA OTNV EVEPYO S1ATOUN TTRPAYWYNG (Cross section) TOAAXTAGGLOHGHEVT
L€ TOV AOYO TOU EMPEPOLSG TAGTOUG S1AOTIAOTIG TOL CLYKEKPLHEVOL GUVTOVIOHOU MG TPOG
T0 0AIKO TAGTOG Sidomaong (branching ratio) oav ouvdptnon ¢ HAJUG CLVTOVIGH®Y TIOU
TPOKVTITOLY amo 800 Slx@opeTikd Bewpnuika povieéAa, 1o Heavy Vector Triplet kou To
Georgi-Machacek. Xmnv peAém pag AdBope v’ OYnv 00 SlaQOPETIKE KavaAl
TOHPAYDOYNG TOV VE®V OGUVIOVIOHQV : TIOHPAY®YN €T PEC®H oLVINENG SIAVLCHATIKOV
proloviwv (Vector Boson Fusion) eite péow Siadikaoiwv Drell-Yan (eadAwon kovapk —
AVTIKOLGPK), OTIG omoieg Bécape avelapmnta opla. ITapd TO yeyovog OTL 1| €VPEWG
XPTOlHomol0VpEVT HETABANTA Staxwplopol onpatog and vndPabpo eivon n avaArointn



pada tov oLoTHHOTOG TV W Kat Z pPmoloviev, €EETRONE AVOAAAKTIKEG EMAOYEC Kol
Béoape Oplx XPTOHOTOIOVTNG EVOAAOKTIKEG KIVIHATIKEG petafAntég. Tevikotepa, T
avaAAolwtn pada Tov cLOTHHNTOG TV W Kol Z proloviev Sivel auatnpd 6pla wotdco o€
OpLO|EVEG TIEPLOXEG LDV TETUXOHE TIO XOHNAEG TIHEG HE TNV XPNOT EVOAAXKTIK®V
PETAPBANTOV (G THPAPETPO Y10 TOV LITOAOYLOHO TV Opiwv e TNV MéBodo tng Méylotng
MBavogdveiag.

H Sopn ¢ mapovoag SlatpiPrig mEPyPUOETAL GUVOTITIKG TOPUKAT®. Y10 KepdAaio 2
TIPOYHOTONOlEITAL i oOvTopn €l0aywyn otnv Bewpia tov Kabiepwpévou Ipotimov,
ovvodevopevn amd TNV mapovoiaon Vo Bewpiv mépav tov Kabiepopévou TIpotdnov
(Movtéla twv Heavy Vector Triplet and Georgi-Machacek) ot onoieg Oo peAetnBoov otnv
ovvéyelx melpapatikd. Xto Kepdhaio 3 mepypd@ovpe T KOPL XOPOKTNPLOTIKA TOL
MeydAov Emrtayuviy Adpoviov (LHC) KabBohg Kol TEXVIKG XOUPAKTNPIOTIKA Kol PoOKEG
Aetrtovpyieg tov aviyveuty ATLAS. Emiong, mapovoiddetal 1o mpdypappa avafaduiong
tov New Small Wheel 6ivovtag 18wxitepn onpacia atov aviyvevt Micromegas 6mov 1
OLYYPOQEQG Eixe OMMUAVTIKT OLHPBOAN doov a@opa& TNV KOTaoKeur twv LM2 BaAdpwv
oAlobnong (Drift Panels) wg péAog g opddag ATLAS tov AprototeAeiov Tavemotmpiov
Oe0oaA0VIKNG, TNV TPAYHOTONOINGT EAEYXWV TOOTNTAG KXl OWOTNG  AELToupyiog
(QA/QC) ko v Swtpnon g Paong Sedopévav g opddoag. Lto KepdAioo 4
mepypa@ovpe Tt Oelypota dedopévev  Kor  mpocopolwwoewv Monte Carlo mov
Xprolpomomfnkav (yeyovota onpatog Kot SiagopeTik®v Lbnofdbpwv). Xto KepdAaio 5
TIEPLYPRPOVIE OVOAVTIKA TNV OVOKXTOOKELT] TV TIPOG HEAETI OVTIKEHEV®OV TIOL
Xprowomombnkav otV avéAvon Oedopevav  (NAektpovia, pdVIK Kol TiOOKEG
oWPaATISiwV), OOV 1 cLYYpaAPEng oLVERBaAE otV Sladikacia Tov BEATIOTOL OPIGHOD TNG
TOHPAPETPOL NG “amopdveonc” (isolation) Twv poviov oAAG Kol oTnv oUYKPLOT TV
QMOTEAECHATOV TNG AVAALOTIG HETASD 800 SIHPOPETIKOV TIPOYPAPHATIOTIKGOV TAXIGIOV
(analysis frameworks). Xuykekpipéva, €ylve oOYKpLoT] TOL TAIBOUG TV YEYOVOT®OV HETH
NV €QOPHOYN TOV KPLINPiwV emA0yNg o KABe poypappatioTiko mAaiolo. 1o Kepdaio
6 opilovpe oplopéveg PaoIKEG KIVNUOTIKEG peTafAnTég ol omoieg Ba xpnoipomnoinfovy
OTNV THPOLON EPYATiar KABMG KAl aVOQEPOVE T KPLTIPLX EMMAOYTG TIOL EQAPHOLOVHE HE
oKomd tov KaBoplopd twv meploywv yeyovotwv onpatog (Drell-Yan kou VBF) ko teov
avtiotowv meploxmv ehéyxou (signal and control regions) g avéivong . Xt1o Kepdhao
7 opiovpe Tig inyég voBdBpov yix GLVTOVIGHOVG IOV SoTIOVTAL o€ W Kol Z pnolovia
KO PLEAETALE TO OYIHA TV KOATAVOH®OV TOV QVTIOTOLX®V TIEPLOX®V EAEYXO0VL. 210 Ke@dAaio
8 n ouvyypagéag e&étaoe v mepinmtwon LMApPENG VEwv evaioBntwv peTafAnTOV oTa
nmAaiol g avadimmong Néag Puokig eKTog g avaAAoinTng HALAG TOL GLOTHHATOS TWV
W kou Z pmoloviov 1 omola yprolgonom|fnke oto Run I, eved oto KepdAowo 9
oLVOYT(OLE TIG TINYEG TV TEPAPATIK®V afefatotitov. Ot Bewpnuikég afefootnteg ota
YEYOVOTO ONHOTOG OAAG KOl oTot KUOpla LIOPabpa TG avaALOT €MONIAIVOVIOL GTO
Kepdaiato 10, 6mov ovpBdAAape otov LTOAOYIOHO TV afefaloTitav AOY® TNG €MAOYNAG
OLVAPTNOTG TUKVOTNTAG TMONVOTNTOG TWV CLUYKPOLOHEVGOV TIpaToviwv (particle density
function pdf), Ady®w TOL OXNHATOG TNG KATAVOUTNG TOV TIAPTOVIOV OTO TPWTOVIO TG €V
AOYy® ouvaptnong AOY® S10OPETIKNG EMAOYHG TV TIAPAUETPWV KAVOVIKOTIOINONG Kal
nopayovrtonoinong (renormalization scale pR / factorization scale pF) kou Adyw
S10QOPETIKOD HOVTEAOL KATOYIOPOL Toptoviov (parton — shower). Xto KepdAowo 11
TIPOYHOTOTIOETTAN I EI0OYROYT] TNV OTATIOTIKN Bewpia n omoix apopd Tig pebodoug mov
epappolovtan oTig peAéteg tov LHC. X1o KepdAawo 12 mapouota{ovpe to TPOTUTIO TNG
MeB66ov ITiBavoPavelng, TIG TAPAUETPOLE IOV TIEPIAGUBAVOVTAL O QUTHV OTIMWG KOl TIG
OTOTIOTIKEG PEBOBOLE TIOL EQAPHOCAE GTNV AVATNOT] TOL KavaAlod X - W Z - Ivll. Xto
6o kepdAaio mapovoldlovpe PeAtiotonoinon TOL SKWPIOHOD TOL €VPOLG TWV
10TOYPOHHATOV O KatdAANAa emAeypéva Saotipata (binning optimization) kon tnv
e&aynyn oplwv XpnolHonolOvIag v avaAiointn pélo Tov cLOTAHATOG TwVv W Kol Z
prmoloviov OM®G Kol TG LMO HEAETN] EVOAANOKTIKEG HETAPANTEG, YO SLOQPOPETIKEG
katnyopieg onpatog (HVT / GM) kau meploxav yeyovotwv onpatog (Drell-Yan/ VBF).
Ymv televtaia evotTa ToL (6100 KePAAaioL THPABETOLHE OPIOHEVEG OULYKPITIKEG
YPOQIKEG TIHPAOTACELG PETASD TV BepnmnTik& avapevopevev (expected) kol TV



TEPAPATIKG TtapatnpoLpevey (observed) opiwv ywa Tig Drell-Yan ko VBF kotnyopieg,
OTIOL TIRPATNPOVE OTL AP TO YEYOVOG OTL I avaAAoiwtn pada twv W kot Z pmoloviev
Sivel avotnpd Opla, LIIAPXOLY EVOAAXKTIKEG KIVITHOTIKEG PETABANTEG OMWG N EYKAPOIX
pé&lo Tov ovoTHpatog Twv W kal Z pnoloviov ol omoieg Sivouv avotnpotepa Opla o€
OPLOHEVEG TIEPLOYEG HALADV TV UTIO HEAETI GUVTOVIGH®V.
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Abstract

The search for diboson resonances is an essential probe for understanding the source of elec-
troweak symmetry breaking (EWSB). In the Standard Model (SM), the strength of the coupling
of the Higgs scalar to vector boson pairs is well predicted, but it is well known that the low mass
of the Higgs boson leads to hierarchy and naturalness problems suggesting that the SM is only
an effective theory at low masses. As a result, there is need for New Physics to be introduced
for higher masses, focusing on multi-lepton final states which provide us with clear signal sig-
natures. The present thesis targets on the search for resonances predicted by two distinct signal
hypothesis: a spin-1 W’ from the Parametrization of heavy vector triplet (HVT) Lagrangians
and a spin-0 charged higgs H* , predicted by Georgi-Machacek (GM) model. More specifi-
cally, we study the resonant WZ diboson production using 139 fb~! data collected at 13 TeV
center of mass energy by the ATLAS detector at the LHC, where only the leptonic final states
(e or p) are considered for the W and Z boson decays. Limits on the production cross-section
times branching ratio are obtained as a function of the resonance mass for resonances arising
from two different models, Heavy Vector Triplet and Georgi-Machacek model. Two different
production modes are considered, the vector boson fusion and the Drell-Yan process (quark-
anti quark fusion), on which independent limits are set. Although the nominal discriminating
variable for the limits setting procedure is the invariant mass of the WZ system, different op-
tions are examined too and limits are obtained using alternative variables which in some cases

result in stricter limits.
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Chapter 1

Introduction

Since ancient times, people have tried to understand and tame the laws that overrule Nature;
the establishment of physical laws was formed in order to explain the physical observation
with terms that were familiar to the human perception. The perpetual search for explanations
of Nature’s complexity has resulted in numerous theoretical models; the reliability of the latter
is certified by conducting experiments. Theoretical models boost the technological upgrade
by demanding the development of cutting-edge laboratory facilities (f.e. Large Hadron Col-
lider), while the technological growth spurt of the last century has given several theories high

granularity (f.e. Standard Model).

Dating back to B.C. centuries, the natural theory of the “Atomism”appeared in both Greek
(Democritus, Leucippus) and Indian philosophical currents. The perception that the Universe is
composed of fundamental particles was further re-investigated in the 16th century by Galileo
who suggested that all physical phenomena (except sound) are produced by “matter in mo-
tion”. The idea that matter is composed of atoms was validated in 1930s when its subatomic
constituents (electron, proton and photon) were fully identified with the assistance of Quan-
tum Mechanics. Later, the Standard Model of particles that was finalized in mid-1970s with
the experimental confirmation of the existence of quarks; it is a theory that describes the
fundamental particles (elementary particles) of matter and their interactions. Although the
observation of the W and Z bosons, the top quark, the tau neutrino and especially the Higgs
boson attributed high credibility to the Standard Model, several unexplained phenomena like
the baryon asymmetry, the incorporation of gravity and the existence of dark matter/energy
have given rise to beyond Standard Model theoretical scenarios. As a result, the scientific chal-
lenge now is to test experimentally these theories (when possible) and investigate a possible
extension or modification of the Standard Model targeting the formation of a more general

“Theory of Everything”.



Resonance searches are an independent probe to New Physics and particles, since they are in-
cluded in various beyond Standard Model scenarios. In the present thesis we have performed a
search for New Physics with the study of multi-lepton final states with the ATLAS Experiment
at the LHC at CERN. More specifically, we have searched for the existence of a heavy resonance
decaying into WZ in the fully leptonic channel (electrons and muons plus a neutrino) using the
proton-proton collision data collected by the ATLAS experiment at the Large Hadron Collider
at a center of mass energy of 13 TeV, corresponding to an integrated luminosity of 139 fb=!.
We have obtained limits on the production cross-section times branching ratio as a function of
the resonance mass (and also of other alternative variables) for resonances that arise from two
different models, the Heavy Vector Triplet (HVT) and Georgi-Machacek (GM) model, consid-
ering two different production modes - the Vector Boson Fusion and the Drell-Yan- on which

independent limits are set.
The organization of the current thesis is briefly described below.

In Chapter 2 a short introduction of Standard Model is performed, accompanied by a presenta-
tion of the two beyond Standard Model theories (Heavy Vector Triplet and Georgi-Machacek
Model) that are going to be later tested. In Chapter 3 we describe the main characteristics of
the Large Hadron Collider and the ATLAS detector’s technical aspects and functionalities; the
New Small Wheel upgrade is presented giving special mention to the Micromegas detector
(MM) where the author had significant contribution concerning the technical construction of
the MM LM2 drift panels with the ATLAS team of the Aristotle University of Thessaloniki,
performing the QA/QC measurements and tests and maintaining the team’s logistic database.
In Chapter 4 we describe the data and Monte Carlo samples (signals and backgrounds) used in
the present analysis. In Chapter 5 the object reconstruction is described explicitly, where the
author contributed to the optimization of the muon isolation working points and the cutflow
comparison of events between the two available analysis frameworks. In Chapter 6 we deter-
mine some basic kinematic variables that are going to be used in the present thesis and we refer
to the event selection requirements for the establishment of the signal and control regions of
interest (Drell-Yan and VBF). In Chapter 7 we determine the background sources of the WZ
resonance search and we study the shape of corresponding control regions. In Chapter 8 the
author has examined the existence of new sensitive variables in the search of New Physics
phenomena besides the invariant mass of the WZ system that has been used in Run I, while
Chapter 9 summarizes the sources of experimental systematic uncertainties. The theoretical
uncertainties on the signals and the main backgrounds are separately mentioned in Chapter 10,
where we have contributed with the calculation of the pdf, scale and parton shower uncertain-
ties. A theoretical statistical introduction concerning the methods applied in LHC studies is
done in Chapter 11. In Chapter 12 we present the likelihood template, the inputs to the fit and
the statistical methods applied in the X — W Z — [vll search; we also present the binning

optimization that we performed and the limits extraction using the invariant mass of the WZ



system but also the different new variables under investigation, for the different categories of
signals (HVT and GM) and signal regions (Drell-Yan and VBF). In the last section of the same
Chapter we have produced some comparison plots of the expected and observed limits for the
Drell-Yan and VBF categories, as well as of the extracted normalization factors of the WZ-QCD

and ZZ backgrounds given each time a 500 GeV signal mass point.



Chapter 2

Theoretical Introduction

2.1 The Standard Model : a brief introduction

The Standard Model (SM) of particle physics represents the heart of our understanding con-
cerning the fundamental matter components of the Universe (elementary particles) and the
interactions that are developed between them (forces). Developed in the early 1970s, it has
successfully explained almost all experimental results and precisely predicted a wide variety

of phenomena [2], so it became established as a well-tested physics theory.

2.1.1 Fundamental Particles

The world around us seems to be formed from a few elementary particles that are the build-
ing blocks of matter; they are called so because they do not seem to be constructed of further
smaller particles. These particles are categorized in two basic types called quarks and lep-
tons (see p.1-4 in [3]). Each group consists of six particles that are organized in pairs that
are called “generations ”. The first generation consists of the lightest and most stable parti-
cles; for the quarks these are the “up”and the “down”quark, while for the leptons these are the
“electron”and the “electron neutrino”. The second and the third generations consist of heavier
particles that quickly decay to more stable ones; these are the “charm”and “strange”quark and
then the “top”and “bottom (or beauty)’quark, while for the leptons these are “muon”and the

“muon neutrino”and the “tau”and the “tau neutrino”.

The electron, the muon and the tau all have an electric charge and a sizeable mass, whereas

the neutrinos are electrically neutral and have very little mass.



Quarks also carry an additional charge called “color’that is relevant to the strong interactions
which binds them together into “colorless”particle states called hadrons ; every quark can ap-

pear in three different states called “red”, “green”, “blue”.

Quarks and leptons have a spin equal to 1/2 and they obey to the Fermi-Dirac statistics and so

they are called fermions.

2.1.2 Fundamental forces and their mediators

In nature, there are four fundamental forces : the strong, the weak, the electromagnetic and
the gravitational force. They work over different ranges and have different strengths. More
specifically, gravity is the weakest but it has an infinite range while the electromagnetic force
also has infinite range but it is many times stronger than gravity. The weak and strong forces
are effective only over a very short range and dominate only at the level of subatomic particles

(see p.4-5 in [3]).

Particles of matter interact with each other by transferring discrete amounts of energy via ex-
changing bosons with each other; the latter have an integer spin and follow the Bose-Einstein
statistics. So, each fundamental force has its own corresponding boson that acts like the me-
diator of the force : the strong force is carried by the “gluon”, the electromagnetic force is
carried by the “photon”, the “W” and “Z” bosons are responsible for the weak force and the
“graviton”, a spin-2 boson, should be the corresponding force-carrying particle of gravity (al-
though not yet found). The Standard Model includes the electromagnetic, strong and weak
forces and all their carrier particles, and explains well how these forces act on all of the matter
particles. However, the most familiar force in our everyday lives, gravity, is not part of the
Standard Model, as fitting gravity comfortably into this framework has proved to be a difficult
challenge [2].

This happens because the quantum theory that is used to describe the micro world, and the
general theory of relativity used to describe the macro world, are difficult to be incorporated
into a single mathematical framework in the context of the Standard Model; but this does not
downsize its credibility because for particle physics the effect of gravity at their scale is so

weak , so it can be neglected.

Every particle is associated with an antiparticle of same mass and opposite charge, although
some are their own antiparticle. A summary of the SM fermions and bosons is presented in

figure 2.1.



Three Generations
of Matter (Fermions)

1

mass—|2.4 Mev/c? 1.27 GeV/c? 171.2 GeV/c? +125 GeV/c?
charge—| 24 2/ 2/ t 0 H
wn U [l C || 0
Higgs-
name— up charm top bogsgon
4.8 MeV/c? 104 MeV/ | | 4.2 GeV/e?
cxdlrsirb
v
S | Ye v
S down strange bottom
<2.2eV/e | |<0.17 MeV/et| | <15.5 MeV/c?
> Ve % VulV
v, Ve |wn YL|x VT —
electron muon tau $
heutrino neutrino || neutrino )
e
0.511 MeV/c2| | 105.7 MeV/c?| | 1.777 GeV /c2 u?
e LU T 3
c
2 % Ya l—l Y2 o
o w
a | electron muon tau O
— m

FIGURE 2.1: Standard Model elementary particles (fermions i.e. quarks and leptons) and force
mediators (bosons) and their fundamental properties : mass, charge, spin.

2.1.3 Gauge Symmetries

Standard Model is a relativistic quantum field theory [4]; in this theory the laws that overrule

particle physics phenomenology are a combination of quantum mechanics and relativity.

In physics, a gauge theory is a type of field theory in which the Lagrangian is invariant under
local transformations according to certain smooth families of operations (Lie groups) [5]. In
practical, there are transformations that are called gauge symmetries (and the corresponding

fields are called gauge fields) that preserve some measurable physics properties.

When the Lagrangians [4, 6] are invariant under a transformation identically performed at
every point in the space-time in which the physical processes occur, they are said to have a
global symmetry [5], while local symmetries depend on the position. Each of the generators

of the local gauge symmetry group is associated with a massless gauge boson.

Standard Model is a renormalisable [7] theory that relies on two basic concepts : the theory

of the strong force, Quantum Chromodynamics (QCD) [8] and the Electroweak (EWK) theory



[9] that unifies the Quantum Electrodynamics (QED) of the electromagnetism with the weak

force.

SM describes the electromagnetic, strong and weak interactions based on the following com-

bination of local gauge symmetry groups :

U(l)y x SU(2)L, x SU(3)¢ (2.1)

where U(1)y stands for the unitarity invariance of the electromagnetic field that describes
the preservation of the weak hyper-charge (Y), SU(2)y stands for the conservation of the
weak isospin, where only left-handed fields (L) are included and SU (3)¢ denotes the color (C)
symmetry of QCD. The term U (1)y x SU(2) , refers to the gauge symmetry of the electroweak
force unification that was developed by Glashow, Salam and Weinberg in the 1960s [9, 10]; its
spontaneous breaking down through the Higgs mechanism [11-13] gives rise to masses for

the gauge bosons while maintaining the renormalisability of the theory.

From all the above it is obvious that the forces mediators described in subsection 2.1.2 are

gauge bosons.

2.1.4 Standard Model weak sector and the Higgs mechanism

In the electro-weak unified theory developed by Glashow, Salam and Weinberg the U(1)y x
SU(2) 1, gauge group includes a massless iso-vector triplet V[_/;L = Wlsl), WA(LQ), Wf) for the
SU(2) and a massless vector Bl for the U(1).

The EWK interaction energy is described by the Lagrangian density; the latter includes the
product of the fermion(quarks, leptons) currents with the Wu and EM (see chapter 9.6 in [14]):

Lewe =gJu Wu+4JY - B, (2.2)

where J_,; and J}; represent the isospin and hyper-charge currents of the fermions and g/¢’ are

the coupling constants with the with the Wu and le fields,

the hyper-charge is Y = Q) — I3 (Q: is the electric charge and I3: is the third component of

the weak isospin vector)

and the hyper-charge current is .J, /z/ = Jf M _ ﬁg), where Jf /M i the electromagnetic cur-

rent that conjugates with the charge () and J,SS) is the third component of the isospin current

-

Iy



The physical gauge bosons consist of the charged particles let and the electrically neutral Z,,

and A, (photon); the last one can be written as a linear combination of W,£3) and B, :

1 . 2
(WD Fiw ), (2.3)

/
@) _ 9Zu+ 9 Ay
W, \/W , (2.4)
-4'Z A
B, = 92t 9tun (25)
/g2 + g/2
If we define the weak mixing angle (or Weinberg angle) as :
g/
tanby = = (2.6)
g
the equations 2.4 and 2.5 gives us the two neutral bosons, the Z and the photon :
Z, = ng‘g)cosQW — Bysinty (2.7)
Ay, = WlSS)sinQW + By,cosby (2.8)

Proven experimentally, the masses of the W=, Z bosons and the fermions are non-zero, a
fact that violates the gauge symmetry. In order to maintain the electroweak theory as gauge
invariant and also introduce mass terms for the gauge bosons, we need to consider the case
where a symmetry of the Lagrangian is not a symmetry of the vacuum, known as Spontaneous

Symmetry Breaking (SSB).

The Higgs mechanism stands for the SSB of the SU(2);, x U(1) to a U(1) subgroup; it is a
process that describes how the particles gain their masses. According to the Nambu-Goldstone
theorem [10, 15] the spontaneous breaking of a global symmetry results in the appearance of
massless bosons. The Standard Model Higgs mechanism gives rise to three Goldstone bosons
that will be required to provide the longitudinal degrees of freedom of the W , W~ and Z
bosons (see chapter 17.5.4 in [3]). In addition, after symmetry breaking, there will be (at least)
one massive scalar particle corresponding to the field excitations in the direction picked out by
the choice of the physical vacuum; this new degree of freedom is the complex SU(2) doublet
Higgs field.

As the Higgs mechanism is required to generate the masses of the electroweak gauge bosons,

one of the scalar fields must be neutral, written as QSO and the other must be charged such that



¢t and (¢T)* = ¢~ give the longitudinal degrees of freedom of the W and W~ . The minimal
Higgs model consists of two complex scalar fields with four real components, placed in a weak

isospin doublet (see chapter 17.5.4 in [3]) :
¢ L [é1+ig2
o= ol = & . (2.9)
¢ V2 \¢s +iga
The corresponding Lagrangian is :

Liiggs = (0,0)7(9"9) — V(9) (2.10)
where the last term stands for the Higgs potential :

V(9) = 1”06 + A(o')? (2.11)
with p being the mass parameter and A being the Higgs self-coupling parameter.
The vacuum configurations are determined by minimizing the potential V' and as a result for
p? < 0, the potential has an infinite set of degenerate minima :
2

9
o= 5= (212)

After symmetry breaking (u? < 0), the neutral photon is required to remain massless, and
therefore the minimum of the potential must correspond to a non-zero vacuum expectation

value (v) only of the neutral scalar field ¢° :

— 5
bo = \}i <0> v =y R (2.13)

Perturbation theory can be constructed around this minimum by including the Higgs field

(h(x)) , which is zero when the system is at the lowest energy state :

1 0
o(x) = 7 (U N h($)> (2.14)

After the SSB through the Higgs mechanism, three of the four gauge bosons (W™, W~ and Z

boson) become massive, while the photon () remains massless :



10

M, =0
1
1
Mz =gv-Vg¢* + 9"
MHiggs = V2?2 (2.15)

where v = (v2G ) ~1/? = 246 GeV, fixed by the Fermi coupling G.

Except from the gauge bosons, this mechanism gives masses to fermions as they couple to the
Higgs field via Yukawa interactions. The Yukawa couplings of the fermions to the Higgs field
are given by :
my
gr = \/57 (2.16)

where m stands for the fermion mass. And the Feynman rule for the interaction vertex with

a fermion is :

g (2.17)

More details on te fermions mass generation can be found here (see chapter 17.5.5 - 17.6 in [3]).

In Figure 2.2 we present the Feynman diagrams of the Higgs coupling to the gauge bosons,

while on Figure 2.3 Feynman diagrams of the Higgs coupling to a fermion of mass m [16].

W-

FIGURE 2.2: Feynman diagrams of the Higgs coupling to the gauge bosons.
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FIGURE 2.3: Feynman diagrams of the Higgs coupling to a fermion of mass m.

In 1973, physicists working with the Gargamelle bubble chamber at CERN presented the first
direct evidence of the weak neutral current [17], which further led to the discovery of the W
and Z bosons in 1983 [18].

The recent observation (2012) of a neutral, spin - 0 particle of mass Mp;4¢s = 125.1 GeV was
compatible to the Standard Model Higgs boson ; this discovery was achieved by the combined
efforts of the ATLAS [19] and CMS [20] experiments at the LHC and is an important validation
of the Standard Model theory.

2.2 Models beyond the Standard Model

After the Higgs boson discovery, there is no particle with definite properties (spin, color,
charge, mass) that we are still looking for. In other words, all features of the world around

us can be derived, in principle, from the quarks, leptons and interactions of the SM.

But, there are observations and inefficiencies of the SM that lead us in the search for new phys-
ical theories beyond SM. For example, the SM predicts stable and massless neutrinos, contrary
to the observation of solar neutrinos that oscillate between flavours, a fact that indicates the
existence of non-zero mass [21, 22]. Furthermore, SM does not incorporate gravity and is able
to describe only around 5 % of the energy content of the Universe, as dark matter and energy
completely dominate it. Moreover, SM does not provide explanation of why there are three
generations of fermions with large mass hierarchy and also it is unable to describe physics at

high energies near the Planck Scale ( 101? GeV).

In order to explain the deficiencies of the SM, we could assume that the SM is a low energy
limit of a more fundamental higher energy theory. Several theoretical scenarios exist; here we
are going to present the Georgi-Machacek Model (GM), which is a model that extends the
SM Higgs sector, and the Heavy Vector Triplet Model (HVT) ,which includes new heavy
vector resonances by using a parametrized SM Lagrangian ; these models are going to be later

tested experimentally with data form the ATLAS detector as presented in Chapter 11.
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2.2.1 Georgi-Machacek Model
2.2.1.1 Introduction

There are extensions of the SM Higgs sector that contain scalars in triplet or larger isospin rep-
resentations and that preserve the custodial symmetry in the scalar sector; these generically
contain fermiophobic scalars that transform as a fiveplet under the custodial symmetry. These
custodial-fiveplet scalars play an essential role in the unitarity of vector boson scattering am-
plitudes [23-25]. The coupling strength of the custodial-fiveplet scalars to VV is proportional
to the vacuum expectation value (vev) carried by the higher-isospin representation(s) (see p.

571[26)).

Experiments performed at LHC at CERN have sensitivity to the production and decay modes
of the fermiophobic custodial-fiveplet states : H, 5+ T H ;‘ , HY, Hy, Hy~ through their tree-
level couplings to W and Z bosons pairs. In the present analysis we are going to study only

the production of H, 5i via vector boson fusion (VBF) decaying into W*Z pairs.

In the Georgi-Machacek (GM) model [27, 28] the SM Higgs sector is extented by two isospin
triplets, while preserving the custodial SU(2) symmetry, avoiding stringent constrains from the
p parameter. The latter is a measure of the relative strengths of the charged and neutral current
interractions and is related at tree-level to the W and Z boson masses by the equation :

Mg,

—7 (=1 for SM 2.18
cos@%VM%( or SM) (218)

p:

These GM higgs bosons are different from the one predicted by other BSM theories like two
Higgs doublet models (2HDM:s) or singlet extensions of the SM. First of all, they do not couple
to fermions and as a result they cannot be produced in gluon fusion or in association with a

top quark.

Secondly, the singly-charged higgs scalars H, f couple to W*Z at tree level, while for the
charged scalar of the 2HDM this coupling appears only at one loop. Moreover, the relative
coupling strengths of HY to WTW ™ and ZZ are different than those of the SM Higgs bo-
son, leading to (HY — WTW™)/(H? — ZZ) — 1/2 in the high-mass region, contrary to
the SM expectation of (hgyy — WTW™)/(hsyy — ZZ) — 2 . Finally, the presence of a
doubly-charged Higgs boson with decays to like-sign W bosons is an important indication for
the existence of isospin representations larger than doublets that contribute to electroweak

symmetry breaking (see p.572 [26]).

In Figure 2.4 we present the Feynman diagram of the production of a heavy GM H, g: resonance
via vector boson fusion (VBF) and its decay to W and Z bosons, that subsequently decay to

17 1% v (decay channel of interest for the present analysis).
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FIGURE 2.4: Feynman diagram of the production of a heavy GM H, 5i resonance via vector
boson fusion (VBF) and its decay to W and Z bosons, that subsequently decay to I+~ [*v.

2.2.1.2 Model parametrization

The scalar sector of the GM model includes the usual complex isospin doublet (¢, ¢°) (higgs
bi-doublet) with hypercharge Y=1 (which is responsible for the SM fermion masses), a real
triplet (£1, €9, £7) with Y=0 and a complex triplet (x T+, x T, x°) with Y=2.

The scalar potential is chosen (by hand) to preserve a global SU(2), x SU(2)g symmetry in
order to keep p = 1 at tree level. One can write the doublet in the form of a bi-doublet ¢ and

combine the triplets in order to form a bi-triplet X :

0% ++

0% + X €+ X
o= P ) x|y @ (219)
+x 0
—¢ ¢ yHHe gt 0

With the help of the Fermi constant G the vacuum expectation values’ combination is given

by (Eq. IV.4.18 [26], [27]):

2 1

B V2GE

’U?b + 8U>2< =v ~ (246 GeV)? (2.20)

We decompose the neutral fields into into real and imaginary parts :

XO,’V‘ + ZXO,’L
V2

0,r + 10,2
0 Vg " + i

- =t
¢ V2 V2

XY = vy , &0 — v, + €07 (2.21)
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After the symmetry breaking the physical fields can be organized into a fiveplet (H5), a triplet
(H3) and two singlets (H; and Hy/) (Eq. IV.4.23 in [26], [27]) :

:I:
HE:,t:t _ Xii’ H5i _ ( 5 H5 \/>€Or o \/> 0,r (222)

xi+€

N

\[ (% + 6%, H, = \[ &0+ \[ (2.24)

where ¢~ = ¢, x~ = xT*, x 7 = xT, & = £ and the vacuum expectation values

Hi —SHgf)i +cH HO —SH¢OZ +CHX (2.23)

(vev) are parametrized using the mixing angle 0 :

v
cy = cosly = -9
v

, S = sinfyg = (2.25)

2\/§UX
v

The theoretical parameter s% represents the fraction of the gauge boson masses squared (Mgv
and M?2) that is generated by the vev of the triplets. On the other hand, the parameter c%
represents the fraction generated by the usual Higgs doublet.

The states of the custodial fiveplet have a common mass my and the states of the custodial

triplet have a common mass mg3 as shown in Equations (IV.4.27 nad IV.4.28) in [26].

The two custodial singlets mix by an angle « and result in the following mass eigenstates :

h = cosad”” — sinaHi, H = sinag”" + cosaHi (2.26)

where we denote their masses by my, and my respectively, with m;, = 125 GeV being the SM

Higgs boson discovered at LHC [19, 20].

The fiveplet Hj is fermiophobic and couples nearly exclusively to vector bosons and is there-
fore an ideal candidate for Vector Boson Fusion searches. All the Hs — V'V couplings are
proportional to sy (see Eq. IV.4.34 in [26]), so the VBF production cross sections and decay
widths are expected to be proportional to s%;. If the spectrum is such that decays of Hs — H3V
or Hs — H3H3V are forbidden , the total decay widths of the Hs; — V'V depend only on ms

and sg.

2.2.1.3 Hb5plane benchmark for the Georgi-Machacek Model

The H5plane benchmark was developed to facilitate the Hy searches over the ms — sy plane;
these are treated as free parameters and can be varied. Other parameters are chosen so that

mg > ms (in order to kinematically avoid the H; — H3V or Hy — H3H3V decays) and to
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keep the largest possible parameters region for 200 GeV < m5 < 3000 GeV. For this H5plane
benchmark we have used the spectrum calculator GMCALC [29]. More details about GMCALC

input parameters can be found in section IV.4.4.b in [26].

One important constraint arises from the perturbative unitarity of V'V — V'V scattering am-

plitude :
667 GeV

)2 (2.27)
ms

st S (
for ms > myy, mz, my,. This implies that I'(Hs — V'V') < 0.10ms for each of the Hj states,

after taking into account the full set of perturbative unitarity constraints [30, 31].

The production cross-sections for different values of sy are calculated by :

oNNLO(VBF — Hj) = s4,0VNLO(VBF — Hs) (2.28)

{VNLO

where o represents the NNLO cross section for sy = 1. Similarly, the decay widths for

different sy values are estimated using the decay width I'; calculated for sy = 1.

['(Hs — VV) = s4T1(Hs — VV) (2.29)

2.2.2 Heavy Vector Triplet Model

Before developing the idea of the Heavy Vector Triplet (HVT) model it is necessary to introduce
the general strategy behind it, which is the Simplified Model approach developed below.

In order to explore the possible existence of New Physics which consists of the production of
narrow new particles, we should keep in mind that these resonance searches are only sensitive
to parameters that are correlated to the mass of the resonance and to interactions involved in
its production and decay. As a result, we can establish a phenomenological Lagrangian [32] in
order to describe the new resonance, including only mass parameters and relevant couplings.
The experimental results are going to be presented in terms of a likelihood function. We have
to keep in mind though that the Simplified Model is not a complete theory as f.e. is the SM, so
it should only be used in its region of validity which is the on-shell resonance production and
decay. In conclusion, the Simplified Lagrangian connects the phenomenological parameters
and the experimental data; the parameters of the model can predict experimental observations
and inversely, the experimental measurements can introduce constraints on parameters of an

explicit model that is studied.

As an example of a Simplified Lagrangian, we study the case of electroweak-charged spin-1

heavy resonances that are called Heavy Vector Triplets (HVT). In this model, in addition to the
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known SM fields and interactions, a real vector V', &« = 1,2, 3 in the adjoint representation
of SU(2), is considered. It represents two charged and one electrically neutral heavy spin-1

particles, with charge eigenstate fields defined as :

V5EFiv?
£ _ ¢ H 0 _ /3
Vu - \& ) % - % (2.30)

Described in [32] , the new vector boson dynamics is represented by a simple phenomenolog-
ical Lagrangian :

1 2
Ly = =Dy Vg DIyl 4 Zhyeyee

V]
. « "' a<_>u g2 o T
—i—zgvcHVﬂ H' 7 DVFH + g—VcFVM Jp

+97V0vvv€achMaVbe[“Vy]C +gvevvan ViVt “H H — %CVVWﬁach“ VOVIVS (2.31)

where g denotes the SU(2), gauge coupling, 7% = o /2 are the Pauli matrices and €. is the

structure constant of the particular gauge group.

The first line in the above equation presents the kinetic and mass term of the V' boson and also

trilinear and quadrilinear interactions with the vector bosons.

The second line includes the direct interactions of V' with the Higgs current and with the SM

left handed fermionic currents :

Tee=> "y f (2.32)
7

In this line, the parameter cy controls the interactions of the boson V' with the physical Higgs
field (more specifically its decays into SM bosons) and with the SM W and Z vector bosons.
The parameter cp presents the direct interaction of V' with fermions, responsible for both
its fermionic decays and its production via quark-antquark annihilation (Drell-Yan) process.
Actually as presented here it is generalization for different couplings to leptons, light quarks,

and third-generation quarks taking into account the corresponding currents:
crV - Jp —)CZV'Jl—i—CqV-Jq—{—C;gV-Jg (2.33)

The parameter cr is of order one and c is of order one in the strongly-coupled scenario but

can be lower in the weakly-coupled scenario.

The third line in the above equation inserts the parameters cyyy, cyyv g and cyyw; these

are disregarded since they do not contain vertices of one V' with light SM fields or of single
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production processes so they are irrelevant with LHC searches. Actually they do affect the
above processes only through the mixing of V with the W , but since the mixing is typically

small their effect is marginal.

Finally, in the above equation we use the parameter gy that represents the typical strength
of V interactions and the dimensionless coefficients “c’parametrize the departure from the
typical size; the parametrization of the fermion couplings is an exception to this rule, where
we introduce an extra factor of g% /g?-. The parameter gy can vary over one order of magnitude

from a weakly-coupled scenario (g = 1) up to the extreme strong limit where gy ~ 4.

Taking into account all the above, the whole phenomenological model can be parametrized by

using the cpy, the three cp parameters plus the mass term of the new heavy vector my .

If we call W’ (Z’) the electrically charged (neutral) heavy resonance with mass M. (Mj) we

obtain a generalized custodial relation among physical masses (sim. to Eq. 2.18 in [32]):
MZ, M2 = cos*Oy MZ M2 (2.34)
With this model, our goal is to describe new vectors at or above the TeV scale, but also be able

to reproduce the SM Myy, 7z ~ 100 GeV masses. This is possible via applying a hierarchy in the

mass spectrum :

MI;V,Z N Mw,z 10-

1
<1 2.35
My My o (2.33)

Also, it is found that the charged and neutral heavy vectors are degenerate and thus they have

comparable production rates at the LHC.

Concerning the decay widths, the relevant decay channels are di-lepton, di-quark and di-boson.
All the couplings to fermions are controlled by the parameter g?/crgy . The partial width to

fermions is given by:

gQCF)QMV

p B (2.36)

Uy, Sppm 20y, p7 = Ne[f](
where N[f] stands for the number of colors thus is equal to 3 for the di-quark and to 1 for the
di-lepton decays.

For the di-boson case, we take into account the “Equivalence Theorem”[33] where in the high
energy regime, the longitudinal polarization will dominate and the coupling to the Higgs boson
cr , will be the same as to the SM gauge bosons W and Z. So the corresponding partial width
is:

2 2
N gy-cy My

FVQ%WZ_WE ~ FV:‘:—>WI%ZL ~ 1927 (237)
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As far as the production rate is concerned, the cross section of both production mechanisms

i.e. Drell-Yan and VBF is found to be proportional to the partial width I'y_;; :

Ty
olpp =V +X) x Z ]‘(47_:/] (2.38)

i,jep

where with i, j = {q, ¢, W, Z} we denote the colliding partons in the two protons.

In Figure 2.5 we present the Feynman diagram of the production of a heavy W' resonance via
Drell-Yan (left) and vector boson fusion (VBF) (right) modes and its decay to W and Z bosons,

that subsequently decay to [*1~I*v (decay channel of interest for the present analysis).

FIGURE 2.5: Feynman diagram of the production of a heavy W' resonance via Drell-Yan (left)
and vector boson fusion (VBF) (right) modes and its decay to W and Z bosons, that subse-
quently decay to [T~ 1%y

2.2.2.1 Explicit Models

We describe three explicit models, Model A, Model B and Model C of the Simplified Model
that have been used as benchmark models for our analysis. Model A describes a vector triplet
emerging from an underlying weakly-coupled extension of the SM gauge group [34]. Model
B is about a vector triplet considered in the strongly coupled Composite Higgs scenario [35]

and finally, Model C describes a vector triplet produced by vector boson fusion.

Model A In this model we consider the extended gauge theory SU(2); x SU(2)2 x U(1)y
[34] and the SM fermions are charged under the SU(2); and U(1)y, preserving their usual
quantum numbers. An additional scalar field ® is introduced that transforms as a real bi-

doublet (2,2)9. When & obtains a vacuum expectation value f :

_(f 0
(®) = (0 f> (2.39)
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the SU(2); x SU(2)2 symmetry is broken into the SU(2), gauge group. After the field re-
definition and the mass mixing, we identify the SM W boson field and the heavy vector triplet
V).

The coupling are of the order :

cy ~—g° /gy cr~1 (2.40)

which leads to the partial width of the V4 to fermions, Eq. 2.36, being comparable to the one
of the gauge bosons in Eq. 2.37.

Model B This model relies on the Minimal Composite Higgs Model [36] where the Higgs
doublet emerges from the spontaneous breaking of the global SO(5) symmetry to an SO(4)
subgroup. More specifically, this Higgs “light "state is a result of an underlying strong dynamics
that predicts the existence of heavy vector resonances with electroweak quantum numbers
that strongly couple to gauge bosons. Here the couplings to bosons and fermions both are
comparable of the order one :

cg~cpn~1 (2.41)

As a result, the partial width I' to gauge bosons in Eq. 2.37 , will dominate over to that of
fermions Eq. 2.36.

Model C  This is a new model defined to examine a scenario where there is no coupling of
the heavy vectors to fermions. It is required that cp = 0, so it couples exclusively to vector
bosons, making it an ideal candidate for VBF searches. In this analysis, the HVT masses are

excluded for this model with gy - ¢y parameters product set to 1.0, 1.5 and 2.0 respectively.



Chapter 3

The Large Hadron Collider and the
ATLAS Experiment

3.1 The Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) is the most powerful particle accelerator; it is a is a par-
ticle accelerator that pushes protons or ions (hadrons) to near the speed of light and collides
them after organizing them in two beams travelling in opposite directions. It consists of a
27-kilometre ring of superconducting magnets with a number of accelerating structures that
boost the energy of the particles along the way, located in a tunnel 100 metres underground
at the European Organization for Nuclear Research (CERN), on the Franco-Swiss border near

Geneva, Switzerland [37].

3.1.1 The LHC accelerating complex and detectors

The LHC is the last element of the CERN accelator complex chain (Figure 3.1); the latter is a
group of machines with increasingly higher acceleration energies (each machine accelerates
a beam of particles to a given energy before injecting the beam into the next machine in the

chain), making the beams to reach their highest energy at the LHC ring [37].

Inside the LHC, two particle beams travel at opposite directions in separate beam pipes (two
tubes kept at ultrahigh vacuum) close to the speed of light before they are made to collide,
guided around the accelerator ring by a strong magnetic field maintained by superconducting
electromagnets. The first collisions were achieved in 2010 at an energy of 3.5 TeV and later
4 TeV per beam (Run 1); after upgrades it reached 6.5 TeV per beam (y/s = 13 TeV collision
energy at the center of mass system, called Run 2). At the end of 2018, the last shutdown for

20
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maintenance and upgrade reasons took place, aiming to reach the /s = 14 TeV energy at the
center of mass system by restarting for Run 3 in 2022. The corresponding integrated luminosity
for these energies was 6.1 fb—! for \/s = 7 TeV, 23 fb~! for /s = 8 TeV and 139 fb~! for
Vs = 13 TeV (years from 2015-2018). Such an unprecedented high energy and luminosity
3.1.2 environment enables the LHC to extend the frontiers and answer unresolved questions

of particle physics.

The CERN accelerator complex
Complexe des accélérateurs du CERN

MEDICIS

ISOLDE
222 y
REX/HIE- East Area |
ISOLDE :
LEIR —Z CR

200578 m)

P H" (hydrogen anions)

lerator // CLEAR - CERN Linear

nLine // REX/HIE-ISOLDE - Radioactive

EXperiment/High Intensity and Energy ISOLDE // MEDICIS // LEIR - Low INAC - LNear ACcelerator //

// HiRadMat - High-Radiation to Materials // Neutrino Platform

FIGURE 3.1: Presentation of the LHC accelerating complex.

At the collision points of the accelerated particles, eight detector systems are established, with

four of them being the main experiments of LHC :
« ATLAS (A Torroidal LHC ApparatuS): a general purpose detector that focuses on High-
Energy Physics studies [38] .

+ CMS (Compact Muon Solenoid): same as ATLAS, a general purpose detector that con-
tributes to general research in the field of High-Energy Physics [39].

« ALICE (A Large Ion Collider Experiment) : a detector for heavy-ion collisions, that
aims to study the physics of strong interactions and the quark-gluon plasma at extreme

values of energy density and temperature [40].

« LHC-b: a detector designed for b-quark physics studies [41].

that are accompanied with four smaller systems performing a more specialized research :

« TOTEM (TOTal Elastic and diffractive cross-section Measurement) that focuses on total

proton-proton cross section and diffraction measurements [42].
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« MoEDAL (Monopole and Exotics Detector At the LHC) that focuses on specialized par-

ticle searches [43].
« LHCf (Large Hadron Collider forward) that studies especially forward particles [44].

« FASER (ForwArd SEarch ExpeRiment) that searches for exotic weak-interacting and
high-energy neutrinos [45].

3.1.2 The LHC luminosity

In pp collisions, a crucial parameter is the instantaneous luminosity £, which associate the

event production rate I and cross section under study o :

R=Lxo (3.1)

This parameter £ can be calculated from the knowledge of the parameters of the colliding
beams. More specifically, the particles in an accelerator are grouped into bunches that are
brought into collision at one or more interaction points (IP) where the detectors are located;
for the LHC, the bunches are separated by 25 ns (for /s = 13 TeV), corresponding to a collision
frequency of f = 40 MHz. Assuming that the beams have a Gaussian profile and collide head-
on and if we consider that the number of particles in the colliding bunches are n; and ny , f
is the revolution frequency, n;, is the number of bunches colliding at the interaction point and
>z and X, are the horizontal and vertical beam profiles, the instantaneous luminosity is given

by [46]:

nina2np

L= f 17270
fQWExEy

(3.2)
The integrated luminosity is obtained, by integrating the instantaneous luminosity over the
accelerator active time, and it associates the total number of produced events Ny, to the pp

cross-section :

Ntot =0 - /ﬁdt (3.3)

3.2 The ATLAS detector

The ATLAS detector is a general purpose experimental facility which means that it is not de-
signed to focus only on a specific physics procedure; with its assistance we can validate the
expectations of the Standard Model but also search for new physics signals. It is designed in a
way to be able to detect the particles produced in pp collisions at the LHC. ATLAS is the biggest
detector of this kind, having a cylindrical shape with diameter of 25 m, length of 46 m, weight



23

over 7000 t and solid angle coverage of almost 47. ATLAS consists of different sub-detectors
piled up from inside to outside, to keep track of the momentum, trajectory and power of parti-
cles in order to identify and reconstruct them properly. Also, it includes a large magnet system
that curves the trajectories of the particles, so their momenta can be estimated and evaluated
precisely. The particles that emerge due to the collisions in the transverse plane to the beam
direction can be identified in the barrel part, while particles close to the beam are detected
by so-called end-caps. In this section we are presenting a very brief introduction on the basic

operational structures of the ATLAS detector.
The main components of the ATLAS detector that are going to be later presented with more
details in following sub-sections are :

+ the Inner detector

« the Caloremeters (hadronic and electromagnetic)

the Muon spectometer

» the Magnet system

In Figure 3.2 we can view the ATLAS detector with its main components and sub-detector

systems.

LAr hadronic end-cap and

forward calorimeters
Pixel detector A

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker

FIGURE 3.2: ATLAS detector with its main components and sub-detector systems.

3.2.1 ATLAS coordinate system

As the origin of the coordinate system in the ATLAS detector, we define the nominal interaction
point (IP); the beam direction defines the z-axis and the x-y plane is transverse to the beam

direction. The positive z-axis is defined as pointing from the interaction point to the centre
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of the LHC ring while the positive y-axis is defined as pointing upwards. The side-A of the
detector is defined as that with positive z and side-C is that with negative z (see p. 1 [38]). The
azimuthal angle ¢ is measured around the beam axis and the polar angle 6 is the angle from

the beam axis 3.3 from Fig. 3.2 in [47].

¥ LHC-ring center
x

n=088

: 0= 90-
: beam

>N =244

side C side A

0=0r—— n=o

FIGURE 3.3: The coordinate system used in ATLAS detector (left) and the correspondence
between the pseudorapidity 7 and the polar angle 6 for some values (right.)

Pseudorapidity is defined as :
n = —Intan(0/2) (3.4)

In the case of massive objects such as jets, the rapidity is used :

1. E+p,

= =]
y QnE—pz

(3.5)

where F is the energy and p, is the component of particle’s momentum along the beam axis.

Finally, the distance AR in the pseudorapidity-azimuthal angle space is defined as :

AR =/ An? + Ag¢? (3.6)

3.2.2 Inner Detector

First of all, the Inner Detector (ID) is designed to provide excellent pattern recognition, momen-
tum resolution and primary and secondary vertex measurements for charged tracks above a
given pr threshold (usually 0.5 GeV, but can be 0.1 GeV in some studies of initial measurements
with minimum-bias events) and within the pseudorapidity range |n| < 2.5. Also, it provides
electron identification over || < 2 and a wide range of energies (between 0.5 GeV and 150
GeV). The information of the momentum and the charge of the collision produced particles
is obtained via their interaction with the detector material and the curvature of their tracks
provoked by a 2T solenoidal magnetic field that surrounds the ID. A schematic representation

of the ID is shown in Figure 3.4.

The main components of the Inner Detector as shown in Figure 3.5 are ([48] and Chapter 4 in

[38]):
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21m

End-cap semiconductor tracker

FIGURE 3.4: A schematic representation of Inner Detector (ID).

« Pixel Detector : It is located 3.3 cm from the LHC beam line; as a result, it is the first
point of detection in the ATLAS experiment. It consists of four layers of silicon pixels.
The low energy deposits left from the collision-produced charged particles are recorded
in the Pixel Detector; these signals are measured with a precision of almost 10um to

determine the origin and momentum of the particle.

« Semiconductor Tracker (SCT) : It surrounds the Pixel Detector and is used to detect
and reconstruct the tracks of charged collision-produced particles. It has over 4,000 mod-
ules of 6 million “micro-strips”of silicon sensors and it is designed so that each particle
crosses at least four layers of silicon, allowing to measure particle tracks with a precision

of up to 25um.

« Transition Radiation Tracker (TRT) : It is made up of 300,000 thin-walled drift tubes
(called “straws”); each of them has a 4mm diameter, with a 30m gold-plated tungsten
wire in its centre. All these straws are filled with a gas mixture (70% Xe, 27% C'O2, and 3%
03) and as charged particles cross through them, they ionise the gas to create a detectable
electric signal. The latter is useful for the reconstruction of the particle tracks and for the
identification of the particle type that flew through the detector. More specifically, the
drift time of electrons originating from the ionization and collected at the wire, provides
discrimination between tracking hits and hits from transition radiation (radiation emitted
by charged particles in the X-ray regime when traversing the between two materials that
have different dielectric properties), an important feature for the electrons identification

and their discrimination against pions.
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FIGURE 3.5: A representation of the Inner Detector with its main components and their dis-
tances from the Interraction Point (IP).

3.2.3 Caloremeters

The ATLAS calorimeter system is designed to absorb most of the particles coming from a colli-
sion, by forcing them to deposit all of their energy (by using an “active’medium that measures
their energy) and by stopping them within the detector (by using “absorbing”high-density ma-
terial layers). Particles like electrons and photons that interact with matter deposit their energy
to the electromagnetic calorimeter, while hadronic calorimeters measure the energy of
hadrons (particles that contain quarks) as they interact with atomic nuclei. The only particles

that can escape from the calorimeters are the muons and the neutrinos.

The ATLAS calorimeters consist of a number of sampling detectors with full ¢ -symmetry
and coverage around the beam axis. The calorimeters closest to the beam-line are housed in
three cryostats, one barrel and two end-caps (p. 110 in [38]). The barrel cryostat includes the
electromagnetic barrel calorimeter and each of the two end-cap cryostats contains an electro-
magnetic end-cap calorimeter (EMEC), a hadronic end-cap calorimeter (HEC), located
behind the EMEC, and a forward calorimeter (FCal) (in order to cover the region closest to
the beam). The active detector medium for the above is liquid argon, which presents stable

response over time and intrinsic radiation-hardness.

This Liquid Argon (LAr) Calorimeter surrounds the ATLAS ID and measures the energy of elec-
trons, photons and hadrons with the following procedure: layers of metal (either tungsten,
copper or lead) absorb incoming particles, converting them into a new lower energy particle
shower (via Bremsstrahlung irradiation as well as electron-positron pair). These subsequent

particles ionise liquid argon that exists between the layers, resulting in a measurable electric
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current. Then the energy of the original particle is determined by combining all of the detected

currents.

For the electromagnetic calorimeter, the barrel region covers the range || < 1.475 and the two
end-cap regions cover the range 1.375 < || < 3.2. Also, this subsystem is the most precise on

spatial and energy information measurements.

On the other hand, the hadronic is a Tile Calorimeter that surrounds the LAr calorimeter and
measures the energy of hadronic particles, which do not deposit all of their energy in the LAr
Calorimeter. Here the sampling medium consists of scintillator tiles and the absorber medium
is steel. When particles hit the layers of steel, they generate a shower of new particles and then
the plastic scintillators in turn produce photons, which are converted into an electric current
whose intensity is proportional to the original particle’s energy. Moreover, the tile calorimeter
is composed of three parts, one central barrel and two extended barrels covering the range of 0
< |n| < 1.7 . Also, the hadronic calorimetry is extended to larger pseudorapidities by the HEC
and the FCal reaching a coverage over |n| < 4.9. The hadronic calorimeter plays crucial role in

jet identification and also missing transverse energy (E7***) determination.

Figure 3.6 shows the ATLAS calorimeter and its subsystems.

Tile barrel Tile extended barrel

——

LAr hadronic
end-cap (HEC)

LAr elechromagnetic
end-cap (EMEC)

Lar electromagnet
barrel
LAY forward (FCal)

FIGURE 3.6: The ATLAS calorimeter and its subsystems.

3.2.4 Muon Spectometer

As we know, muons are particles that usually pass through the ID and Calorimeter undetected.
The muon spectrometer forms the outer part of the ATLAS detector and is designed to detect
charged particles exiting the barrel and end-cap calorimeters and to measure their momentum
in the pseudorapidity range |n| < 2.7 (p. 164 [38]) with full ¢ coverage.Also, it is designed
to trigger on these particles in the region of |n| < 2.4. There are precision-tracking chambers

in the barrel region that are located between and on the eight coils of the superconducting
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barrel toroid magnet, while the end-cap chambers are in front and behind the two end-cap
toroid magnets. Also, the chambers in the barrel are arranged in three concentric cylindrical
shells around the beam axis at radii of approximately 5 m, 7.5 m, and 10 m; muon chambers
from large wheels in the two end-cap regions are perpendicular to the z-axis and located at

distances of |z| &~ 7.4 m, 10.8 m, 14 m, and 21.5 m from the interaction point (IP).

Subsections of the muon spectometer system are : the Thin Gap Chambers (TGCs), the
Resistive Plate Chambers (RPCs), the Monitored Drift Tubes (MDTs) and the Cathode
Strip Chambers (CSCs). Figure 3.7 demonstrates the ATLAS muon spectrometer and its

subsystems.

Thin-gap chambers (TGC)

Cathode strip chambers (CSC)
Fa(n//afa\\ / QIS+
i i \

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

FIGURE 3.7: The ATLAS muon spectometer and its subsystems.

The Monitored Drift Tubes (MDTs) combine high measurement accuracy and predictability
of mechanical deformation so they provide an accurate track reconstruction and momentum
measurement. They cover the pseudorapidity range |n| < 2.7 (except in the innermost end-cap
layer where || < 2.0). These chambers consist of three to eight layers of drift tubes, with
the the inner chambers having more detecting layers for better granularity. These drift tubes
are made of aluminium and have a 30mm diameter, 400m thickness and are filled with a gas

mixture of Ar/CO2(93% : 7%) at 3 bar absolute pressure.

The Cathode Strip Chamber (CSC) system combines high spatial, time and double track
resolution with high-rate capability and low neutron sensitivity. It is located at a distance of
about 7 m from the IP and 16 CSCs are placed on each end-cap. They are mounted together
with the MDTs and TGCs on the shielding disk forming the so-called Small Wheel and they
cover the pseudorapidity range of |n| 2 — 2.7. The CSCs are multiwire proportional chambers
that have segmented cathode readout where the anode wires have a radial orientation and are
spaced by 2.5 mm, while the cathode strips are placed perpendicular and parallel to them. Each
CSC consists of four identical layers and it is filled with a gas mixture consisting of 80%Ar
and 20%COs.
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The Resistive Plate Chambers (RPCs) are gaseous parallel electrode-plate (no wire) detec-
tors; the gas used is a mixture of 94.7% Co Hy Fy, 5% CyH1g and 0.3% S Fg. They achieve a time
resolution of up to 1 ns and a moderate spatial resolution of 1 cm. The RPCs cover the range
of || < 1.05 and they provide measurements for the trigger and the coordinate measurement

also in the ¢ direction (while the MDTs only provide the 7 coordinate).

Finally, the Thin Gap Chambers (TGCs) are used in the end-cap region, covering the range
1.05 < |n| < 1.92 for triggering and for spatial measurement of the azimuthal coordinate to
complement the measurement of the MDTs in the bending (radial) direction. They are multi-
wire proportional chambers that consist of two cathode plates forming a 2.8 mm gas gap, where
the anode wires are located in the middle of the two plates (having a distance between them
of 1.8 mm). They are filled with a gas mixture 45% n-Cs5H12 and 55% C'Oz and the optimal
performed HV supply is 3200 V.

3.2.5 Magnet System

In the ATLAS detector, we can measure their momentum and charge by bending the trajectories
of charged particles. The magnetic field is generated by the ATLAS superconducting Magnet
System 3.8; this consists of one solenoid and three toroids (one barrel and two end-caps) and is
22 m in diameter and 26 m in length, with a stored energy of 1.6 GJ. The solenoid is aligned on
the beam axis and provides a 2 T axial magnetic field for the ID, while it minimises the radiative
thickness in front of the barrel electromagnetic calorimeter. The barrel toroid and two end-cap
toroids produce a toroidal magnetic field of approximately 3.5 T (Chapter 2 in [38], [49]). The
end-cap toroids extend the magnetic field to particles that travel across the beam pipe direction.
Also, the toroidal magnetic field at the muon spectrometer is parallel to the ¢ direction, while
implying a curvature at ) direction. Finally, all magnetic systems are cooled to about 4.5 K in

order to provide the necessary strong magnetic fields.

Cenfral Salen¢
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-’C’_ Y 7 Barrel Toroid
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FIGURE 3.8: The ATLAS magnet system.
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3.3 The New Small Wheel Upgrade

As we have mentioned before, luminosity is an important indicator of the performance of
an accelerator as it is proportional to the number of collisions that occur in a specific time.
Higher luminosity means higher particle rates which subsequently means greater opportu-
nities for rare processes observation. But this new high luminosity environment demands
extended technical upgrades to maintain a high level detector performance, carried out at de-

03% em 2571 is aimed to be

tector shutdown periods. The achieved nominal luminosity of 1
increased to 2 — 3 x 103* em 257! after the second long shutdown period (LS2) in 2019-2021,
allowing the ATLAS detector to collect up to 100 fb~!/year data. The above shutdown period
called Phase-1 upgrade for the ATLAS and CMS detectors, will be followed by the Phase-2
stage taking place in 2026-2028 (LS3) where the installation of the High-Luminosity LHC (HL-
LHC) will be performed, aiming to reach the luminosity of 5 — 7 x 103* em =257, Figure 3.9
gives a timeline presentation of the LHC and HL-LHC run and shutdown periods as well as

the corresponding achieved center-of-mass energies and luminosity.
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FIGURE 3.9: Timeline for the LHC and HL-LHC run and shutdown periods.

The Small Wheel is the region with highest background rates in the present ATLAS Muon
Spectrometer. As we have mentioned before, the present system consists of Cathode Strip
Chambers (CSCs), Monitored Drift Tubes (MDTs), the Thin Gap Chambers (TGCs) and the
Resistive Plate Chambers (RPCs). With the high expected particle rates that are now produced
in Run 3 (and the more demanding high luminosity environment expected at the HL-LHC), the
existing infrastructure performance would be severely affected in multiple ways, especially in

the first forward station (Small Wheel).

More specifically, after the LS2 luminosity increase the Small Wheel will be inadequate for
muon tracking and efficiency determination; the TGCs, MDTs and CSCs are not designed to

manipulate with this extremely high pr particle flow in the forward region and simultaneously
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the increased background rate, resulting in limited spatial resolution and efficiency drop. More-
over, in the previous setup the L1 trigger in the muon end-caps was performed from the TGC
chambers of the Big wheel; this trigger rate was dominated by a high number of fake events
produced by low energy particles that where attributed to muons with || > 1.0, not being
detected in the Inner Detector (ID). The above problems could be moderated if we introduced
upgraded detectors that present good spatial and fast time resolution, efficient trigger decision
and preserving high efficiency rates in the HL-LHC conditions, while being compatible with
the existing tracking detectors and end-cap alignment system; all these performed by the New
Small Wheel (NSW) project.

3.3.1 New Small Wheel detector systems and technical infrastructure

The NSW is the largest Phase-1 upgrade project of ATLAS; it consists of two wheels (10 m in
diameter) that replaced the first muon stations in the high-rapidity regions of ATLAS (1.3 <
In| < 2.7) and are equipped with multiple layers of two new detector technologies : the small-
strips Thin Gap Chambers (sTGCs) and the Micromegas (MM) [50]. The sTGCs are de-
voted to the L1-trigger at background rates up to 15 kH Z/cm? with an angular resolution of
approximately 1 mrad; the MM detectors are built for precision tracking of muons, due to their
small gap (5 mm) and strip pitch (450 pum), succeeding in spatial resolution of about 100 pm
per detector layer while forming a total active area of more than 1200 m?. Both sTGC and
MM are gas-filled detectors, measuring the effects related to the drifting of electrons and ions

seperated by muons ionizing the gas.

The sTGCs have two cathode boards with a gas gap that contains gold-coated tungsten wires
between the cathode boards filled with 55 % C'Os + 45% n-Pentane [50], while the MM consist
of a planar electrode structure with a thin metal micro-mesh that electrically divides the gas

volume (93 %Ar /5 % C'O3y / 2% Isobutane) in the conversion gap (5 mm) and a thin amplification
gap (120 um).

Each one of the two wheels has eight large and eight small sectors (wedges) that partially
overlap and are fixed on a spacer frame which is a metallic circular structure. A single sector
has two MM wedges attached on both sides of the spacer frame and sandwiched by two sTGC
wedges; MM and sTGC chambers in wedges have four active detector layers that form quadru-
plets. As a result, the NSW has eight layers of MM and eight of sTGCs detectors. Each MM
wedge is segmented in two trapezoids of different size that cover different 7 regions, resulting
in four types of MM : SM1 and SM2 as Small Sector Modules and LM1 and LM2 as the Large
Sector Modules, having 2 m? and 3 m? chamber size respectively. INFN Laboratory in Italy
was responsible for the SM1 modules construction, German laboratories for the SM2, Sanclay

Laboratory in France for the LM1, while the LM2 construction was shared among the ATLAS
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team of Thessaloniki in Greece, Russia and CERN. In Figure 3.11 the different modules and in
Figure 3.10 the different sectors of the NSW are shown. More technical details about the NSW

project can be found in [51].
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FIGURE 3.10: Position inside the ATLAS detector and different sectors of the NSW.
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FIGURE 3.11: Large and small modules and corresponding construction sites for the NSW.

3.3.2 The Micromegas Detector

The Micromegas (MICROMEsh GAseous Structure) is a gaseous particle detector first devel-
oped at Sanclay [52]. It consists of a two-stage parallel-plate avalanche chamber that has a
small amplification gap (128 pm) and also includes a conversion-drift space. During the col-
lection of the electron avalanche on the anode microstrip plane, we obtain fast signals (< 1
ns). With the Micromegas we have achieved a gas gain of up to 10* due to the fast evacuation

of the produced positive ions and the high granularity of the detector.
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3.3.2.1 Basic operation principles

The basic operation principles of a MM setector are described below. The MM is a position
sensitive gaseous detector with planar parallel electrodes and consists of three planes : the
cathode (drift), the anode (readout) and the micro-mesh [53]. As a typical gaseous detector,
the detection of the muons is done by amplifying the charges that originate from ionizations

in the gas volume.

First of all, the micro-mesh separates the conversion space (5 mm gap), from the amplification
gap (128 pm,). The above infrastructure results in a very high electric field in the amplification
region (~ 50 kV/cm) and a quite low electric field in the drift region (~ 100 V/cm) while apply-
ing reasonable voltages in the three electrodes. When an incident charged particle (here muon)
passes through a MM, it causes ionizations in the gas volume inside the drift space, resulting
in the creation of electron/ion pairs. Affected by the drift region’s electric field applied, the
electrons will drift towards the micro-mesh, while the ions get directed to the cathode. Then,
when an electron gets close to the micro-mesh it gets accelerated by the intense electric field
developed in the amplification gap (~ 50 kV/cm) leading to the avalanche development; the
latter is a cascade formation of drop-like shape that includes ionised gas atoms and newly-freed

electrons (caused by the transversing electron) that in turn create further ionizations.

Furthermore, because of the difference between the two applied electric fields, the micro-mesh
is up to 95 % transparent for the drifting free electrons. The high electric field applied in the
amplification gap plays a second role, too : due to its presence the ion cloud is quickly col-
lected on the micro-mesh and only a small part of it escapes to the conversion region (which is
inversely proportional to the electric field ratio), preventing possible ion discharges in the am-
plification region. The mechanism described above has as outcome the creation of a significant
signal, whose amplitude and shape are read via the electronic system on the readout electrode,

providing information on the time and the energy of the charged particle.

The anode plane consists of printed circuit boards (Readout PCBs), having copper strips on the
surface of 300 um width, and pitch of 425 or 450 pm (in small and large wedges respectively),
produced photo-lithographically, having also a layer of resistive strips on a Kapton foil glued
on top of the copper strips for the discharge protection with resistivity of 10 to 20 M)/cm.
The micro-mesh (called “mesh”from now on for simplicity) is a stainless steel grid (30 pm wire
diameter, 70 um wide opening and 100 pm wire pitch) which is stretched with a tension of
7-10 N/cm, that is supported by pillars of 128 um height, 350 ym diameter and pitch of 0.4
mm. These pillars are placed on top of the resistive strips and guarantee the uniformity of the
amplification gap. Finally, the cathode is also a PCB that has a thin layer copper on its surface.
Figure 3.12 displays the operating principles of a MM detector.
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FIGURE 3.12: Operating principles of a MM detector.

The LM1 and SM1 detectors consist of five PCBs while the LM2 and SM2 have three, mak-
ing each MM sector to be constructed by eight PCBs. Each MM Module (Quadruplet) in the
NSW sector consists of four MM detectors that form four active MM gas gaps. The MM cham-
bers need to fulfil specific mechanical requirements in order to be able to reconstruct a muon
momentum track with a resolution of the order 15% at 1 TeV in ATLAS; this demands excel-
lent quality of the construction materials, strict quality control measurements of the produced
chambers, as well as specialized construction techniques. The precision for the strip position
in 7 should be 30 pm and 80 pm for the strip position in Z (perpendicular to the detection
plane).Each quadruplet consists of five trapezoidal panels forming the four active MM gaps
and the sequence of its components is Drift-Readout-Drift-Readout-Drift panel. Each quadru-
plet has one “n’readout panel (two detection planes in 7 direction) having the strips parallel
to the trapezoid bases in order to measure the 7) coordinate and one “stereo’panel (two stereo
detection planes, where strips have an angle of £1.5°) to measure 7 coordinates but also re-
construct the second coordinate ¢ with few mm resolution (page 3 in [53]). Also, there are
two drift panels that have one side covered with copper operating as cathodes (called external
panels) and one central drift panel having both sides covered with copper. The mesh is glued on
the drift panels via an appropriate mesh frame and attached to the pillars when the quadruplet

is assembled. Figure 3.13 gives a schematic view of the five panels of MM quadruplet.

3.3.2.2 LM2 Drift panel production

A panel has a light and stiff structure that consists of an aluminium frame and an aluminium
honeycomb of 10.1 mm thickness with 6 mm hexagonal cells that is sandwiched between two
outer surfaces made by 0.5 mm FR4 material (PCBs). The frame consists of aluminum bars hav-

ing 10.0 mm thickness, perimetric and cross as reinforcement bars with four special aluminum
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FIGURE 3.13: Schematic view of the five panels of MM quadruplet.

corners which implement the gas inlet and outlet to the MM gap; it is prepared in advance by
gluing all the parts on a precise assembly table using special dowel pins to align the parts prop-
erly. The above described structure is called bare panel; when the aluminium mesh - frame, the
mesh, the interconnections, the high voltage connectors and the gas-pipes are placed then the

panel is considered as complete.

The ATLAS group of the Aristotle University of Thessaloniki produced 35 LM2 Modules, con-
sisting of two external and one central drift panels for each quadruplet. The preparation and
the assembly of all the drift panels was performed in a class D pressurized clean room in the
AUTH MicroMegas construction laboratory. The nominal tolerances for the panel planarity
are 37 pm in rm.s., equivalent to = 110 gum mechanical tolerance. The panel construction
is done using two ultra flat vacuum tables made from carbon fiber and perforated aluminium
honeycomb; one of them had permanent fixed position (Table I) and the other was movable
and able to rotate along its long axis (Table II). The first step in the panel production is the
assembly of the aluminium frame which is a process done at two steps : first, the gluing of top
and bottom bars with the corner parts is done on a special high precision holes table called
assembly tool using dowel pins and then all bars are indexed on Table I using dowels and glued
together forming a three sub-areas trapezoidal frame. A layer of silver paste is also applied on
the glued elements in order to ensure the electrical conductivity. Using this void aluminium
frame as reference, three aluminium honeycomb pieces are cut in the proper size to avoid

possible mechanical constraints.
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Afterwards, the PCBs are indexed on the vacuum tables via precision holes on the tables using
5 mm dowel pins and consequently sucked at an under-pressure of 100 mbar taking advantage
of the planarity of the tables (30 pm). Then, a kapton tape having 70 um thickness is applied
along the PCB junctions (for sealing purposes) and the interconnections are glued on the PCBs
on Table I. The interconnections are important for avoiding a possible increase in the drift gap
size due to gas over-pressure which in turn could impact the drift region’s electric field and

subsequently the uniformity of the final collected charge.

Before the gluing procedure, a simulation of the process is performed called “dry-run”where
after placing the PCBs on both tables, the aluminium frame (which is indexed using special
pins on the four corners) and the honeycomb pieces on Table I, Table II is rotated and placed
on top of Table I standing on 10 high precision spacers that are in the perimeter of Table
I and ensure that the panel’s thickness will not exceed the construction specifications. The
glue is distributed on the PCBs as well as on the aluminum frame. Then, after positioning the
honeycomb pieces, Table II is placed on top of Table I standing on the ten precision spacers,
maintaining the under-pressure for ~ 20 h during glue curing. Next day, the upper table is
removed and some minor fixing of the panels is performed (like removing the PCB in excess
and the remaining glue, glue insertion in the space between the PCBs’ junctions for preventing

gas-leaks). After the above procedures the bare panel is considered as complete.

The mesh aluminium frames are then screwed (ensuring electrical continuity between the mesh
and the panel frames) and glued on the drift plane with the required accuracy of £200 ym in
the plane and 25 um in height; gluing is performed very carefully in order to avoid possible
gas leaks that could affect the chambers operation. Next the interconnection drift spacers are
glued with +25 um precision in height using a special designed tool. After that step, the gas
pipes are mounted and glued in contact with the inner side of the mesh frame long and short
sides. Then, the HV connectors are glued in the outer side of the aluminum frame of the panel
and soldered in the copper of the PCB. For the central panels all the procedures mentioned

before have to be performed twice, for both copper sides.

The mesh is an important element of the MM detector; to ensure the homogeneity of the am-
plification gap and avoid sags between the pillars, the mesh must be stretched at a specific
tension and glued on the drift panel. For the large MM construction we have used the float-
ing mesh technique which ensures that the quadruplet can be re-opened since the mesh is not
glued to the readout PCB : the positioning of the mesh at the right distance from the anode
is guaranteed by stretching the mesh along the edges at a specific tension and by the precise
pillars height. Using a special stretching table, the mesh is stretched to the desired tension and
in order to move it while keeping it at the achieved tension, the mesh is glued on a reusable
heavy iron transfer frame. The nominal mesh tension is in the range of 7 — 10 N/cm with a

uniformity of +10% after gluing on the drift panel. To achieve this measurement in the final
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FIGURE 3.14: Application of glue on the PCBs of Table I (up left), insertion of honeycombs (up
right) and rotation of Table II in order to be glued on top of Table I (bottom)

panel, the initial tension on the stretch table is adjusted to ~ 9.5 —10 N/cm, taking into account
that after cutting the glued mesh on the transfer frame to release it from the stretch table and
after cutting the mesh on the mesh frame of the panel after gluing, we observe a decrease of
10 — 15%.

Before gluing on the panel, the mesh is cleaned with water and dried thoroughly. Afterwards,
the mesh is perforated at the interconnections’ positions with the special tool where glue is
then applied to prevent from the mesh damage (a procedure called passivation); then the mesh
is glued on the panel using a custom limbo tool that ensures that no glue bumps are created
after curing. The glue is left to cure overnight and then the mesh gets cut (correcting possible
excesses) and polished, so the complete panel is ready for the last certification controls (gas

leak and high voltage test).

3.3.2.3 LM2 Drift panel QA/QC measurements

In the ATLAS NSW upgrade project the quality control performed is tight in order to fulfill
the high standards and the small error tolerances specified by the ATLAS collaboration. These

measurements are indicated by various parameters that could affect the successful detector
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FIGURE 3.15: Mesh stretched on custom made table and tension measurement

operation. Quality control is performed before drift panel assembly - on all the separate parts
that are going to be used for the panel composition- , during panel production to check the
quality of the single production steps, but also after the drift panel’s complete construction to
ensure its proper function. In most cases of defects or malfunctions, there are specific processes
that can repair certain kinds of equipment (like when observing gas leakage at some area of
the panel, the construction team searches for any small rubbish that affects the measurement
or rearranges the clamps); otherwise there is spare equipment (f.e. extra mesh sheets) or the

faulty parts have to be sent back and replaced by the manufacturer.

The QA/QC controls performed are split into two categories : tests expecting specific numerical
measurements (nominal mean value, tolerance and min/max value) of a parameter and tests
concerning the acceptance or rejection (“pass” or “fail”) of specific production equipment or
processes. The first category mentioned above is done by tracking the measurements of interest
in especially created Excel Templates that are later translated through python import scripts
into .csv files and thus uploaded to the Central NSW muon database. These templates are
necessary for Thessaloniki site since we are not equipped with machines that directly calculate
the mean, min/max value and rms; they are well-defined so their use is straightforward for the
shifter. The second category of measurements is handled by a Graphical User Interface (GUI)
especially developed to handle visual or “pass” or “fail” tests. GUI is also used for registering
an equipment and for the parenting, procedures that are going to be presented below. The
results of all the above QA/QC tests are uploaded to the Central NSW muon database and
are accessible by all sites participating in the project. This database holds all data related to

material, tracking and logistics for the NSW series production.
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The first step concerning the database logistics, is to declare the reception of all the material
shipped to Thessaloniki site and obtaining a unique equipment identification number (EQ-ID)
for all equipment; it is important to record this number in order to later use it for parenting, a
procedure where the received equipment is going to be attached to a specific drift-panel. Also,
when a bare panel is completed it is also registered to the database and is given a unique EQ-
ID which is going to be used for parenting but also for the submission of any measurement
(visual, “pass” or “fail” or numerical). An important information that also needs to be declared
to the database is the manufacturing date (of bare / completed panel), the date when the mesh

is placed on the panel and also dates of the performed measurements.

Any damaged/replaced equipment should be declared on the database by inserting the corre-
sponding status (damaged/replaced) on the database. Also, a bare or completed drift panel is
declared using the statuses completed bare and completed (after the mesh assembly); this step
is important because the database gives the opportunity to track down the production status
of the bare and the completed panels, by producing timeline production plots (Figure 3.16).
All equipment placed on a panel have the distributed status, while drift panels assembled to a

quadruplet together with readout panels, have the assembled status.

LM2 | Thessaloniki : drift panels (bare) built (2022-09-23 10:18:00)
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FIGURE 3.16: Timeline production plots of bare and completed LM2 drift-panels for Thessa-
loniki production site.
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Besides receiving construction materials, the database user is responsible to declare any ship-
ments from the Thessaloniki site to other locations, specifically Dubna (as the two groups co-
operate on the LM2 production) accompanied by any documents of interest like gas leak and
planarity measurements. Every equipment shipped is attached to a barcode sticker printed
by the database with an MTF-ID that refers to the EQ-ID. The NSW database gives the possi-
bility to construction sites to check anytime the received and sent material and also display

information for any equipment declared using the unique EQ-ID.

Concerning the parenting procedure [54] as a parent we treat the “more composed” component
like the drift-panel; the “more raw” components that are used for the panels construction are
considered as children f.e. the mesh attached to a panel, the PCBs, the aluminium bars used
for the frames production and the honeycomb pieces. Parenting is performed also for the hon-
eycombs when the “raw” honeycomb (parent) is attached to three smaller honeycomb pieces
(that are cut out of it), which are registered on the database by the user and as treated as its
children. The parenting step is important because its gives the ability to track down out of
which manufactured equipment a panel is built, a useful information for the explanation of

any possible future dysfunctions or divergences from nominal measurements.

Finally, there is equipment that is declared as batches in the database like the aluminium frame
or mesh-frame bars; this material is usually received in small groups of items by the manufac-
turer. These declared batches (children) are attached to the raw equipment’s EQ-ID (parent). In
Figure 3.17 we present the database display of an LM2 external drift-panel, where the equip-
ment ID, the status, the shipping history and the parenting is shown.

3.3.2.4 Visual or “pass” or “fail” tests

As we have already mentioned before there are quality control tests concerning the accep-
tance or rejection (“pass” or “fail”) of specific production equipment or processes or the visual
inspection of production material. All these tests should be “pass” in order to proceed to the
next production technique; otherwise there should be refinements/replacements. These tests

are :

+ Checking the bending, thickness and torsion of the aluminium frames used for the panel
construction (Frames type 2.1 and 2.2) before their assembly, using an appropriate Limbo

tool, by checking if the frame bars pass trough it without being in contact with it.

« Mesh inspection and comparison with accompanying documents before gluing on trans-

fer frame (visual check).

+ Electrical continuity of Honeycomb pieces with frames.
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FIGURE 3.17: Database display of an LM2 external drift-panel, where the equipment ID, the
status, the shipping history and the parenting is shown.
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« Electrical continuity between cathodes.

« HV Connector Connection to Cathodes.

« Quality of soldering (cleaning).

« Cathodes insulation from all other metallic parts.

+ Mesh Frame Grounding

+ Mesh quality of gluing on mesh frame (visual check).

« Electrical Continuity of the gas pipe with the mesh frame.
+ Checking gas flow from all holes of gas pipes.

+ Mesh inspection after hole punching at the interconnection points (visual check).

3.3.2.5 Drift panel thickness and planarity

All constructed panels have to be controlled concerning the planarity and thickness. For
these measurements a limbo tool has been developed that consists of a rigid aluminum profile,
equipped with four height gauges that are are calibrated on a granite bar before every mea-
surement (see left in Figure 3.18). The thickness and planarity are measured for both sides of a
panel on vacuum Tables I and II; the thickness measurement is performed applying an under-
pressure of about 100 mbar (indicated as vacuum ON measurement), while the measurement
for the planarity is performed with no vacuum applied (vacuum off). Each panel’s side sur-
face (with position indicated as side 1 or side 2 related to the vacuum table on which it was
constructed) is scanned by taking measurements at a grid of 152 points in total. Values are
stored via USB to a PC on especially created excel templates as in top Figure 3.21. Then the
excel templates are converted through python import scripts into .csv files that are appropriate
for uploading on the database as in bottom in Figure 3.21 The uploaded values are the mean,
minimum/maximum and rms measurements for each side’s thickness and planarity as well as

the excel template that includes measurements’ map.
All data are recorded and analysed to produce the planarity and thickness mapping of a panel.

Results of a produced panel are shown on Figure 3.21 having an rms value of 17 pum which
is within specifications. In Figure 3.19 we present the average thickness of some produced
panels, a 2 dimensional contour plot of a single produced panel’s thickness , the planarity
rms and the difference between maximum and minimum measured values; from all above it
is obvious that produced panels are well within specifications. In Figure 3.20 we present the

planarity and thickness measurements of side 2 plots of all produced panels obtained from the
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FIGURE 3.18: Measurement of thickness and planarity with limbo tool (left) and perimetrical
thickness measurement with digital micrometer (right).

11.520
11.500 — 15
[T —
11.480 1.48
11.460 146
11asoh PR A s
s
g II'AZOQ‘A—A%—Y%—H?' 1
ki LI VAR N Y \ [ ¥ AV V7 O 14
3
£ 11.400
£ b | i 138
11.380
1.36
11.360
1.34
s Vv |
132
11.320

0.040 0.250 e

e I ] —
0.020 W\‘ f* HA. 1 A , \hu. T 0-150
0.015 \/'J W -‘l/TMR R ’\ “ R’ \/y N

\ 0.100
' L] L] o
oot0 VORIV [ A
0.050 ‘
0.005
0.000
0.000
D DD DD DD DD DD dD D
B S S S i S i S B S A S R S A R R A R A A A A
N N e e s K St e i S A S Sl oS T el ahsf (ot oo
DR R U ot L A e R e PRI O P ORI

FIGURE 3.19: Average thickness of some produced panels (top left) , 2 dimensional contour

plot of a single produced panel’s thickness (top right), planarity rms (bottom left), difference

between maximum and minimum measured values (bottom right). It is obvious that produced
panels are within specifications.
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FIGURE 3.20: Planarity (left) and thickness (right) measurements of side 2 plots of all produced
panels, obtained from the Central NSW database.

Central NSW database. Additional measurements of panel thickness outside the copper zone
are performed, along the perimeter using a digital micrometer (caliper) in 62 points using an

appropriate excel templates.
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DRIFT PANEL — THICKNESS AND PLANARITY SIDE-1 VAC ON
EQENTRYID

14843 |

4x19 + 4x19 measurements
MEASUREMENT DATE (YYYY-MM-DD)
2017-11-30 00:00:00 |

SHIETER 43T 271 12
marievi 427 423 397
[ 1422 425 -394
[ 1429 427 395
POSITION [ 1429 423 391
Side T 251 417 392
431 418 403
241 428 -390
. 141 415 392
long side— 77 414 397 short side
.40 308 383
il 14 387
14z 14 37
[ 139 1.380
1391 | 1387
[ 1398 | 1383 .
[ 139 1.39 1.37
306 | 1.385 1.369
411 | 1408 1373
left side
MIN VALUE MAX VALUE AVERAGE VALUE RMS VALUE
11.360 11.451 11.403 .017
[ECENTRYID] CONTEXTNAME MEASVALUE MEASTIME SHIETER | WEBSITEUSER | POSITION MEASELEPATH
14843 DR_PAN_Plan_S1_vac_on_MIN_THE 1136  2017-11-30 marievi ‘mtsopoul side 1
14843 DR_PAN_Plan_S1_vac_On_MAX_THE 11451  2017-11-30 mariev mtsopoul side 1
14843 DR_PAN_Plan_S1_Vac_On_AVG_THE 11.403  2017-11-30 mariev mtsopoul side 1
14843 DR_PAN_Plan_S1_Vac_On_RMS THE 0.017 2017-11-30 marievi mtsopoul side 1

fhomefauth/Programs/Atlas_NSW_from_LXPLUS/
ATLAS_NSW AUTH IMPORT SCRIPTS/
14843 DR_PAN_Plan_S1_Vac_On_MAP_THE 2017-11-30  marievi mtsopoul side 1 Excel_Measurements_Construction/Drift_Panels/Drift_Panel-
Thickness_and_Planarity Side-1_Vac_ON/DP_Thick_Side-
1_Vac_ON_Mécntrl.xls

14843 DR_PAN_Plan_S1 Vac_Off MIN_THE 1138 |2017-11-30  marievi mtsopoul side 1
14843 DR_PAN Plan S1 Vac_Off MAX_THE 11495  2017-11-30 mariev mtsopoul side 1
14843 DR_PAN_Plan_S1 Vac Off AVG THE 11425  2017-11-30 marievi mtsopoul side 1
14843 DR_PAN_Plan_S1 Vac_Off RMS THE 0.019 2017-11-30 marievi mtsopoul side 1

fhomefauth/Programs/Atlas_NSW_from_LXPLUS/
ATLAS_NSW_AUTH IMPORT_SCRIPTS/
14843 DR_PAN_Plan_s1_Vvac_Off_MAP_THE 2017-11-30  marievi misopoul side 1 Excel_Measurements_Construction/Drift_Panels/Drift_Panel-
Thickness_and_Planarity_Side-1_Vvac_OFF/DP_Plan_side-
1 _Vac_OFF_Mécntrl.xls

14843 DR_PAN_Plan_S2_Vac_On_MIN_THE 11401 |2017-11-30 mariev mtsopoul side 2
14843  DR_PAN_Plan_S2_Vac_On_MAX_THE 11459  |2017-11-30 mariev misopoul side 2
14843 DR_PAN_Plan_S2 Vac_On_AVG_THE 11433 |2017-11-30 mariev mtsopoul side 2
14843  DR_PAN_ Plan_S2 Vac_On RMS THE 0.01 2017-11-30 mariev! mtsopoul side 2

fhomefauth/Programs/Atlas_NSW_from_LXPLUS/
ATLAS_NSW_AUTH_IMPORT_SCRIPTS/
14843 DR_PAN_Plan_S2_Vac_On_MAP_THE 2017-11-30  marievi mtsopoul side 2 Excel_Measurements_Construction/Drift_Panels/Drift_Panel-
Thickness_and_Planarity_Side-2_Vac_ON/DP_Plan_Side-
2_Vac_ON_Mécntrl.xls

14843 DR_PAN_Plan_S2 Vac_Off MIN_THE 11395  |2017-11-30 marievi mtsopoul side 2
14843 | DR_PAN_Plan_S2 Vac_Off MAX_THE 11468  2017-11-30 marievi mtsopoul side 2
14843 DR_PAN_Plan_S2 Vac_Off AVG_THE 1144 2017-11-30 marievi mtsopoul side 2
14843 DR_PAN_ Plan_S2 Vac_Off RMS THE 0012 |2017-11-30 marievi mtsopoul side 2

fhomefauth/Programs/Atlas_NSW_from_LXPLUS/
ATLAS_NSW_AUTH_IMPORT_SCRIPTS/
14843 DR_PAN_Plan_s2_vac_Off MAP_THE 2017-11-30  marievi mtsopoul side 2 Excel_Measurements_Construction/Drift_Panels/Drift_Panel-
Thickness_and_Planarity_Side-2_Vac_OFF/DP_Plan_Side-

F1GURE 3.21: Excel template for side 1 drift panel’s thickness measurement (top) and example
of a .csv file for uploading data on the NSW database (bottom).

3.3.2.6 Mesh frame and interconnections drift spacers height

The mesh frame height is a crucial parameter that needs to be measured in order to ensure the
proper detector’s operation; otherwise, in case f.e. of glue bumps or aluminium mesh frame
bars anomalies, the height of the amplification region will not be determined by pillars and
thus the electric field will not be uniform. The mesh frame height is measured using 66 points
with an appropriate excel template, with a digital gauge that is mounted on a custom flat base
3.22. The nominal expected value is set to be 5.06 mm with a tolerance of 25 ym. Figure 3.22

displays the average mean value of the mesh frame height for some panels.

The interconnection spacers’ height should also be controlled; it is measured using a digital

gauge and each of the six interconnection spacers is measured in five spots (in the center and
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in four points in the edges forming a cross) with an excel template. The nominal value for this

height is 5 mm with a tolerance of 50 pm.
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FIGURE 3.22: Mesh frame height measurement using a digital gauge (top) and average mesh
frame heights for various panels (bottom).

3.3.2.7 Gas tightness certification

Before gluing the mesh on the drift panel, the gas leak test is performed. It is a crucial proce-
dure that ensures the desired gas tightness of a single panel and consequently the tightness of
the MM quadruplet in total; otherwise, a high gas leak rate could affect the ionization rate due
to the contamination of the MM chamber with oxygen. For the external panels we check only
the side that participates to MM detector in the quadruplet, while the central panels have to
be checked for both sides. The first step is to clean the panel thoroughly in order to avoid any
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rubbish that could affect the tightness procedure. Then the panel is mounted on a special tool
designed for the panel holding/rotating and a 7 mm o-ring is placed on the periphery of the
panel. One (two) “dummy” panel is placed on top (and bottom) of the external (central) panel
creating the gas gap. After that, an extra aluminium frame outside the o-ring is placed sup-
pressing the o-ring and sealing the gas gap between the two panels, that are further clamped.
The six interconnection holes are further sealed with custom caps that are screwed on both
their top and bottom side. Then the gas gap is filled with Ar at about 4 mbar over-pressure
(while the pressure on the working NSW is expected to be 3 mbar) and the pressure drop is
monitored typically for 24¢h. An exponential fit is performed to the pressure drop rate, after
correcting data for temperature variations and for the ambient pressure. A drift panel is certi-
fied to successfully pass the gas leak test when the corresponding rate has a limit of 0.6 mbar/h
at pressure of 3 mbar. For the determination of the gas leak rate we have used the Pressure
Drop Rate (PDR) method ( page 33-34 in[55]). If we determine the over-pressure as Poyer
= 4mbar, Vj =~ 15.5 L the active volume of the panel’s gap, f;n ~ 6 bar L/h the constant flow
rate for the incoming gas, Py, the atmospheric pressure and neglecting the room temperature
variations since they are low (at the range of 0.1° C), the gas leak rate is given by the following

expression :
Gas Leak = APatm + (k+ I)M (3.7)
Do bo
where the factor Apgyyer/po is the slope of the measured drop taken from exponential fit and
k is the volume expansion factor defined by Equations (1) and (2) (in page 33 in[55]). In Figure
3.23 the monitoring of the pressure of an under study panel is presented, where the leakage rate
is calculated by fitting the pressure and implementing corrections concerning the atmospheric

pressure variations and the panel’s volume deformations.

3.3.2.8 Mesh tension on the transfer frame, during gluing and after gluing and cut-

ting on panel

The mesh tension is susceptible to changes during the various production steps so it is con-
trolled both on transfer frame (after gluing and being cut) and on drift panel (during the curing
of glue and after being glued and cut on panel). It is measured using an analogue gauge in
a 20 points grid for the x-coordinate (tensiometer parallel to the panel’s bases) and 20 points
for the y-coordinate (tensiometer perpendicular to the bases); with the average value of each
(x,y)-coordinate measurement we create a final 20 point mesh tension grid out of which we
calculate the nominal average value, the minimum/maximum, rms and uniformity (ratio of
rms over average) of mesh tension measurements. In Figure 3.24 the excel template for the
mesh tension measurement after gluing on a drift panel is presented (a similar used for the case

of tension during gluing and on transfer frame). In Figure 3.25 we present the average mesh
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FIGURE 3.23: Monitoring of the pressure of an under study panel. The leakage rate is calculated
by fitting the pressure and implementing corrections concerning the atmospheric pressure

variations and the panel’s volume deformations.

tension on transfer frame, during the curing of glue on the drift panel and after gluing and

being cut from the drift panel (top) and the estimated uniformity for various panels (bottom).

DRIFT PANEL - MESH TENSION AFTER GLUING

5x4 measurements

Y-coordinate (Tensionmeter Perpendicular to the bases)

long side UNIFORMITY
1.3 10.8 a5 9.7 10.3 0.07
10.9 9.7 8.9 9.6 9.9
uns 10.7 9.3 87 9.5
9.8 9.3 B89 9 9.1

short side :1

X-coordinate (Tensionmeter Parallel to the bases) Average Tension

long side 10.65 10.6 9.85 10.2 10.75
10 10.4 10.2 10.7 11.2 10.1 9.4 8.8 9.7 10.05
9.3 9.1 8.7 9.8 10.2 10.65 10.25 9.25 9.25 9.25
9.8 9.8 9.2 9.8 9 9 9.1 8.65 8.85 8.7
8.2 8.9 8.4 87 8.3

short side MIN VALUE MAX VALUE AVERAGE VALUE

8.7 108 9.7

RMS VALUE
0.71

FIGURE 3.24: Excel template for the mesh tension measurement after gluing on a drift panel.

Additionally, there are some qualification measurements performed at 10 % sampling fraction

of the corresponding equipment, before its assembly to the drift panel. First of all, there is

the thickness of the drift boards on perimeter only and also on copper surface, as well as the

thickness of the outer layer boards with nominal values of 0.518 £ 0.017 mm, 0.536 £+ 0.017

mm and 0.518 £ 0.017 mm respectively. These measurements are performed using a digital

micrometer(caliper) with appropriate excel templates.
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FIGURE 3.25: Mesh tension on transfer frame, during and after gluing on the drift panel (top)
and the estimated uniformity for various panels (bottom).

Moreover, the thickness of the three honeycomb pieces after cutting them in order to fit the

aluminium frame is measured with a digital depth-meter and with a nominal value of 10.10

mm and 0.017 mm tolerance. Finally we measure the thickness and the width of the aluminium

frames used for the mesh frame (Frames type 3) using a caliper with nominal values of 5.06 &

0.008 mm and 11 4 0.033 mm respectively at 66 points in total.



Chapter 4
Data and Monte-Carlo samples

In this analysis, we use di-lepton filter samples DAOD_STDMS5 derivations (derivation format
5 of the Standard Model physics group). These derivation formats in general, are designed
to provide the minimal set of information necessary to apply all corrections by the combined
performance groups for all reconstructed particle types and are thus widely usable. Especially
the DAOD_STDMS5 format applies a strong skimming to store only events with at least three
identified leptons with pr > 6 GeV. Samples with p-tag p4095, p4096 and p4097 are used in
this study.

4.1 Data samples

The present analysis uses a data sample of proton-proton collisions collected at a center of
mass energy of \/s = 13 TeV using the ATLAS detector at the LHC. Events are selected based
on data quality flags per luminosity block, using the Good Run List (GRL) definition [56] as

will be later explained in more detail in section 6.2.

Data samples used have a combined integrated luminosity (as reported by the ATLAS lumi-
nosity calculation tool [57]) of 139 fb~! with an uncertainty of 1.7 % and where collected from

2015 to 2018.

4.2 Monte-Carlo samples

Generated signal and background events are fully simulated by Monte-Carlo (MC) generators;

the detector response was modelled using the GEANT4 simulation within the ATLAS software

50
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framework. Pile-up (i.e. the simulation of the multiple interactions in the same and neigh-
bouring bunch crossings) is done in a separate step in the simulation chain, during digitiza-
tion. During this procedure, the simulated hard-scattering event is superimposed on inelastic
pp-collision events. The distribution of the number of pile-up events reproduces the bunch

structure and the average number of interactions per - bunch crossing- of the run periods.

4.2.1 Monte-Carlo signal samples

First of all, simulated signal events are used to model the benchmark physics processes and

optimize the selection cuts.

For the Drell-Yan case, the samples where generated at Leading Order (LO) in QCD with Mad-
graph 2.6.5 interfaced to Pythia8 (for parton-level hadronization), for masses of diboson reso-
nances range from 250 GeV to 5 TeV. All lepton flavors were included in Z — ¢/ and W — (v
decays and the nominal PDF set to create the samples was NNPDF23_lo_as_0130_qed with A14

tune.

For the HVT production via the Drell-Yan process (q — W' — W Z — [vll) two benchmark
models are used to interpret the results : Model A and Model B.

Model A describes weakly coupled vector resonances arising from an extension of the SM gauge
group [34] with an additional SU(2) symmetry, and the branching ratios to fermions and gauge
bosons are kept comparable. Model B accounts for an HVT produced in a strongly-coupled
scenario, as in a Composite Higgs model [35] with suppressed fermionic couplings. For the
Drell-Yan signals, the parameter gy was set to 1 for Model A and to 3 for Model B, while for

both models cf is set to 1 and is assumed to be the same for all types of fermions.

Since intrinsic resonance width remains well below the experimental resolution and the an-
gular distributions are the same for both models, in order to interpret the Model B we use the

Model A simulation with scaled cross-sections.

Information about the Drell-Yan signal MC samples is summarised in table 4.1.
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DSID Mass Events Filter eff. Cross-section [fb] k-factor

307376 250 60000 1.00 4110 1.00
451943 275 20000 1.00 3083 1.00
307377 300 50000 1.00 2260 1.00
451944 325 20000 1.00 1666 1.00
451945 350 20000 1.00 1240 1.00
451946 375 20000 1.00 936 1.00
307378 400 60000 1.00 717 1.00
451947 425 20000 1.00 557.7 1.00
451948 450 20000 1.00 439.4 1.00
451949 475 20000 1.00 350.6 1.00
302266 500 30000 1.00 283.9 1.00
451950 525 20000 1.00 230.8 1.00
451951 550 20000 1.00 190 1.00
302267 600 30000 1.00 132.2 1.00
302268 700 18000 1.00 69.23 1.00
302269 800 25000 1.00 39.41 1.00
302270 900 30000 1.00 23.80 1.00
302271 1000 45000 1.00 15.09 1.00
302272 1100 18000 1.00 9.921 1.00
302273 1200 30000 1.00 6.751 1.00
302274 1300 10000 1.00 4.676 1.00
302275 1400 30000 1.00 3.313 1.00
302276 1500 29000 1.00 2.391 1.00
302277 1600 30000 1.00 1.749 1.00
302278 1700 28000 1.00 1.298 1.00
302279 1800 30000 1.00 0.9720 1.00
302280 1900 30000 1.00 0.7350 1.00
302281 2000 18000 1.00 0.5610 1.00
302282 2200 35000 1.00 0.3334 1.00
302283 2400 45000 1.00 0.2028 1.00
302284 2600 30000 1.00 0.1258 1.00
302285 2800 29000 1.00 0.07925 1.00
302286 3000 20000 1.00 0.05036 1.00
302287 3500 25000 1.00 0.01692 1.00
302288 4000 30000 1.00 0.00587 1.00
302289 4500 25000 1.00 0.00200 1.00
302290 5000 30000 1.00 0.00073 1.00

TABLE 4.1: Summary of the LO HVT signal MC simulation for the Drell-Yan analysis.

For the HVT production via the VBF process we use a benchmark model where the product
of the coupling parameters gy - ¢y is set to 1.0, 1.5 and 2.0 and all other couplings of heavy
triplet (cr included) are set to 0 in order to maximize the VBF contribution. Signal samples
where generated at Leading Order (LO) in QCD with Madgraph 2.6.5 interfaced to Pythia8, for
masses of diboson resonances range from 250 GeV to 2 TeV. The nominal PDF set to create the

samples was NNPDF23_lo_as_0130_qed with A14 tune. Also, the W and Z decay to all three
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lepton flavors (e, i, 7) and no lepton filter is applied and a generator cut of m;; > 150 GeV

was applied on these samples.

Information about the VBF HVT signal MC samples is summarised in table 4.2.

DSID Mass Events Filter eff. Cross-section [fb] k-factor

307730 250 200000 1.00 24.196 1.00
313538 275 200000 1.00 22.7 1.00
307731 300 200000 1.00 10.54 1.00
313539 325 200000 1.00 6.71 1.00
313540 350 200000 1.00 4.524 1.00
313541 375 200000 1.00 3.19 1.00
307732 400 200000 1.00 2.299 1.00
313542 425 200000 1.00 1.73 1.00
313543 450 200000 1.00 1.32 1.00
313544 475 200000 1.00 1.02 1.00
307733 500 200000 1.00 0.7975 1.00
313545 525 200000 1.00 0.639 1.00
313546 550 200000 1.00 0.515 1.00
307734 600 200000 1.00 0.3408 1.00
307735 700 200000 1.00 0.1663 1.00
307736 800 200000 1.00 0.0879 1.00
307737 900 200000 1.00 0.04988 1.00
307738 1000 200000 1.00 0.02961 1.00
307739 1100 200000 1.00 0.01814 1.00
307740 1200 200000 1.00 0.01171 1.00
307741 1300 200000 1.00 0.007621 1.00
307742 1400 200000 1.00 0.005078 1.00
307743 1500 200000 1.00 0.003449 1.00
307744 1600 200000 1.00 0.002391 1.00
307745 1700 200000 1.00 0.001673 1.00
307746 1800 200000 1.00 0.001192 1.00
307747 1900 200000 1.00 0.0008536 1.00
307748 2000 200000 1.00 0.0006183 1.00

TABLE 4.2: Summary of the LO HVT signal MC simulation for the VBF analysis.
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The GM signal production with VBF process is described by pp — H, 5i ji = W*Zjj —
(Ful* 0~ jj, vetoing W or Z bosons in the s-channel. These samples were produced with MAD-
GRAPH 2.7.2 at next-to-leading order (NLO) in QCD. These simulated signals were produced
for the mass range 200 GeV to 1 TeV in the Hjs-plane defined in Refs. [26, 58], using the tool
GMCALC [29]. The theoretical parameter sin f was set to 0.5 for masses up to 800 GeV and
0.25 for higher masses to be compatible with present constraints [58]. NNPDF3 ONLO [59] PDF
sets where used, interfaced to PyTHiA 8 for the modelling of the parton shower, hadronization,
and underlying event, using the A14 tuning parameters [60]. Also, a minimum pr of 15 GeV

(10 GeV) for the jets (leptons) was required during event generation.

Information about the VBF GM signal MC samples is summarised in table 4.3.

DSID Mass Events sin(fy) ptj Filter eff. Cross-section [fb]

status

450765 200 200000 0.5 10. 0.4444 23.8
502511 225 200000 0.5 10. 0.4466 20.31
450766 250 200000 0.5 10. 0.4490 17.54
502512 275 200000 0.5 10. 0.456 15.04
450767 300 200000 0.5 10. 0.4605 13.78
502513 325 200000 0.5 10. 0.469 11.33
450768 350 200000 0.5 10. 0.4782 10.54
502514 375 200000 0.5 10. 0.476 9.147
450769 400 200000 0.5 10. 0.4871 8.215
502515 425 200000 0.5 10. 0.483 7.116
450770 450 200000 0.5 10. 0.4926 6.342
502516 475 200000 0.5 10. 0.484 5.291
450771 500 200000 0.5 10. 0.5011 4.979
502517 525 200000 0.5 20. 0.492 3.902
502518 550 200000 0.5 20. 0.501 3.449
502519 600 200000 0.5 20. 0.502 2.782
502520 700 200000 0.5 20. 0.510 1.994
502521 800 200000 0.5 20. 0.514 1.327
502522 900 200000 0.25 20. 0.519 0.2495
502523 1000 200000 0.25 20. 0.522 0.1842

TaBLE 4.3: Summary of GM NLO signal MC simulations for the VBF analysis.
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4.2.2 Monte-Carlo background samples

The dominant background for this resonance search is the SM QCD mediated WZ process,
here called WZ-QCD. This background includes processes up to order four in the electroweak
coupling constant, a gy, and is modelled using SHERPA 2.2.2 [61]. During this modelling pro-
cedure we include up to one jet calculated at NLO in QCD, while second and third jets were
calculated at LO in QCD and merged with the parton shower. Targeting the estimation of the
generator and parton shower modelling uncertainties, we produce an alternative NLO WZ-
QCD sample using MADGRAPH 2.6.5 with FxFx merging [62] of up to two extra jets, using
the PDF set NNPDF30nloas118. In both samples, the hadronization was performed with
PyTHIA 8.186 with the A14 tune.

We also use a sample of the purely electroweak process W 255 — fv ¢{ 57, including processes
of order six in apw , called WZ-EWK; this was generated separately with MADGRAPH 2.7.3
together with PyTHIA 8.244 using the A14 tune [60] and the NNPDF3 . ONLO[59] PDF set.
Similarly, in order to estimate an uncertainty due to the parton shower modelling, we have pro-
duced an alternative sample using the same MADGRAPH 2.7.3 matrix element but HERwi1G 7.2.1

for the parton shower.

Furthermore, the Standard Model predicts a small amount of interference between electroweak
and QCD WZ production; the latter was modelled with MADGRAPH 2.7.3 + PYTHIA 8.244 using
the A14 tune [60] and the NNPDF3 . ONLO[59] PDF set and combined with the simulated
WZ-EWK sample.

Background processes of q¢ = ZZ — 4{, q¢ — ZZ — (!¢ vv and triboson events were
generated with SHERPA 2.2.2 [63] using matrix elements at NLO accuracy in QCD for up
to one additional parton and at LO accuracy for up to three additional parton emissions,
including off-shell effects and Higgs boson contributions. The purely electroweak process
qq — ZZjj — 4¢jj and the g9 — ZZ process were also generated with SHERpA 2.2.2 [63];
here we have LO-accurate matrix elements that were matched to a parton shower based on
Catani-Seymour dipole factorization [64, 65] using the MEPS@LO prescription [66—69], using
the NNPDF3 . ONNLO PDF set [59], and SHERPA parton-shower parameter values.

For the modelling of ¢V background processes we have used the MADGRAPH 2.3.3 [70] gener-
ator at NLO in QCD with the NNPDF3 . ONLO[59] PDF set, where the events were interfaced
to PYTHIA[8.210] [71] using the A14 tune and the NNPDF2 . 3LO [59] PDF set.

SM backgrounds that include at least one misidentified or non-prompt lepton, including Z~,
W~, Drell-Yan Z — ¢/, W — (v as well as top-quark pairs and single top-quark have

been generated to assist in estimating the fake/non-prompt lepton background. Events with
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V7~ in the final state were simulated with the SHERPA[2.2.4] [63] generator, with matrix el-
ements calulated at LO accuracy in QCD for up to three additional parton emissions;events
were matched and merged with the SHERPA parton shower [64-69] and generated using the
NNPDF3 . ONNLO PDF set [59], along with the dedicated set of tuned parton-shower param-
eters developed by the SHERPA authors. Drell-Yan Z — ¢¢ and W — (v were produced with
PowHEGBoOx[v1] generator [72-75] at NLO accuracy for the hard-scattering processes of W
and Z boson production and decay in the electron, muon, and 7-lepton channels. Events were
interfaced to PyTHIA[8.186] [76] for the modelling of the parton shower, hadronization, and
underlying event, with parameters set according to the AZNLO tune [77]. The CT10NLO PDF
set [78] was used for the hard-scattering processes, whereas the [6L1] PDF set [79] was used
for the parton shower. Moreover, the effect of QED final-state radiation was simulated with

PHOTOSPP([3.52] [80, 81].

For top-quark pairs and single top-quark productions the PowHEGBox[v2] [72-74, 82] gener-
ator was used at NLO with the NNPDF3 . ONLO [59] PDF set, interfacing events with PyTHIA
[8.230] [71] using the A14 tune [60] and the NNPDF2 . 3LO PDF set.

Finally, SM backgrounds including Higgs bosons (H,ttH,V H) are neglected in this study,
because they are expected to contribute less than 0.1% of the total background because of the

low cross-section and the requirement of a well-reconstructed leptonically decaying Z boson.



Chapter 5

Object Reconstruction

5.1 Electrons and Muons

Electrons candidates are reconstructed from energy deposits in the electromagnetic calorime-
ter which are matched to a well-reconstructed ID track [83]. To improve reconstruction for can-
didates, especially for electrons which undergo significant energy loss due to Bremsstrahlung,
the track associated to a cluster, passing loose shower shape requirement, is refitted using
a Gaussian-Sum Filter. To distinguish between isolated electrons and other objects such as
hadronic jets faking electrons, a set of variables that provide good separation is used. In this
direction, we consider only electrons with transverse energy Ep >7 GeV and within the pseu-

dorapidity range of |7| <2.47, excluding the barrel-endcap transition region 1.37< |n| <1.52.

Generally in ATLAS experiment, we have various algorithms to reconstruct muons by combin-
ing the information from the Muon Spectometer(MS), the Inner Detector(ID) and the calorime-

ter detectors. This yields four different types of reconstructed muons:

« Combined (CB): Starting from tracks reconstructed in the MS and extrapolating to the in-
teraction point (ME tracks), this algorithm searches for an ID track within a cone around
the ME track. Then a combined fit using the hits of the inner detector track, the energy

loss in the calorimeter and the hits of the track in the muon system is performed.

— MuGirl: This complementary algorithm starts from ID track with py > 2 GeV
and projects outwards using a neural network to select reconstructed segments in
the MS. Afterwards, a combined fit is performed using the same procedure as the

combined muon reconstruction.
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« Segment tagged (ST): A track in the ID is identified as a muon if the trajectory extrapo-
lated to the MS can be associated with track segments in the precision muon chambers.

ST muons adopt the measured parameters of the associated ID track.

« Calorimeter tagged (CT): A trajectory in the ID is identified as a muon if the associated
energy depositions in the calorimeters are compatible with the hypothesis of a minimum
ionizing particle. Their use in the analysis is to cover the region of || < 0.1 which is
not equipped with muon chambers. The calorimeter muon identification algorithm is

optimized for muons with py > 15 GeV.

« StandAlone: In the 2.5 < |n| < 2.7 region, where the ID provides no coverage, tracks

are reconstructed in the MS and are extrapolated back to the interaction point.

Muons are identified either by matching muon spectrometer tracks with tracks in the ID or by
using the calorimeter-based muon identification [84]. A requirement of a transverse momen-

tum pp >5 GeV (pr >15 GeV if calorimeter tagged) and pseudorapidity |7| <2.7 is applied.

Identification and isolation criteria, either “loose”, “medium” or “tight” as described in [83,
84], are applied to electron and muon candidates. Identification criteria are based on shower
shapes and track parameters for electrons, and on track parameters for muons. The isolation
criteria use information about ID tracks and calorimeter energy deposits in a fixed cone of size
AR = 0.2 ! around each lepton. Four lepton categories are designed using the identification
and isolation criteria: Baseline electrons and muons are required to satisfy “loose “identification
and isolation criteria (for muons with pr >300 GeV the dedicated “High pr identification” is
required). The Loose, Tight Z and Tight W leptons are defined as subsets of the Baseline lepton
selection with pr >25 GeV. For the Tight Z leptons the “medium” identification and “tight”
isolation criteria are applied, while for Tight W leptons the “tight” identification and “tight”

isolation criteria are applied.

Electron and muon candidates are required to originate from the primary vertex. The primary
vertex is defined, using tracks with pr >500 MeV, as the vertex candidate with the highest
> p2 of its associated tracks. The transverse impact parameter of the track (dp) is calculated
relative to the beam line. For all four lepton categories, the longitudinal impact parameter,
zo (the difference between the value of z at the point of the track where dj is defined and
the longitudinal position of the primary vertex), is required to satisfy |zo - sinf| <0.5 mm.
Furthermore, for the Loose, Tight Z and Tight W leptons the significance of the transverse
impact parameter of the track, |dy/o4,|, must be smaller than 3.0 for muons and less than 5.0

for electrons.

Applying all the above cuts, we have high quality tracks to allow for a robust 4-vector mea-

surement both electrons and muons.
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Electron and Muon object selection requirements used in this analysis are summarized in Ta-

bles 5.2 and 5.1.

Electron object selection
Selection ‘ baseline ‘ loose ‘ tight(Z) ‘ tight(W)

pr > 7 GeV v
pr > 25 GeV
|,'7c1uster| < 2.47 Ve

Exclude 1.37 < [ncluster] < 1.52
Electron object quality v
|z0sin 6| < 0.5 mm v
|do/o(do)| <5 °
LooseLH+BLayer identification v
FCLoose isolation v
e-u and e-e overlap removal
e-jets overlap removal

N N N N N NENENEN
NN N N N NN

MediumLH identification
FCTight isolation

N N N N NN N N NENEN

TightLH identification
FCTight isolation

ANEN

TaBLE 5.1: Electron object selection used in the analysis.

Muon object selection

Selection ‘ baseline ‘ loose ‘ tight(2) ‘ tight(W)

pr > 5 GeV (15 GeV for CT muons) v
pr > 25 GeV
In| < 2.7

|z0siné| < 0.5 mm

cosmic cut (|dp| < 1 mm)
|d0/0’(d0)| <3°?

Loose quality (if p7 >300 GeV HighPt quality) v
FCLoose isolation v
p-jet overlap removal

SNENEN
AN N N NN
NN N N NN

Medium quality (if pr >300 GeV HighPt quality)
FCTight isolation

RN NN N N SENENENEN

Tight quality (if pr >300 GeV HighPt quality)
FCTight isolation

ENEN

TABLE 5.2: Muon object selection used in the analysis.

VAR = /A2 + Ag?

% not required for measuring fake rates
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5.1.1 Optimisation of muon isolation working points

In the previous 36 fb~'analysis [85] the baseline and Z-selected muon isolation working point
was “LooseTrackOnly” while the W-selected muon was chosen to have “Gradient” isolation.
These options are not supported anymore; new working points are “FCLoose”(which has tighter

requirements compared to “LooseTrackOnly”) and “FCTight”[86].

So the nominal selection is defined as : no selection requirement for baseline, “FCLoose” for Z-
selected and “FCTight” for W-selected muons. While, the alternative option that is investigated
is : “FCLoose” for baseline, “FCLoose” for Z-selected and “FCTight” for W-selected muons. Here
we have to note that the idea behind the application of tighter cuts to the W lepton candidates
than for the Z lepton candidates is that the looser cuts on the Z leptons are to compensate the

possible efficiency loss for the Z lepton candidates, when they are very close-by.

The aim of this study is to specify the most optimal baseline, W and Z muon isolation selection
requirements, in order to reduce the background contamination including the non-prompt

background, while maintaining the signal efficiency as high as possible.

Table 5.3 shows the recommended Working Points (WPs) used for this study and their defini-
tions [87].

Isolation WPs ‘ Calo-isolation ‘ Track-isolation

FCLoose topoetcone20/pT < 0.3 | ptvarcone30_TightTTVA_pt1000/pT < 0.15
FCTight topoetcone20/pT < 0.15 | ptvarcone30_TightTTVA pt1000/pT < 0.04

TABLE 5.3: Muon isolation working points

Signal and background MC samples of MC16a+MC16d+MC16e periods and L = 139 b~ ! were
used for this study and we have measured the signal efficiency seperately for qqHVT(Drell-
Yan) and vbfHVT signals for masses : 500 GeV, 700 GeV, 1000 GeV, 2000 GeV see Tables 4.1,
4.2.

Selected events have the invariant mass of the WZ system to be within 2 times the width (20)

around the investigated signal mass point.

In order to estimate the change in background yield, two figures of merit have been used :

the signal-to background ratio ——= and the significance . The S is
S+B VS + B+ 0.1 B?

the signal yield, B is the background yield and AB = 0.1 takes into account the effect of

systematics. The signal efficiency is defined as the ratio of the total number of baseline leptons

passing the “FCLoose” isolation WP over the nominal selection (no isolation for baseline).
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We present here the signal efficiency as a function of the signal-to-background ratio and the
signal efficiency as a function of the significance for the pup channel only and including all
lepton final states (eee,eeu,ppie, i) for the WZ Inclusive region and VBF (Drell-Yan) signal
region using the vbfHVT(qqHVT) signals in Figures 5.1- 5.8.

qqHVT signals : WZ Inclusive region (ppp)

1020 m2000

1.015

1.010
m500

M fcloose

1.005
A nominal

Signal Eficiency

1.000 A A

m2000 m1000 m700 m500

0.995

0.990
o 5 10 15 20 25 30 35 40

SH(S+B)

qqHVT signals : WZ Inclusive region (ppp)

1.020
m2000
L

1.015

1.010
m500
"

Wicloose

1.005
A nominal

Signal Eficiency

1.000 A A . .
m2000 m700 m1000 m500

0.995

0.990
1 2 3 4 5 6 T 8 9

SH(S+BH.1'BY)

FIGURE 5.1: Signal efficiency with respect to the S/B ratio and to significance for pip channel
for WZ Inclusive region for qqHVT signals.

From the above figures it is obvious that the “FCLoose” isolation WP for the Baseline leptons
has better signal efficiency than using no isolation requirement, both in WZ Inclusive, Drell-

Yan and VBF signal regions; thus, it is going to be used for baseline leptons in this analysis.
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FIGURE 5.2: Signal efficiency with respect to the S/B ratio and to significance for pips channel

for Drell-Yan signal region.
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qqgHVT signals : WZ Inclusive region (all)
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FIGURE 5.3: Signal efficiency with respect to the S/B ratio and to significance for all channels
for WZ Inclusive region for qqHVT signals.
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FIGURE 5.4: Signal efficiency with respect to the S/B ratio and to significance for all channels

for Drell-Yan signal region.
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FIGURE 5.5: Signal efficiency with respect to the S/B ratio and to significance for pipt channel
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VBF HVT signals : VBF SR (ppp)
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FIGURE 5.6: Signal efficiency with respect to the S/B ratio and to significance for pips channel
for VBF signal regions.
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FIGURE 5.7: Signal efficiency with respect to the S/B ratio and to significance for all channels

for WZ Inclusive region with vbfHVT signals.



68

Signal Efficiency

Signal Efficiency

VBF signals : VBF SR (all)

1.015

1.010 ™

1.005

1.000 | A& A A
m2000 m1000 m700

0.995

0.990
0 01 0.2 0.3 0.4

SH(5+8)

VBF signals : VBF SR (all)

1.015

1.010 ™

1.005

1.000 A A A

m2000 m1000 m700

0.995

0.920

SH(S+B40,1BY)

]
Mfcloose
A nominal
A
m500
0.5 0.6 0.7
n
Wfcloose
A nominal
A
m500
0.2 0.25

FIGURE 5.8: Signal efficiency with respect to the S/B ratio and to significance for all channels
for VBF signal regions.
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The WZ Standard Model analysis suggested that the fake rate is high for “FCLoose”; for this
resonance analysis, we can see a reduction of about 30 % in fake backgrounds when using
“FCTight” for Z-selected leptons in all the control regions while only a 6 % reduction in data
and the irreducible backgrounds. As a result, we choose the “FCTight” isolation WP for both

Z and W selected muons.

5.2 Jets

Jets are used to tag the VBS event topology, and to veto the b-quark-induced jets (b-jets) in
the event. Jets are based on particle-flow objects built from noise-suppressed positive-energy
topological clusters of cells in the calorimeter and reconstructed tracks [88]. The anti-k; algo-

rithm [89, 90] with a radius parameter of R = 0.4 is used.

For jets, the main backgrounds are either beam-induced, due to proton collisions upstream of
the interaction point, from cosmic-ray showers or highly coherent calorimeter noise. In order
to reject these, jets are required to fulfill the Bad Loose set of quality criteria [91]. Furthermore,
to mitigate the pile-up contamination, jets with pr < 60 and 7 < 2.4 should have a jet-vertex-
tagger (JVT) score greater than 0.2 [92]. Jets with pr < 120 and 2.5 < 1 < 4.5 are required
to have a forward jet-vertex-tagger (fJVT) score less than 0.5 and [timing| < 10 ns [92]; the
JVT is a 2-dimensional likelihood method that uses the corrected jet-vertex fraction [92] and
the ratio of the scalar sum of hard-vertex associated track pr to the jet pr [92] to discriminant

against pile-up jets.

Jet energies are corrected [93] for detector in-homogeneities, the non-compensating nature of
the calorimeter, and the impact of multiple overlapping pp interactions. Correction factors are
derived using test beam, cosmic ray, pp collision data, and a detailed Geant4 detector simula-

tion.

The ATLAS jet flavor tagging algorithm, DL1r [94], is used to suppress tt background in
the signal region. Out of the possible working points corresponding to different b-tagging
efficiencies, the 85 % working point (threshold value of 0.1758) is selected as the baseline tagger

to achieve high #t reduction.

“Baseline” level jets are defined as pp > 30 GeV and || < 4.5. The “baseline” jets will be used
to calculate missing transverse momentum and carry out overlap removal, while “baseline”
jets passing pile-up removal, b-jet veto and overlap removal will be considered as VBS jet

candidates.

Table 5.4 summarizes the jets object reconstruction selection.



Jet object selection

Selection ‘ baseline ‘ VBS

pr > 30 GeV v

In| < 4.5 v
Pile-up Removal
veto b-Tagging

w-jet overlap removal

e-jets overlap removal

ANENENESRNEN

TaBLE 5.4: Object selection for jets
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5.3 Overlap Removal

In order to avoid events where the detector response to a single physical object is reconstructed
as two different final-state objects, an overlap-removal algorithm is applied to the Baseline

selected leptons and jets.

For the electron objects, if two electrons share the same track then the lower-pr electron is dis-
carded. Also, electrons that share the same track as a selected muon with a muon spectrometer
track are also discarded; but in the case of a calorimeter-tagged muon, it is the muon which is
rejected. Furthermore, a jet is removed if its separation from an electron satisfies AR < 0.2;
the electron is removed if the separation satisfies 0.2 < AR < 0.4. For nearly collinear muons
and jets, the jet is removed if it is separated from the muon by AR < 0.2 and if it has less than
three tracks, or if the energy and momentum differences between the muon and the jet are

small; otherwise the muon is removed if the separation satisfies AR < 0.4.

The overlap removal procedure is handled by the “OverlapRemovalTool” with the “Standard”
working point as described in [95, 96].

5.4 Missing Transverse Energy Determination

The missing transverse momentum p//'**® and its magnitude E7"** are the main physics quan-

tities used to search for the presence of particles that leave no signal in the detector; these
could be either SM neutrinos or particles predicted by BSM theories. These particles leave the
detector without any energy deposition and as a result they create an imbalance in the sum of

visible transverse momenta of reconstructed physics objects.

Here we have to mention that from a physics point of view, the conservation of momentum
projected in the transverse plane of the colliding beams is really important because of the
complex structure of hadrons; the initial momentum of the colliding partons along the beam

axis is not known, so the transverse plane is the key for objects reconstruction.

The missing transverse momentum components are given by :

T = L B BT+ I+ BT B 6

where the terms for jets, charged leptons, and photons are the negative sum of the momenta
for the respective calibrated objects. It is built from reconstructed baseline physics objects:
electrons, muons, jets and soft term, which is reconstructed from tracks or calorimeter cell

clusters not associated with the hard objects.
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From the above, the observable E}”iss can be constructed as :

Ep* = — > Pr (5.2)

i=all visible final state particles

In this analysis, ng”ss is reconstructed with the METMakerTool, using calibrated electrons and
muons passing the baseline selection, and calibrated jets before any selection. The soft term
used in the analysis is track-based soft term (TST). This term is built from ID tracks satisfying
certain selection criteria but are not matched to any reconstructed hard object. Tracks close
to the hard objects in n — ¢ space are also removed. Since tracks may be accurately matched
to a primary vertex, the TST is relatively insensitive to pile-up effects. However, it does not

include contributions from soft neutral particles and from forward regions (|| > 2.5).

5.5 Cutflow comparison

We have performed a cutflow comparison for baseline electrons, baseline muons, Z-selected
electrons, Z-selected muons, jets and events passing WZ Inclusive selection. The cutflow com-
parison was done between two different analysis frameworks that use DxAODs as inputs :
the nominal (a framework migrated from the 36.1 fb~! analysis called AODNtupleUtility [97])
used in the present analysis which was also used for the Run I results and one developed by
the Dresden group called ELCore Framework [98] that uses EventLoop package [99] , used as a

crosscheck.

Results are presented in Table 5.5. Both frameworks are in full agreement.
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Object & Event Cutflow

Analysis Release
Twiki for selection

HIGG2D1 sample

HIGG2D1 filename

21.2.72
https://twiki.cern.ch/twiki/bin/viewauth

/AtlasProtected/HiggsZZlllIPreparationFullRunIl
mc16-13TeV.361601.PowhegPy8EG_CT10nloME_AZNLOCTEQG6L1
_WZlvll_mll4.derivDAOD_HIGG2D1.e4475_s3126_r10201_p3652

DAOD_HIGG2D1.15650384._000021.pool.root.1

Abhishek Miaoran Marievi
Start 91726 91726 91726
GRL 91726 91726 91726
larError 91726 91726 91726
Vertex 91726 91726 91726
Trigger 56294 56294 56294
Baseline Electrons 334559 334559 334559
LooseLH+BLayer identification 57428 57428 57428
pT>7GeV 50696 50696 50696
eta<<2.47 50696 50696 50696
Object quality 50532 50532 50532
|z0sinf| < 0.5 49513 49513 49513
Overlap 49361 49361 49361
Z selected Electrons
pT>25GeV 40551 40551
Exclude 1.37 < |neuster| < 1.52 38451 38451 38451
Likelihood Medium 37339 37339 37339
FCHighPtCaloOnly * 35533 35533 35533
do/o(do) <5 35375 35375 35375
Baseline Muons 171951 171951 171951
Loose working point 71232 71232 71232
pT>5GeV 61982 61982
if xAOD::Muon::CaloTag == muauthor(): pT>15GeV 61914 61914 61914
d (cosmics) 61618 61618 61618
|20sinf] <0.5 60575 60575 60575
Overlap 60574 60574 60574
Z selected Muons
pT> 25GeV 46305 46305 46305
Likelihood Medium 45882 45882 45882
FixedCutHighPtTrackOnly 3 42299 42299 42299
do/o(do) <3 41632 41632 41632
Jets (AntiKt4TopoEM Jets) 7.41E+05 7.41E+05 740922
pT >30 GeV and |n| 4.5 124953 124953 124953
Pile up removal
Overlap 80317 80317 80317
JVT (central) 58874 58874 58874
fJvVT 55367 55367 55367
Event selection
Jet Cleaning 56003 56003 56003
min 3 baseline 5912
trigger match 5903
min 2 ZSel and 1 WSel leptons 4287 4286
ZZ veto: veto events with 4 or more baseline leptons 4207 4207
SFOS 4185 4185 4185
Z mass window 3885 3885 3885
E77% > 25GeV 3112 3112 3112

TABLE 5.5: Cutflow comparisons

* used only for cutflow comparison, not in analysis



Chapter 6

Event Selection

6.1 Basic kinematic variables determination

6.1.1 Invariant Mass of WZ system Reconstruction

The WZ invariant mass is a fundamental discriminant variable in this analysis. To reconstruct
the four-vector of the W boson, an ambiguity exists due to the incomplete knowledge of the
neutrino four-vector. Since we can only measure the missing transverse energy, the equation
E? = P? 4 M? is solved using the = and y components of the missing transverse energy
EMiss and the four-vector of the charged lepton assigned to the I boson in order to estimate

the longitudinal momentum p% of the neutrino four-vector.
miss

More explicitly, since the measured E7"**® vector is assumed to be the neutrino p?., the  and

y components of it can be written as :

py = pr X cos¢” and p, = pp X sing” (6.1)

Then the p¥ can be obtained by solving a quadratic equation and using the measured mass of
the W boson myy as defined by PDG [100] for a W boson produced at rest, when the m, = 0

and the W lepton mass is considered as negligible (m; = 0):

2
o m RN
miy = (p,+m)? = (B, +E)*—(pr+p1)> =804 GeV = —2W = E,E;—p,p; (6.2)

where E, = \/(p5)2 + (p¥)?2  and  p,p; = pY - Prcos(¢” — ¢') +p% - pL
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with the above definitions, the equation 6.2 will take the form :

(02)? - [Bf — (0)*] = 2B - pYpl, + [Ejph)* = B =0 (63)
m2
where we have defined the constant term B = TW + pY. - phcos(¢¥ — @)

Solving this quadratic equation leads in two solutions, which are going to be either real or

complex depending on the determinant :

 Bpk & BB+ (04)2(0h)? - B
b, =

(6.4)

As it is a priori arbitrary which solution is best, it has been studied which solution is closest
to the truth invariant mass see section 5.6.2 in [47]. The option providing the better resolution
was the following: if there are two real solutions, the one with the smaller magnitude is chosen.
If there is no real solution, the real part of the solution with the smaller magnitude is chosen
in this analysis. Using this reconstructed neutrino four-vector, the four-vector of the W boson

can be reconstructed, as well as the invariant mass of the W Z system.

6.1.2 Transverse Mass of W and of WZ system

The W boson transverse mass is defined as :

my = \/(Qpi‘FETT”iSS(l — cosAqZ))) (6.5)

where A¢ is the angle between the momenta of the neutrino and the W-lepton in the transverse

plane.

The WZ transverse mass is reconstructed by taking the four-vectors of the final state leptons

(associated to the W and Z bosons) projected on the transverse plane by neglecting their lon-

gitudinal component. Then the mQW Z is defined as :

3 3 3
mi = (4 Bp)’ = (ot + B’ = (v + ) (69
=1 =1 =1

6.2 Inclusive WZ analysis selection

Here we will present the event selection criteria for our analysis. In this search all final states

with three charged leptons (electrons or muons) and missing transverse momentum from WZ
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leptonic decays are considered (u* ™ pu® or ptpu~e® or ete T or ete et + E’Tniss). The
first step for the event selection is the requirement of a WZ Inclusive phase space; this phase
space plays the role of a baseline selection.The next step is two selections that are defined in
order to build signal regions (SRs) targeting the Drell-Yan and VBF production modes, on top
of this baseline selection. The specific WZ Inclusive event selection criteria are described in

the following and are briefly summarized in Table 6.2 .

« Event cleaning: The first step in the event selection is accomplished by requiring a data
quality flag that rejects Liquid Argon and Tile Calorimeter corrupted events, as well as
incomplete events. The data and simulation event cleaning is done by rejecting events
with at least one misidentified jet of non-collision background or detector problems ori-
gin [101], with respect to the high-efficiency loose working point of selecting jets [102].
Also, data events are selected based on data quality flags per luminosity block, using the

Good Run List listed in 6.2.

- datal5.13TeV.periodAllYear DetStatus-v89-pro21-02_Unknown PHYS_StandardGRL._
All_Good_-25ns

- datal16.13TeV.periodAllYear DetStatus-v89-pro21-01DQDefects-00-02-04_PHYS_
StandardGRL_Al11l_Good_25ns

- datal17.13TeV.periodAllYear DetStatus-v97-pro21-17_Unknown_ PHYS_StandardGRL-
All_Good.-25ns_Triggernol7e33prim

- datal8.13TeV.periodAllYear DetStatus-v102-pro22-04_Unknown PHYS_StandardGRL._

All Good_-25ns.Triggernol7e33prim

« Trigger: For this analysis, single electron or muon trigger has to fire during the entire
run period , with logical OR between the single-lepton triggers summarized in table
6.1). We require that at least one of the analysis leptons is responsible for the trigger
of the events by using the trigger matching tool. The name of each trigger in Table
6.1)provides information about the associated requirements that go along with it. The
name consists of a combination of tags: the tag eXX requires electrons with a transverse
momentum of at least XX GeV. The same naming scheme holds for muons, which are
indicated by mu instead. The tags iloose, ivarmedium, 1hloose, lhmedium
and 1htight indicate isolation and identification requirements that are applied in the
High Level Trigger (HLT). Finally, the tag nodO for the electron triggers simply indicates

that d0 information is not used for reconstruction.

« Primary vertex: In order to make sure that the selected events correspond to a hard-
scattering proton-proton collision, the vertex with the largest >~ p% (primary vertex)
has to be reconstructed with at least two associated tracks with p; > 500 MeV. Addi-
tionaly, the three lepton tracks originating from a primary vertex must have distances

|z0 - sin(f)| < 0.5 mm from the primary vertex along the proton beam line . Also, in
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2015 2016-2018
Single muon HLT_mu20_iloose_L1MU15 HLT_mu26_ivarmedium
HLT_mu50 HLT _mu50
Single electron HLT_e24 lhmedium L1EM20VH HLT e26_lhtight nod0_ivarloose
HLT_e60_lhmedium HLT_e60_lhmedium_nod0
HLT _e120_lhloose HLT _e140_lhloose_nod0

TABLE 6.1: Summary of the single lepton HLT triggers that are used in this analysis.

order to reduce the cosmic background, an additional cut on the muon transverse impact

parameter is applied (|dg| < 1 mm), as already described in 5.1.

« Jet cleaning: The presence of an unclean jet (i.e. a jet with badly measured energy and
direction) in an event can affect the resolution of EJ*¢ reconstruction. So a cleaning
designed to veto events that have one or more unclean jets is applied; these jets can
originate either from background events (cosmic and non-collision background) or from
detector effects like noise spikes, coherent noise and dysfunctional calorimeter regions.
The jets in each event should comply with the “DFCommonJetseventCleanLooseBad "cri-

teria [103].

« Exactly 3 leptons: The event must have exactly 3 leptons originating from the primary
vertex and passing the “loose™ "selection criteria (defined as “loose “as in section 5.1 but

dg ignificance cut) in order to be able to estimate the reducible background esti-

without
mation using matrix method. These leptons should also have pr > 25 GeV. Furthermore,
to ensure that the trigger efficiency is well determined, at least one of the three candidate

leptons must be trigger-matched and is required to have pr > 27 GeV.

+ W, Z lepton assignment: Each event must have two leptons of the same flavor and
opposite charge as the Z lepton candidates, with a dilepton invariant mass consistent
with the Z mass : |Mj; — 91.1876| < 20 GeV. In the case of the existence of one extra
pair of leptons that can form a Z candidate, the pair with invariant mass closest to the
PDG mass is taken; this choice relies on the fact that the Z boson will more likely be
found near the pole mass. Then, the third lepton is considered as the W lepton candidate

that together with the E/*¢ build-up the W boson.

We end up with totally 4 possible combinations, namely p*pu¥uT, p*pTeT, eteTuT,
and eTeTeT; the first and second lepton means Z lepton candidates and the third lepton
means the W lepton candidate and the Z lepton with the same charge as the W lepton is

always placed at the second position.

« W, Z lepton quality requirement: The W and Z leptons are then required to satisfy
the “tight(Z) "and “tight(W) “selection criteria as described in section 5.1.
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« ZZ veto: In order to decrease background from ZZ, events with additional “baseline”

leptons are vetoed.

. ng‘iss: Missing transverse energy in the event must be greater than 25 GeV.

Inclusive event selection

Event cleaning | Reject LAr, Tile and SCT corrupted events and incomplete events
Primary vertex | Hard scattering vertex with at least two tracks

Trigger Single lepton (electron or muon) trigger
Jet cleaning pass DFCommon]JetseventCleanLooseBad
Z 7Z veto veto events with additional Baseline leptons

»

N leptons Exactly three leptons passing the “loose™
lepton selection with pr > 25 GeV (pr > 27 GeV for the trigger-matched lepton)
Z candidate built from Same-Flavor-Opposite-Sign (SFOS) lepton pair
with My closest to Z PDG mass
W candidate | built from the third lepton and E;l”ss
W, Z selection | Z leptons passing “tight(Z) "lepton selection
W leptons passing “tight(W) "lepton selection.
Mass window | |My — Mz| < 20 GeV
Missing Energy E’Tmss > 25 GeV

TABLE 6.2: Overview of the analysis event selection requirements.

6.3 Inclusive WZ control distributions

To verify the data and Monte Carlo agreement, we demonstrate here distributions of the W Z

events after selection of W and Z reconstructed candidates, before the signal regions cuts.

Control distributions for the sum of all channels for the reconstructed Z and W bosons and
of the W Z diboson system are presented in Figure 6.1 - Figure 6.5. All MC expectations are
scaled to the integrated luminosity of the data using the predicted MC cross sections of each
sample. The Sherpa MC generator is used to model the WZ QCD and Madgraph for the WZ
EWK SM expectation. Backgrounds from mis-identified leptons are estimated from MC and
will be estimated using the Matrix Method, as described in section 7.1. Distributions show
only statistical uncertainties. Theory uncertainties are expected to be of the order of 20% for
the SM WZ. In general a fair agreement is observed in the shapes of the distributions between

data and expected number of events.
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6.4 Drell-Yan signal region definition and control distributions

The Drell-Yan signal region is built on top of the WZ Inclusive selection described above. Since
the transverse momentum of W and Z bosons are strongly correlated with the HVT resonance
mass (i.e. for a heavy resonance produced at rest in the s-channel we expect the selected W
and Z bosons to have transverse momenta close to 50 % of the resonance mass), an interesting
discriminating variable is the ratio of the pg/ w /mw z, also called PtBalanceZ or PtBalanceW
respectively. So to reduce the contribution of non-resonant WZ, events passing the WZ Inclu-
sive selection are also required to have p%/mwz > 0.35 and pIW/MWZ > 0.35; these two
variables provide a clear separation between the signal and the W Z SM background as we
can see in Figure 6.6. The cut value of 0.35 was the optimal for the 36 fb~! publication and

the same was kept for the full run-2 analysis. In Table 6.3 we present the total event yields in

— WZQCD
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0.08F- 9
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FIGURE 6.6: WZ QCD background and various Drell-Yan signals for the PtBalanceZ and Pt-
BalanceW variables normalized to unit. (Fig. 7.1 in [1])

both data and MC for events after applying WZ Inclusive and Drell-Yan signal selection cuts
(p% /My z > 0.35 and pYW /Myy 7z > 0.35). The uncertainties are only statistical and the back-
grounds are directly taken from MC predictions, which underestimate the contribution from

fake backgrounds. The last row in the Table stands for fractional difference between data and
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MC vyields and the overall data/MC ratio. After the Drell-Yan selection, we observe a total of
2155 events.

Process | all lepton final states combined
data 2155+46.42
total MC 2358.031+389.87
VvV 147.06+£3.75

Z+gamma 9.04£1.79
Top 14.06£2.42
77 87.15+12.85
Z+jet 26.98+12.50
WZ EW 90.34+9.77
WZ QCD 1983.39+387.79
| Data/MC | 0.9140.15

TABLE 6.3: Summary of observed and expected yields for W Z events for inclusive channels

after applying p% /My z > 0.35 and p¥¥ /My, z > 0.35. Uncertainties shown include only

statistical uncertainties. WZ EW background also includes the contribution from interference
between WZ QCD and WZ EW

The data/MC comparison of control distributions of kinematic variables in Drell-Yan signal

region are shown in Figures 6.7 - 6.9.
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FIGURE 6.7: Data/Monte Carlo comparison plots in Drell-Yan signal region. All MC expecta-
tions are scaled to the integrated luminosity of the data using the predicted MC cross sections
of each sample. The dashed band represents the Monte Carlo statistical uncertainties only.
In these figures, VVV also includes contribution from ttbarV, and WZ EW also includes the

contribution from interference between WZ EW and WZ QCD.
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FIGURE 6.8: Data/Monte Carlo comparison plots in Drell-Yan signal region. All MC expecta-

tions are scaled to the integrated luminosity of the data using the predicted MC cross sections

of each sample. The dashed band represents the Monte Carlo statistical uncertainties only.

In these figures, VVV also includes contribution from ttbarV, and WZ EW also includes the
contribution from interference between WZ EW and WZ QCD.
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FIGURE 6.9: Data/Monte Carlo comparison plots in Drell-Yan signal region. All MC expecta-

tions are scaled to the integrated luminosity of the data using the predicted MC cross sections

of each sample. The dashed band represents the Monte Carlo statistical uncertainties only.

In these figures, VVV also includes contribution from ttbarV, and WZ EW also includes the
contribution from interference between WZ EW and WZ QCD.
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6.5 VBF signal region definition and control distributions

The VBF process (pp — W'jj — W Zjj) is characterized by the presence of two jets with
a large rapidity gap resulting from quarks from which a vector boson has been radiated. To
target this region we select events with two or more jets, with pp > 30 GeV and |7| < 4.5,
which have significant rapidity separation |AYj;| > 3.5, and with a di-jet invariant mass above

500 GeV.

A b-jet veto is applied on the two pr-leading jets, in order to further reject the top quark
pair background, ¢t + V and tZ events. Out of the possible working points corresponding to
different b-tagging efficiencies, the 85% working point (threshold value of 0.1758) is selected

as the baseline; this cut rejects ~ 50% of these backgrounds.

In Table 6.4 the total event yields in both data and MC are given for WZevents after applying
VBF signal selection cuts;after the full selection, 381 data events are observed. The uncertainties
are only statistical and the backgrounds are directly taken from MC predictions. The last row in

the table stands for fractional difference between data and MC yields and the overall data/MC

ratio.
Process | all lepton final states combined

data 381+19.52
total MC 470.12+104.90

\AAY 30.31+2.37

Z+gamma 3.87+2.12

Top 7.61+2.77

77 25.30£6.64

Z+jet 6.05+3.17
WZ EW 100.88+£13.87
WZ QCD 296.114+95.56

| Data/MC | 0.81:£0.19

TaBLE 6.4: Yields of selected events in 139 b~ of data at 13 TeV, together with the expected
yields from various background processes in the V BF' signal region. Uncertainties are sta-
tistical only.
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The data/MC comparison of distributions of kinematic variables in VBF signal regions are

shown in Figures 6.10 - 6.14 .
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FIGURE 6.10: Data/Monte Carlo comparison plots in VBF signal region. All MC expectations

are scaled to the integrated luminosity of the data using the predicted MC cross sections

of each sample. The dashed band represents the Monte Carlo statistical uncertainties only.

In these figures, VVV also includes contribution from ttbarV, and WZ EW also includes the
contribution from interference between WZ EW and WZ QCD.
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FIGURE 6.11: Data/Monte Carlo comparison plots in VBF signal region. All MC expectations

are scaled to the integrated luminosity of the data using the predicted MC cross sections

of each sample. The dashed band represents the Monte Carlo statistical uncertainties only.

In these figures, VVV also includes contribution from ttbarV, and WZ EW also includes the
contribution from interference between WZ EW and WZ QCD.
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FIGURE 6.12: Data/Monte Carlo comparison plots in VBF signal region. All MC expectations

are scaled to the integrated luminosity of the data using the predicted MC cross sections

of each sample. The dashed band represents the Monte Carlo statistical uncertainties only.

In these figures, VVV also includes contribution from ttbarV, and WZ EW also includes the
contribution from interference between WZ EW and WZ QCD.
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FIGURE 6.13: Data/Monte Carlo comparison plots in VBF signal region. All MC expectations

are scaled to the integrated luminosity of the data using the predicted MC cross sections

of each sample. The dashed band represents the Monte Carlo statistical uncertainties only.

In these figures, VVV also includes contribution from ttbarV, and WZ EW also includes the
contribution from interference between WZ EW and WZ QCD.
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FIGURE 6.14: Data/Monte Carlo comparison plots in VBF signal region. All MC expectations
are scaled to the integrated luminosity of the data using the predicted MC cross sections
of each sample. The dashed band represents the Monte Carlo statistical uncertainties only.
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Chapter 7

Background Estimation

The background sources that can mimic the W+ Z resonance signature, can be classified into
two categories: the irreducible backgrounds where all reconstructed lepton candidates are
prompt (arise from the primary process) and the reducible backgrounds where at least one

of the lepton candidates is non-prompt (usually called “fake/non-prompt” leptons).

7.1 Reducible Background

The reducible background consists of SM processes that have one or two leptons originating

from jets/ photons like :

« background due to fake leptons which include pion, kaon and heavy-quark decays to
real leptons, in addition to jets misidentified as lepton. This background comes mainly
from Z+jets, tt, Wt, WW or QCD multijet processes where one or two jets are mis-

reconstructed as leptons

« Z + vy process where the photon is reconstructed as an electron

For both Drell-Yan and VBF signal regions, the reducible background normalizations are de-
rived from a data-driven method that is based on a global matrix which exploits the differences
in object characteristics between real and fake/non-prompt leptons on a statistical basis. More
details about this method can be found in [104]. For the Drell-Yan region, the shape is also
obtained from the data-driven method; for the VBF region, due to the lack of statistics, the

shapes are taken from Monte-Carlo simulation.
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7.2 Irreducible Background

Irreducible background consists of SM processes that produce events with three real leptons :

« WZ process which has exactly the same signature as the signal and where three leptons
pass the event selection, the WZ background has two production modes QCD and EWK
mediated; both production modes contribute, with the WZ-QCD being the dominant in

all signal regions

« Z Z process where three leptons pass the event selection, while the fourth lepton is not

reconstructed or identified
« tt+ V process V =W, Z
« t + Z process
« VVV process where V denotes any vector bosons

« double parton scattering (DPS) processes where the WZ signature comes mostly from

collisions between two pairs of partons producing single W and Z/~* bosons.

Processes like tt + V and VV'V are estimated using MC simulations. The background due to
DPS was calculated to be 0.16% of the SM WZ QCD contribution and neglected in the rest of

the analysis.

In this analysis, the dominant contribution comes from the WZ QCD and EWK mediated pro-
duction and diboson ZZ; for these background sources the shape is taken from Monte-Carlo
simulation while the normalization of the WZ-QCD and ZZ is constrained by data in a simulta-
neous fit using the signal regions (Drell-Yan / VBF) and dedicated control regions as described
in sections 12.5 and 12.6; the latter are chosen to be kinematically close to the signal regions

but orthogonal to them.

Each signal region (Drell-Yan / VBF) is associated to two control regions (CRs) that are designed
to have high purity, small statistical uncertainties in terms of the background process of inter-
est and to contain only a small fraction of the potential signal. These CRs are defined in the
following sub-sections, while an overview of the selection requirements of the WZ Inclusive

region and the analysis signal and control regions is presented in Table 7.1.
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‘ Signal Regions Control Regions
Selection | Drell-Yan | VBF | ZZ Drell-Yan | ZZ VBF WZ-QCD Drell-Yan | WZ-QCD VEF |
Eiss > 25 GeV v v fail fail v v
4 lepton veto v v fail fail v v
inclusive WZ v v v v
at least 2 VBS jets v v v
b-jet veto v v
]\fjj > 500 GeV v v
|AYjj| > 3.5 v fail
p%/mwz and ])%’Y/mwz > 0.35 v fail (but with p?w /mwz > 0.1)

TaBLE 7.1: Summary of the control and signal regions in the analysis
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7.2.1 WZ Control regions

7.2.1.1 WZ-QCD Drell-Yan CR

The WZ-QCD Drell-Yan CR is dedicated to the Drell-Yan analysis. More explicitly, it selects

the WZ inclusive events that fail the PtBalance cut either by having p% /mwz < 0.35 or

¥ /mwz < 0.35. For this CR we also have the minimum requirement of p¥. /my z > 0.1 in

order to be close to the signal region. This CR is then by definition orthogonal the Drell-Yan

signal region.

Figure 7.1 shows the invariant mass distribution in the WZ-QCD Drell-Yan CR. It can be seen

that is clearly enriched in WZ with small contamination from ZZ and irreducible background

processes. This region is included in the Drell-Yan signal region fits to constrain the WZ QCD

normalization.
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FIGURE 7.1: Pre-fit WZ invariant mass is shown in the WZ-QCD Drell-Yan CR control region.

Here we have the optimized variable binning, explained later in section 12.5. The total un-

certainty is shown by shaded band and it includes the statistical, theoretical and systematic
uncertainties.
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7.2.1.2 WZ-QCD VBF CR

The WZ-QCD VBF CR is dedicated to the VBF analysis. More explicitly, it selects the WZjj
events that fail the |AYj;| cut; the high m; requirement is still applied in order to match the
signal region event topology. This CR is then by definition orthogonal the VBF signal region.

Figure 7.2 shows the invariant mass distribution in the WZ-QCD VBF CR. It can be seen that
is clearly enriched in WZ background processes. A WZ QCD mis-modelling is visible in this
region and will be corrected in the limit setting fit and is fully covered by the theory systematic
uncertainties that are of the order of 30% for the WZ QCD in this region, see details in Appendix
B.

This region is included in the VBF signal region fits to constrain the WZ QCD normalization.
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FIGURE 7.2: Pre-fit WZ invariant mass is shown in the WZ-QCD VBF CR control region. Here

we have the optimized variable binning, explained later in section 12.5. The total uncertainty

is shown by shaded band and it includes the statistical, theoretical and systematic uncertain-
ties.
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7.2.2 ZZ Control regions
7.2.2.1 ZZ Drell-Yan CR

The ZZ Drell-Yan CR is defined by requiring the presence of at least an additional fourth lepton
that fulfills the “Baseline” identification criteria and no requirement on the missing transverse
energy. Figure 7.3 shows the invariant mass distribution in the ZZ Drell-Yan CR. It can be seen
that is clearly enriched in ZZ background processes. This region is included in the Drell-Yan

signal region fits to constrain the ZZ normalization.
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FIGURE 7.3: Pre-fit WZ invariant mass is shown in the ZZ Drell-Yan CR control region. Here we
have the optimized variable binning, explained later in section 12.5. The total uncertainty is
shown by shaded band and it includes the statistical, theoretical and systematic uncertainties.

7.2.2.2 ZZ VBF CR

The ZZ VBF CR is defined by requiring the presence of at least an additional fourth lepton that
fulfills the “Baseline” identification criteria, no requirement on the missing transverse energy
but also requiring at least two VBF-tagged jets. Figure 7.4 shows the invariant mass distribution
in the ZZ VBF CR. It can be seen that is clearly enriched in ZZ background processes. This

region is included in the VBF signal region fits to constrain the ZZ normalization.
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FIGURE 7.4: Pre-fit WZ invariant mass is shown in the ZZ VBF CR control region. Here we
have the optimized variable binning, explained later in section 12.5. The total uncertainty is
shown by shaded band and it includes the statistical, theoretical and systematic uncertainties.



Chapter 8

Sensitive variables in the search of

new particles

8.0.1 VBF signal regions distributions

As we mentioned before, when computing the WZ invariant mass there is an ambiguity due
to the incomplete knowledge of the neutrino. In that direction, we have performed a study
concerning the search of sensitive variables - besides the invariant mass of the WZ system -
that could be used in the limits setting procedure, in order to search for new particles in the

direction of the extension of the Standard Model.

The alternative variables that have been tested are the delta phi angle between the two leptons
of Z boson (A¢(1%1,1%2)), the delta phi angle between the leading Z lepton and the W lepton
(Ag(1%ead W), the delta phi angle between the two VBS jets (Ag;;), the rapidity seperation
of the two VBS jets (AYj;), the invariant mass of the two jets (m;;), the invariant mass of the
three leptons (m3;c,), the missing transverse energy (E7*%), the transverse mass of the WZ
system (mjvy ), the transverse momentum of the WZ system (ij Z), the transverse momentum
of the three leptons (p13;p) and the numerical sum of the transverse momenta of the three
leptons (Sum3Pt). For all these variables we have compared the corresponding distributions
for the WZ QCD background and various vbf signals, to check their shapes and discriminating
power. All the above are included in the Figures 8.1 and 8.2 together with the corresponding

myy z distributions.
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In the Figure 8.2 there are some variables that are interesting to be used in the limits since
they give clear signal peaks and have also good discriminating power between different signal
models. These variables that are going to be used as an alternative to the myy z in the procedure
of setting limits, are the invariant mass of the three leptons (123¢,), the transverse mass of the
WZ system (mYW Z), the transverse momentum of the three leptons (pT3ep) and the numerical

sum of the transverse momenta of the three leptons (Sum3Pt).

8.0.2 Estimation of correlations of alternative variables for two dimensional

limits setting

It would also be interesting to set limits with two variables simultaneously. Of course this
would demand that they are low correlated. So, an estimation of the average correlation for
different combinations of the above “interesting” variables are shown in Figures 8.3 and 8.4
. As it is seen, a good combination that seems suitable to test is m;; with ij Z as it has low
correlation value . The invariant mass of the two jets (1m;;) is interesting because it is effective
in discriminating between all non-VBS processes and the signal, since in VBS/VBF topologies

we have large values for it. As a result, it would be nice to be used for setting limits in VBF

topologies.
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Chapter 9

Sources of Experimental Systematic

Uncertainties

The experimental systematic uncertainties are related to the detector and reconstruction per-
formance. They arise from the calculation of the integrated luminosity (which affects the
Monte-Carlo normalization) and from the modelling of trigger, the reconstruction, isolation
and resolution efficiency of physics objects as well as the missing transverse energy compu-
tation. Systematic uncertainties are calculated by taking the fractional difference between the
nominal predicted number of events and the number of events predicted by the systematic vari-
ation (evaluated measurement at +10 of some systematic uncertainty i.e. systematic up/down

variation).

The normalization uncertainty related to the integrated luminosity of the data samples used
in this analysis is estimated to be 1.7% [57]; this is also used for Monte-Carlo samples that are

normalized to the calculated luminosity of data.

For the muons, the main sources of systematic uncertainties come from reconstruction and
identification efficiency and transverse momentum resolution and scale; we also consider a

systematic uncertainty on the muon isolation and the impact parameter cut efficiency [84].

The reconstruction and identification efficiencies are measured from data and simulation using
tag-and-probe methodsin Z — pu events; the differences between data and Monte-Carlo (MC)
are included by scaling the simulation with scale factors (SF). More specifically, the scale factors
are varied up and down following their corresponding source of systematics and they lead us

to a varied shape of spectrums that results to an altered signal yield.

The transverse momentum resolution correction plays an important role in such analyses as
the momentum resolution affects f.e. the muons selection efficiency, the Z boson mass recon-

struction and the W lepton pr determination. This uncertainty is estimated by comparing the
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di-muon mass resolution between data and MC; the event yields are obtained by varying the
pr correction of the muons seperately in the Inner Detector (ID) and Muon Spectometer (MS),

taking into account the uncertainties on pr scale and resolution observed in data.

As far as the muon isolation and impact parameter efficiencies are concerned, they are also
measured by calculating the differences between data and MC using again the Z tag-and-probe

method.

For the electrons, the primary sources of systematic uncertainties come from reconstruction
and identification efficiency and the electron energy resolution and scale; we also consider the
energy scale and smearing uncertainty as well as the electron isolation and impact parameters

systematics [83].

The differences observed in the reconstruction and identification efficiencies between data and
MC are eliminated by weighting the simulation with scale factors (SF); these SF represent aux-
iliary measurements done in each of the different bins. Similarly to the muons, the isolation
and impact parameter uncertainties are estimated by differences between data and MC using

again the Z tag-and-probe method (Z — ee).

The correction of the electron energy resolution is performed by correcting the MC in order to
match the observed data. Moreover, the electron energy scale is checked and calibrated both in
data and MC using Z — ee events; the dominant uncertainties on this energy scale come from
the modelling of the ATLAS detector and the calibration of the EM calorimeter pre-sampler
energy scale. For both electron resolution and energy scale, all physical effects are summed in

quadrature and considered fully correlated in eta.

In general, the impact of the efficiency of the lepton triggers as well as the lepton uncertainties
(as described above) on the expected number of events is found to be negligibe (typically below

1%).

As far as the jets are concerned, systematic uncertainties that affect the reconstruction and en-
ergy calibration of jets are propagated through this analysis and they are the dominant experi-
mental uncertainties in the VBF category. The jet energy scale and resolution uncertainties are
obtained from simulation and in-situ techniques [105]. Finally, as we have already mentioned
in the event selection cuts, VBF jets are required to pass JVT cut and also fail the existence of
b-jets; so there are the corresponding JVT and b-tagging efficiencies. In general, the effect of
the jet uncertainties on the expected number of events is up to 17 % for the VBF category as

we can see in Table A.6 in Appendix A.

The uncertainty for the missing transverse energy measurement is performed by propagat-
ing the uncertainties in the transverse momenta of the pre-selected leptons and jets that take

part into its calculation, as well as those uncertainties contributing in the soft term [106].
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The experimental uncertainty of pile-up reweighting derives from the DataScaleFactor; the
latter scales the p to improve the data/MC agreement. The nominal value of this scale factor
is set to 1.0/1.09 and it is then varied to 1.0 and 1/1.18 to represent the systematic uncertainty
[107].

We also consider an uncertainty in the prediction of the fake/non-prompt background as it
affects the shape and the normalization of the background distributions. The total uncertainty
is about 60 % (> 100 %) for the Drell-Yan (VBF) selections; it is larger for the second category

as there are higher statistic uncertainties [104] .

In Appendix A in Tables A.1to A.6 we provide a summary of all systematic uncertainties;
there, we calculate the relative effect in percent on the number of reconstructed 3-lepton events
in each of the four available channels of the different sources of systematic. The existence of

some very large uncertainties is explained due to very low statistics of MC samples.



Chapter 10

Theoretical Uncertainties

10.1 Introduction

Whenever we try to measure a physical quantity or test hypothesized models, it is necessary
to know the accuracy of our analysis result. Statistical uncertainties arise from the limited
accuracy of any measurement, or from the Poisson fluctuations related with counting inde-
pendent events; an important key-fact is that these uncertainties can be greatly constrained if

we accomplish enough repeated measurements (f.e. by achieving higher luminosity).

On the other hand, systematic uncertainties arise from many sources; more often they do not
cause a spread in results when repeating experiments, but merely shift them away from the
true value. In that direction, executing more experiments usually does not reduce the impact
of a systematic effect. From all the above it is obvious that systematics is an immense topic

that requires more effort on its estimation.

Systematic uncertainties are present in all physics analyses where there are uncertainties in
the predictions of the simulation steps. All uncertainties that are related to the ATLAS detec-
tor simulations are named as experimental uncertainties, while uncertainties that arise due to
physical processes and their modelling (f.e. Parton Density Functions or PDFs, parton shower,

perturbation theory, QED corrections) are called as theoretical uncertainties.

The estimation and the detection of the source of both theoretical and experimental uncer-
tainties is important because they enter into the likelihood fit as nuisance parameters and as a

result, they are significant in particular for discovery and exclusion limits.

The PDF uncertainties reflect the information available (or lack of it) in the underlying data
and the way it constrains PDFs [108]; in other words the approximations that are made in

theory that relate the PDFs to measureable quantities. In general, the examined PDF sets differ
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: (a) in the choice of datasets (the PDF sets used here include data from electroproduction
and hadroproduction, from both fixed-target and collider experiments), (b) in the statistical

calculation of the pdf uncertainty and (c) in the parton parametrization [108] .

The scale uncertainties (Renormalization/Factorization) derive from the uncertainty due to un-
calculated higher order terms of perturbative QCD, by varying pr / (4 over some range (typ-
ically a factor of 2) 1.

The parton shower or modelling uncertainties derive from the comparison of different gener-
ators predictions in order to capture the showering MC systematic uncertainties; this kind of

uncertainty is often described as “2-point systematics ” [109].

Theory uncertainties associated with the PDF sets used to generate the simulation, associ-
ated to the choice of the renormalization scale ur and factorization scale ;1 and the parton
shower settings are estimated for signal and backgrounds. Table 10.1 shows a summary of the
calculated theory uncertainties and their implementation on the fit. More details about the

calculation and the values of each uncertainty is given in each corresponding section.

Process Uncertainties Fit implementation

W Z-QCD pdf, scale and modelling (comparing generators  Shape only decorrelated from SR
with different ME and parton shower) and CR

YAVA pdf and scale Shape only

W Z-EWK pdf, scale and parton shower (comparing same Shape and normalization decor-
ME events showered with Herwig and Pythia8) related from SR and CR

ttV +VVV  pdfand scale 20% normalization

Signals pdf and scale Normalization only

TaBLE 10.1: Summary of the theory uncertainties included in the analysis and the fit imple-
mentation

1« ..divergences arising from virtual corrections in the ultraviolet limit (i.e. for very large momenta) can be
absorbed by renormalizing the theory, yielding finite terms with a dependence on the so-called renormalization
scale pr. Similarly, divergences arising in the limit of highly collinear emissions can be regularized away by
factorizing the calculation between parton densities and matrix element, giving rise to the so-called factorization
scale ;1. Any dependence of the resulting finite terms on these artificial scales would disappear if it were possible
to calculate all orders of the perturbative series” [109]
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10.2 Theoretical uncertainties on the Signal

For the pdf uncertainty estimation, the current recommendation for quark initiated processes
[110] is to create an envelope using the maximum upwards and downwards deviations choos-
ing among the standard deviation of the 100 replicas of the NNPDF set and the difference of
the central PDF set (NNPDF) and the alternative (when they exist) . For the scale uncertainties,
the envelopes are created by taking the maximum upwards and downwards deviations of the
different scale variations from the default value. The pdf and scale uncertainties are calculated
for the reconstructed fiducial phase space, using exactly the same cuts as the corresponding

signal and control region definitions (Drell-Yan /VBF).

10.2.1 Drell-Yan-Category PDF and Scale uncertainties on the Signal

The uncertainties associated with the PDF sets used in generating the signal MC samples on

the signal acceptance are evaluated for the HVT signal samples.

Truth derivation samples are produced containing the PDF information and a PDF reweighting
method is applied. The HVT signal samples are produced with NNPDF23loas0130qed NLO PDF
set. For the pdf uncertainty calculation, the intrinsic uncertainties associated with NNPDF are
evaluated by looking at the 100 MC replicas and the standard deviation is taken as the intrinsic
uncertainty . The NNPDF set is also compared with the CT14llo and MMHT2014l068cl and the
difference is taken as extra uncertainty. Then, the total PDF uncertainty is computed by taking

the difference of the lowermost and uppermost values of the estimations described above.

For the scale uncertainty, events are reweighted to seven variations (dropping pg=0.5, pp=2
and pp=2, urp=0.5 variations). The maximum upwards and downwards deviations from the
default values-not coming necessarily from the same variation - with respect to the default

choice pip= pF is used to estimate the scale uncertainty.

The pdf and renormalization uncertainties are calculated for both Drell-Yan signal and control
region The pdf uncertainty is found to vary from 12.85% to 26.17% and the scale uncertainty
from 1% to 14.36% . Results are shown in table 10.2.

10.2.2 V BF-Category PDF and Scale uncertainties on the Signal

The theory uncertainty of the V' B F signal samples is evaluated in a similar way as for the quark
fusion category. The HVT VBF signal samples are produced with NNPDF23loas0130qed NLO
PDF set. For the pdf uncertainty calculation, the intrinsic uncertainties associated with NNPDF

are evaluated by looking at the 100 MC replicas and the standard deviation is taken as the
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’ mass [GeV] \ pdf (%) \ scale (%) ‘

250 +13.23 +4.09
300 +13.16 +3.17
400 +12.94 +1.49
500 +12.88 +0.99
600 +12.85 +1.60
700 +12.97 +2.28
800 +13.01 +2.88
900 +13.24 +3.45
1000 + 13.49 +3.97
1100 + 13.94 +4.46
1200 + 14.46 +4.91
1300 + 15.08 +5.32
1400 + 15.74 +5.73
1500 + 16.38 +6.09
1600 + 17.00 +6.46
1700 + 17.56 +6.79
1800 + 18.14 +7.10
1900 + 18.72 +7.41
2000 + 19.16 +7.72
2200 + 19.95 +8.26
2400 + 20.66 +8.83
2600 +21.24 +9.35
2800 + 21.85 +9.86
3000 +22.09 | £10.35
3500 +22.75 | £11.50
4000 + 2347 | £12.60
4500 + 2464 | £13.56
5000 +26.17 | £14.36

TaBLE 10.2: The relative uncertainties due to PDF and scale for HVT W Z signal in Drell-Yan
signal region.

intrinsic uncertainty . The NNPDF set is also compared with the CT14llo and MMHT2014l068cl
and the difference is taken as extra uncertainty. Then, the total PDF uncertainty is computed
by taking the difference of the lowermost and uppermost values of the estimations described

above.

The GM VBF signal samples are produced with NNPDF30nloas0119atlas NLO pdf set. The pdf
uncertainty is calculated by taking the standard deviation of the 100 MC replicas.

For the scale uncertainties calculation, for both HVT and GM signals, events are reweighted
to seven variations (dropping pr=0.5, ur=2 and pur=2, uF=0.5 variations) and by taking the
maximum upwards and downwards deviations from the default values- not coming necessarily

from the same variation - with respect to the default choice ur= pr.

The pdf and renormalization uncertainties are calculated for both HVT and GM V BF' sig-

nals,using the corresponding signal and control regions definitions.
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The relative uncertainty on pdf for the V BF GM signal samples is found to vary from 24.19%
to 27.41% and the cut-based scale uncertainties from 13.11% to 15.38% ,as shown in table 10.3.

Likewise, the relative uncertainty on the pdf of the V. BF HVT signal samples is found to vary
from 15.72% to 16.8% and the scale is found to vary from 7.39% to 17.72% , as shown in table
10.4.

’ DSID ‘ mass [GeV] ‘ pdf (%) ‘ scale (%) ‘

450765 200 +2459 | +£13.42
450766 250 +24.74 | +13.49
450767 300 +24.75 | +£13.63
450768 350 +25.62 | +13.54
450769 400 +2445 | +£13.81
450770 450 +25.63 | +14.17
450771 500 +25.36 | +14.45
502511 225 +24.44 | +£13.11
502512 275 +24.19 | +13.38
502513 325 +2549 | +£13.62
502514 375 +26.32 | +13.37
502515 425 +25.11 +13.89
502516 475 +24.95 | +13.62
502517 525 +26.08 | +£13.78
502518 550 +26.35 | +13.85
502519 600 +26.87 | +13.89
502520 700 +26.42 | +14.17
502521 800 +27.41 +14.60
502522 900 +27.05 | +14.73
502523 1000 +26.74 | £15.38

TaBLE 10.3: The relative uncertainties due to PDF and scale for GM W Z signal in the VBF'
signal region.
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’ mass [GeV] ‘ pdf (%) ‘ scale (%) ‘
250 +15.72 +7.39
275 +15.82 +7.63
300 +15.84 +7.65
325 +15.86 +8.00
350 +15.92 +8.06
375 +16.02 +8.30
400 +15.95 +8.35
425 +15.98 +8.71
450 +16.11 18.89
475 +16.13 +9.00
500 +16.12 +9.02
525 +16.05 +9.43
550 +16.12 +9.54
600 +16.25 +9.66
700 +16.37 +10.44
800 +16.28 +11.15
900 +16.42 +11.68
1000 +16.39 | £ 12.33
1100 +16.48 | £+ 12.92
1200 +16.53 | £ 13.52
1300 +16.60 | £ 14.13
1400 +16.53 | + 14.63
1500 +16.67 | £+ 15.25
1600 +16.60 +15.66
1700 +16.61 +16.23
1800 +16.73 +16.76
1900 +16.64 +17.16
2000 +16.80 +17.72

TaBLE 10.4: The relative uncertainties due to PDF and scale for HVT W Z signal in the V BF'

signal region.
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10.3 Theoretical uncertainties on the Standard Model W Z back-

ground

10.3.1 PDF uncertainties on SM W 7 background

The PDF uncertainties were estimated for the QCD background using two generators Mad-
graph and Sherpa QCD, and for the EWK mediated production using Madgraph (Madgraph+Pythia8)

samples, technical details about the samples can be found in Chapter 4.

The uncertainty estimation is done using the reconstructed fiducial phase space, using exactly
the same cuts as the cut-based analysis signal and control regions definitions in Sections 6.4
and 6.5. The EWK Sherpa sample shown also in this section is here for comparison purposes
but is not used in the analysis due a known bug on the color flow modeling. Sherpa W Z
samples were produced with NNPDF30nnloas0118 PDF set, while the Madgraph W Z QCD
and EWK samples were produced with NNPDF30nloas0118 PDF set. Uncertainties due to the
PDFs are computed using the 100 MC replicas of the NNPDF PDF set. Following the PDF4ALHC
recommendations [111], the 68 % confidence level PDF uncertainty is calculated as the standard

deviation of the distribution of MC replicas:

N,
1 mem
mem k=1

where Npen, is the number of MC replicas and the mean value of the cross section, < o >, is

computed as:

1 Nmem
k

<o >= Y o (10.2)
Nmem k:1

Figure 10.1 shows the do distributions for the Drell-Yan and V BF signal regions for Sherpa
QCD and Sherpa EWK sample. For the Madgraph QCD sample the standard deviation is the
only information that we can use for the creation of the envelope that contains the up and
down variations. For the Sherpa QCD the NNPDF set is also compared with the CT14nnlo
and MMHT2014nlo68cl sets. In this case, we take into account besides the standard deviation
of the 100 MC replicas, the comparison with the other two sets, that are derived by comparing
each time the nominal value of the NNPDF weight with the nominal values of CT14nnlo and
MMHT2014nlo68cl weights. So we end up with a PDF uncertainty envelope that is created
by the lowest and highest values of all above.

Finally, for the Madgraph EWK sample the PDF uncertainty envelope is created by taking the
uppermost - lowermost values between the standard deviation of the 100 MC replicas and the
Asymmetric Hessian Errors that are derived by using the 56 eigenvectors of C'T14nlo set. The

idea behind the Hessian method is that each PDF has N (uncorrelated) parameters and hence
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each parameter can be varied independently by +/- 1 ¢ to create a new (error) PDF [111].
Let consider X as any one of the physical quantities of interest that depends on the PDFs.
It is considered as a function of the parameters that define the PDFs at the initial scale X (a),
where @ forms a vector with an N-dimensional PDF parameter space. In the Hessian formalism
for the uncertainty analysis, this parton parameter space is spanned by a set of orthonormal
eigenvectors obtained by a self-consistent iterative procedure [112]. The uncertainty of the
quantity X (@) is characterized by 2N sets of published eigenvector PDF sets along with the
central fit, 2 PDF sets for each of the N eigenvectors, along the (+) directions and it is defined

asin 10.3:

N
AX, = \ > max(0, X+ — Xo, X;- — Xo)? (10.3)
=1
N
AX_ =, max(0,Xo — X+, Xo — X;-)?
i=1

where X+ and X;- are the values of X computed from the 2 sets of the PDFs along the +
direction of the i-th eigenvector and X is the value of the observable using the central value
PDF (nominal).

The relative uncertainties on the SM W Z QCD background shape due to PDF as function of
the W Z invariant mass can be seen in Figure 10.2 for both Drell-Yan and V BF' categories.
The relative uncertainties on the SM EW W Z background shape due to PDF as function of the
W Z invariant mass can be seen in Figure 10.3 for both Drell-Yan and V BF’ categories. The
pdf uncertainties are also estimated for the corresponding Drell-Yan and VBF control regions

as shown in Figures B.1 and B.2 in Appendix B.
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10.3.2 Scale uncertainties on SM W' Z background

To estimate the uncertainty on SM QCD W Z shape deriving from the choice of the renor-
malization scale pp and factorization scale pp it is a common procedure to vary them inde-
pendently and by a factor of 2 (or 1/2) up and down from the default production scale. This
was done by setting the scales accordingly during the production of the Sherpa and Madgraph
QCD samples. To estimate the scale uncertainties the events are reweighted to seven varia-
tions (dropping pr =0.5, ur =2 and pr =2, pr =0.5 variations). The maximum upwards and
downwards deviations from the default values-not coming necessarily from the same varia-
tion - with respect to the default central value choice g = pr = pur = 1 is used to estimate
the scale uncertainty. For the Madgraph EWK we have 8 variations of renormalization scale
wr and factorization scale up ([0.5,2.0], [1,0.5],[0.5,1], [1, 2], [2,0.5], 2, 1], [2, 2]) , which are
used to estimate the scale uncertainty, taking as nominal yup = pup = —1 variation and cre-
ating the corresponding envelope, as described above. The variations and the envelope of the
uncertainty as function of the QCD W Z invariant mass are presented in Figure 10.4 on the top
Figure for the Drell-Yan and on the bottom for the V BF" signal region selections respectively.
The variations and the envelope of the uncertainty as function of the EW W Z invariant mass
are presented in Figure 10.5 on the top for the Drell-Yan Signal region and on the bottom for
the V BF selection.

The scale uncertainties are also estimated for the Drell-Yan and VBF control regions, as shown

in Figures B.3 and B.4 in Appendix B.
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10.3.2.1 Different scales of Madgraph EWK samples comparison

Madgraph has the possibility to produce samples using different central value scales [113]. In
the EWK sample we have stored 4 of those weights in order to have the possibility to use also

different scales as nominal : sumpT, hT, hT2, sqrts, as shown in Table 10.5. Each of them has

9 renormalization and factorization scales, while the nominal (19 = —1) that is used has 8.
140 ‘ dynamical scale definition
-1 (nominal) | LO code: transverse mass (mr) of the 2 — 2 system resulting of a kr clustering
1
NLO code: sum of the transverse mass divided by 2: hy = 3 ZZ]\L L/ mE+ p%yi
N Eipr,i
1 total transverse energy of the event sumpT = > ., ’
\/pi,i + pZ,i + pi,i
2 sum of the transverse mass h1' = Zf\il m? + p%i
1
3 sum of the transverse mass divided by 2 hT2 = 3 Zf\i y/m2+ pQTJ
4 partonic energy sqrts = Vs

TaBLE 10.5: Central values supported and their corresponding functional form of the factori-
sation and renormalisation scale p1 g and pp, for both leading order and next to leading order
computations for Madgraph EWK samples.

In the following plots (see Figure 10.6) we compare the invariant mass distribution of the
WZ system for the different scales for the Madgraph+Pythia8 ewk sample with the nominal
(uo = —1, m%ﬁQ’SySt), for the Drell-Yan and VBF fiducial phase space.
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FIGURE 10.6: Comparison of the invariant mass of the WZ system for the different scales of
the Madgraph+Pythia8 ewk sample in the Drell-Yan fiducial volume (top) and on the VBF
fiducial volume (bottom) and their respective ratio to the nominal



124

10.3.3 Parton shower uncertainties on SM 11" Z background

The uncertainties associated with the parton shower modeling of the W Z SM backgrounds are

computed by comparing different MC samples created using different parton shower models.

No built-in variations for the parton shower uncertainties are present in the Sherpa MC sam-
ples available. Therefore, for the W Z QCD background, the Madgraph+Pythia8 MC sample
has been used to derive possible difference between different QCD parton shower and matrix

element models implemented by the two generators.

Due to the absence of known parametric forms for this uncertainty, we need to investigate
multiple plausible variants of parametric models and perform the final statistical analysis [109]

in order to check if the fit is “healthy”.

First of all, in order to avoid the impact of the large difference normalization between the two
MC samples on the calculation of the fragmentation uncertainty, the Madgraph distribution is
normalized to the Sherpa. Then we calculate the difference between the distributions of Mad-
graph and Sherpa per bin and the obtained results are used to calculate the relative uncertainty

associated with the parton shower and Matrix element generator.

There have been studied several options for the formula that calculates the parton shower+modelling
relative uncertainty; they have been included in the fit in order to check how they affect the

likelihood estimation.
The 1rst option was to use |Madgraph — Sherpa|/Madgraph,

1
the 2nd to use 5 |Madgraph — Sherpal/Madgraph and

1
Wi |Madgraph — Sherpa|/M adgraph (standard deviation of uniform distribution).

75

Comparisons of the obtained uncertainties for the QCD case are given in Appendix C.1. The

the 3rd

last two formulas gave the best fit results (concerning the presence of pulls/overconstraints)
in the fit and we choose to keep the 2nd formula as a more conservative estimate (and also

consistent with the previous Run analysis).

As a result, the relative uncertainty divided by a factor of two is used to construct a sym-
metric fragmentation uncertainty band centred around the Sherpa distribution. The proce-
dure is exemplified in the Figure 10.7, where the parton shower uncertainty band obtained is
represented around the Sherpa prediction by shaded pink band. This uncertainty represents
a conservative estimate of the parton shower and generator modelling differences between
Madgraph+Pythia8 and Sherpa 2.2.2 QCD Monte Carlo samples. This uncertainty is calculated

using the Drell-Yan and V BF' reconstructed phase space, as described before.
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parton shower uncertainty is shown by shaded pink bands. In the down plot there is also an
estimate of the ratio between the two QCD generators.

For WZ EW background, the estimation of the parton shower uncertainties is performed by
comparing the WZ EW Madgraph+Pythia8 and Madgraph+Herwig generators. First of all, the
Madgraph+Herwig distribution is normalized to the Madgraph+Pythia8.

Similarly with the prosedure described above, we have tested different formulas for the esti-

mation of the parton shower uncertainty :
the 1rst option was to use |MadPy8 — MadHerwig|/MadH erwig,

1
the 2nd to use 5 |MadPy8 — MadH erwig|/MadH erwig and

1
the 3rd ﬁ |MadPy8 — MadH erwig|/MadH erwig (standard deviation of uniform distri-

bution).

Comparisons of the obtained uncertainties for the EWK case are given in Appendix C.2. The
last two formulas gave the best fit results (concerning the presence of pulls/overconstraints)
in the fit and we choose to keep the 2nd formula as a more conservative estimate (and also

consistent with the previous Run analysis).

The difference between the distributions of Madgraph+Herwig and Madgraph+Pythia8 per bin
is used to calculate the relative uncertainty that is related to the MadGraph+Herwig parton
shower. This relative uncertainty divided by a factor of two is used to construct a symmetric
fragmentation uncertainty band centred around the Madgraph+Pythia8 distribution, to build

a parton shower uncertainty band (see Figure 10.8).

The envelopes that include the up and down variations for the parton shower uncertainties are

given in Figure 10.9 for the QCD and in Figure 10.10 for the EWK case.
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10.4 Theoretical uncertainties on Standard Model WZ background

using alternative variables

As discussed in Section 8, alternative variables are going to be used as inputs to the fit. Here
we have compared the pdf, scale and parton shower uncertainties when using mQW Z with the
ones already calculated using the myy z variable. The relative difference is below 5-6 % for both

Drell-Yan and VBF fiducial phase spaces, as we can see in figures D.1, D.2 in Appendix D.

So we perform the general approach that the theoretical uncertainties calculated using the

myy z variable can be inserted in the fit when using alternative variables.

10.5 Theoretical uncertainties on the other Standard Model ir-

reducible backgrounds

The uncertainties assigned to the cross sections of the other minor background sources taken
from MC simulation consist of a contribution from PDF uncertainties and from QCD scale
uncertainties. They are estimated to be 20% for V'V'V [114] and 13% for ¢tV [115] [116]. A
validation region was built [104] to verify the modelling, even thought the agreement is not
perfect, the flat 13% uncertainty assigned is sufficient to cover the discrepancy in the invariant
mass distribution. Also, the pdf and scale uncertainties have been calculated for the ZZ back-
ground for the Drell-Yan and vbf signal and control regions. The estimated uncertainties again

are sufficient to cover the discrepancy in the invariant mass distribution.

Vb SR
qa SR B

sk VI SR

F1GURE 10.11: The pdf (up) and scale (down) envelopes for the ZZ background as function
of the W Z invariant mass in the Drell-Yan fiducial volume (left) and on the V BF fiducial
volume (right).



Chapter 11

Statistical Methods for LHC

11.1 Introduction

11.2 Search as a statistical test

11.2.1 Definition of test-statistic ¢,

In particle physics experiments one often searches for processes that have been predicted but
not yet seen, such as production of a Higgs boson. The statistical significance of an observed
signal can be quantified by means of a p-value or its equivalent Gaussian significance. Also, it
is useful to characterize the sensitivity of an experiment by reporting the expected (e.g., mean

or median) significance that one would obtain for a variety of signal hypotheses.

A common procedure is the search of a new phenomenon expressed in the formalism of a
statistical test. Let us assume that one aims to discover a new signal process; then one defines
the null hypothesis Hy , as describing only known processes (here designated as background).
This is to be tested against the alternative H; , which includes both background and signal.
When setting limits, the model with signal plus background plays the role of Hy , which is
tested against the background-only hypothesis, H;. To quantify the level of agreement of the
observed data with a given hypothesis H, we use the p-value i.e. the probability under the
assumption of H, of finding data of equal or greater incompatibility with the predictions of H.
Then, one can regard the hypothesis as excluded if its p-value is observed below a specified
threshold.

In particle physics one usually converts the p-value into an equivalent significance, Z, defined

such that a Gaussian distributed variable found Z standard deviations above its mean, has an
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upper-tail probability equal to p.
Z=3"Y1-p) (11.1)

where ® ! is the quantile (inverse of the cumulative distribution) of the standard Gaussian.
For a signal process such as the Higgs boson, we tend to reject the background hypothesis
with a significance of at least Z = 5 as an appropriate level to constitute a discovery, which
corresponds to p = 2.87 x 10~7 . For purposes of excluding a signal hypothesis, a threshold
p-value of 0.05 (95 % confidence level) is often used, which corresponds to Z = 1.64.

A widely used procedure to establish discovery (or exclusion) in particle physics is based on
a frequentist significance test using a likelihood ratio as a test statistic; a test statistic aims to
make a statement about how well the observed data stand in agreement with given predicted
probabilities by hypothetical models. Except from the parameters of interest such as the rate
(cross-section) of the signal process, the signal and background models will contain in general
nuisance parameters whose values are not taken as known a priori but rather must be fitted from
the data. Let us now to consider an experiment where for each selected event one measures
the values of certain kinematic variables, and thus the resulting data can be represented as one
or more histograms [117]. Suppose for each event in the signal sample one measures a variable
x and uses these values to construct a histogram n = (nq,...,ny). The expectation value of
n; can be written as :

E[n;] = ps; + b; (11.2)

where the mean number of entries in the ¢—th bin from signal and background are :

Si = Stot fs(x;Hs)d:c

bin,i

bi = biot fb(l“; Ob)dJU

bin,i

(11.3)

In equation 11.2, the parameter ;1 determines the strength of the signal process, with @ = 0
corresponding to the background-only hypothesis and y+ = 1 being the nominal signal hypoth-
esis . We often write = 0 /o g, where og)y is the Standard Model production cross-section.
In equation 11.3, s40¢ and by, are the total mean number of signal and background events; the
fs(;05) and fp(x; Op) are the probability density functions (pdfs) of the variable x for signal
and background events; 85 and 0 represent parameters that characterize the shapes of pdfs
(nuisance parameters) and the integrals represent the probabilities for an event to be found
in bin 4. In the analysis below, we will use 8 = (05, 0p, bio) to denote all of the nuisance
parameters; the signal normalization s;,; is not, an adjustable parameter but rather is fixed to

the value predicted by the nominal signal model.
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In addition to the measured n histograms we might perform further subsidiary measurements
that will help us to constrain the nuisance parameters. For example, one may select a control
sample where one expects mainly background events and from them construct a histogram of
some chosen kinematic variable. This gives a set of values m = (my, ..., myy), for the number
of entries in each of the M bins. Then, the expectation value of m; can be written as in the

following equation where the u; are calculable quantities depending on the parameters 6:
E[mz] = ul(O) (11.4)

These subsidiary measurements are often used to provide information on the background nor-

malization parameter and also on signal and background shape parameters.

If we consider that n; follows a Poisson distribution with mean value ps; + b; , the binned like-
lihood function is written as the product of these Poisson probabilities to observe n; events in a
given bin ¢ (and the same Poisson hypothesis to be valid also for the subsidiary measurements

m;), for all bins :

N _ M m
L(p,0) = H (s +b;)"™ +' 3)" e~ (nsjtb;) H U e (11.5)
=1 fm1 T

In general, s and b are affected by systematic uncertainties (theoretical and experimental),
that are treated as nuisance parameters 6 so that signal and background expectations become
functions of them s(€) and b(9).

Taking into account the nuisance parameters, the best one-dimensional test-statistic (in the
sense of maximum power and due to its known asymptotic properties, as discussed later) for

investigating a hypothesized value of 1 is the profile likelihood ratio :

M) = 29 (116)

In the above equation, the 6 denotes the value of @ that maximizes L for the specified i, i.e., itis
the conditional maximum-likelihood (CMLE) estimator of @ (also reffered to as “profiled value”
of ). Also, the denominator is the maximized (unconditional) likelihood function, meaning

that i and 0 are fixed to the values of their maximum likelihood estimators (MLE).

The loss of information about 1 due to the systematic uncertainties is reflected in the presence
of the nuisance parameters that broaden the profile likelihood as a function of yu relative to

what one would have if their values were fixed.
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From equation 11.6 one can see that 0 < A < 1, with A near 1 implying good agreement
between the data and the hypothesized value of 1. As a basis of a statistical test, it is convenient
to use the test-statistic :

ty = —2lnA(p) (11.7)

The t,, stands as a measure of discrepancy between data and the given hypothesis, with higher

values of ¢,, indicating greater incompatibility between them.

To quantify the level of disagreement we calculate the p-value :

Pu = / ftulp)dt, (11.8)

tu,obs
where ¢, b5 is the value of the statistic observed from the data and f(¢,|x) denotes the pdf of

t,, under the assumption of the signal strength (.

If one assumes that the presence of a new signal can only increase the mean event rate beyond
what is expected from background alone, the signal process necessarily has /i > 0. When
a model like this is valid, if we find data that have ji < 0 then the best level of agreement
between the data and any physical value of i occurs for 4 = 0. So we define a modified profile

likelihood ratio as:

—=, >0
3 L(f1, 6)
Ap) = ) (11.9)
L(u,{’(u)) Q<0
L(0,6(0))

where 6(0) and @(y) stand for the conditional MLE of @ given a strength parameter as 0 and
1 respectively.

And as a result the test-statistic becomes :

—2In ——=, 1 >0
3 8 L(f1,0)
t, = —2n\(p) = . (11.10)
L(0,6(0))
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11.2.2 Test-Statistic for discovery

An special case of the statistic ¢,, described above is used to test # = 0 in a model where we
assume 4 > 0. In order to discover new signal, we have to reject the ;1 = 0 hypothesis. For
this important case we use the special notation ¢y = tg [117]. Using the equation 11.10 with

1 = 0 one finds :

—2In\0), A>0

qo (11.11)

0, <0

where \(0) is derived from equation 11.6. If f(go|0) denotes the pdf of the statistic gp under
assumption of the background-only (© = 0) hypothesis, the corresponding p-value is :

po = / £(q010)dgo (11.12)
q

0,0bs
11.2.3 Test-Statistic for setting upper limits

In order to establish an upper limit on the strength parameter p, we consider the test statistic

[117]:

du = (11.13)

0, pa>p

Data with i > p represent less compatibility with p than the data obtained, and therefore
this is not taken as part of the rejection region of the test (the test statistic becomes 0). Also,
from the definition of the test statistic one sees that higher values of ¢, represent greater

incompatibility between the data and the hypothesized value of p.

If f(qu|p) is the pdf of g, assuming the hypothesis 4, the corresponding p-value for the case

of setting upper limits becomes :

Du = / f(gulp)dg, (11.14)

qu,0bs

When one considers models for which ¢ > 0, A(u) follows 11.9 and the alternative test-

statistic becomes :



133

—2In , <0
olnA(p), A<p L(0, A(O))
S5 — L 2) .
qu —2ln (“le(f‘)), 0<i<p (11.15)
0, a>p

11.2.4 x? Approximation for the distribution of profile likelihood ratio

Let’s now consider a statistical test of the strength parameter y, which here can either be zero
(for discovery) or nonzero (for an upper limit). If we suppose the data are distributed according
to a strength parameter i , the distribution f(g,|x) is given by Wald [118], who showed that
for the case of a single parameter of interest :

n)2

—2In\(p) = W + O(1/VN) (11.16)

In the above equation /i follows a Gaussian distribution with mean 1" and standard deviation
o (fi ~ Gaussz’an(,u/, 0)). A possible way to estimate ¢ is from the covariance matrix of the
estimators for all the parameters, where here the 6; represent both i as well as the nuisance
parameters . In the large-sample limit (where we neglect the O(1/+/N ), the bias of ML es-
timators in general tend to zero, so the standard deviation calculated by the inverse of the

covariance matrix that is created from the nuisance parameters :

 __pg 9%InL
H=H 6918%

] (11.17)

Taking into account that [i is Gaussian distributed and the O(1/ N') term in 11.16 is neglected,
then one can show that the statistic ¢,, follows a non-central chi-square distribution for one

degree of freedom [119] :

1 1
1 1 | —5(VEa+VA)? —=(VEa-VA)
ty = —2n\(u) ~ flt ;A= ———= e 2 +e 2 11.18
where A is the non-centrality parameter and is defined by :
— )2
A=) (11.19)

o2
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From equation 11.18 when replacing y = 1, the test-statistic t,, is simply a chi-square distri-

bution for one degree of freedom , according to the Wilks earlier result [120] :

1
— e tu/? (11.20)

) = = N

The cumulative distribution of ¢, is :

F(tulp) = <f+“ M>+¢<\/ﬂ—”;”>—1 (11.21)

where & is the cumulative distribution of the standard Gaussian (zero mean, unit variance).

So, the special case p = 1 is therefore :

F(tylp) =2®(\/t,) — 1 (11.22)

The p-value of a hypothesized value of y for an observed value ¢, is therefore :

P = 1= Ftuln) = 21 - 9(\/7,) (11.23)

and the corresponding significance is :

Zy =0 (1 -p,) =0 1(20(\/t,) — 1) (11.24)

If the p-value is found below a specified threshold « (often one takes v = 0.05), then the
value of p is said to be excluded at a confidence level (CL) of 1 — .. Here the endpoints of the
interval can be obtained simply by setting p,, = a and solving for x. So, assuming the Wald

approximation 11.16 and using Eq. 11.23 one finds :

Hup/low = fL+ U(I)il(l - 04/2) (11.25)

11.2.4.1 Distribution of ¢ (discovery)

According to Eq. 11.16 , the test-statistic from Eq. 11.11 becomes :

—2inA(0) = p%/0?, >0
qo = (11.26)
0, <0
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where /i follows a Gaussian distribution with mean .’ and standard deviation o. From this one

can show that the pdf of gq for the case of i’ = 0 has the form of a half chi-square distribution
1

or 5)(% which is a mixture of a delta function at zero and a chi-square distribution for one

degree of freedom, with each term having a weight of 1/2 :

1 1

1 1
0) = =8(q0) + = = o0/ 11.27
F(a0l0) = 56(a0) NN (11.27)

and the corresponding cumulative distribution is :
F(q0]0) = (V/q0) (11.28)

So the p-value and the significance for the 1+ = 0 hypothesis are :
po =1— F(ql0),

Zy=®""(1-po) = Vao (11.29)

11.2.4.2 Distribution of ¢, and g, (upper limits)

Assuming the validity of the Wald approximation Eq. 11.16, we can write the test-statistic
used for upper limits, using Eq. 11.13 as:

(n—p)?
= h<p
G = (11.30)
0, a>np

where {1 as before follows a Gaussian distribution, centred about ,u/ with a standard deviation
o. The pdf f(q,|u') is found to be :

(11.31)

flaulu) =@ <“ - ) )+ 5=t

and the corresponding cumulative distribution is :

F(gulp) =@ ( g — L ) (11.32)



136

For the special case that o = 11, the pdf is a half-chi-square distribution :

Flauli) = 3900 + 5 75—

e*Qu/Q

And the corresponding cumulative is :

F(gqulp) = @ (/)

So the p-value and the significance for the ;. = i’ hypothesis are :

pu=1-Flgulp) =1 - 2(/q,),

Zy=0"" (1= pu) = Viu

(11.33)

(11.34)

(11.35)

For a specified threshold « (often one takes o = 0.05), then the value of y is said to be excluded

at a confidence level (CL) of 1 — «. The upper limit on p is the largest y with p,, < «. Here

this can be obtained simply by setting p,, = a and solving for y :

pup = i+ 0@ (1 - a)

(11.36)

If we now consider the case of the alternative test-statistic g,, defined by Eq. 11.15 [117] and

assuming the Wald approximation we find :

2

wo2pp
) 2 A<
—2nA(p), pA<p
~ M2
0, a>p
0, a>p

For the case that y = ,u/ the pdf and the cumulative distribution become :

1 1 1 -
= W2 0 <, < p?/o?
2271 \/Qy g
F(uli) = +0(d,) + .
Qulk) = 50 ) 71(%4_#2/02)2
=2 @) | g > 20

(11.37)

(11.38)
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(\/qu), 0<qu < p?/o?

Faum =4 ., 5 (11.39)
o Gu+1°/o 70> 12)0?
The p-value is :
pu=1—F(qulp) (11.40)
And therefore the significance is :
Vi 0<qu < p?/fo?
Z, = (11.41)
G+ p?fe* > 12/0?

The upper limit on p at confidence level 1 — « is found by setting p, = « and solving for p.
To the extent that the Wald approximation holds, the two statistics g, and g, lead to identical
upper limits :

fup = f1 + 0@ (1 — @) (11.42)

The value given by Eq. 11.42 is also called the C'Lg, p upper limit on the signal strength

parameter L.

11.2.5 Asymptotic approximation
11.2.5.1 Definition of Asimov dataset and basic concepts

In general, a crucial element of the statistical method involves the estimation of the median
significance by replacing the simulated datasets by a single representative one, called the “Asi-
mov” dataset. The latter is an artificial dataset where all the parameters are fixed to their
expected values. This asymptotic approximation is really important because the generation
of signal+background Monte Carlo pseudo-experiments under the assumption of the signal
strength y is not practical from a computational point of view due to high CPU demand; one
should generate more than 107 pseudo-experiments to achieve a 5o level of certainty, that

corresponds to a p-value of 2.85 x 10~7 [121].

If we define the expected number of events (;) in the i-th bin given a 1" signal strength value
from 11.2:
vi = 11 si(0) + bi(6) (11.43)
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We let 6y = u represent the strength parameter, so that here 6; can stand for any of the
parameters. The ML estimators for the parameters can be found by setting the first derivatives
of InL with respect to all of the parameters equal to zero. Using 11.5 this happens if the Asimov

data, n; 4 and m; 4 , are equal to their expectation values:

N M
dlnL n; dv; m; ou;
— A LN —
26, Z;<y >aej+z;<ui >aej 0 =

= 1=

nia = Eng = vi = i 5:(0) + b;(0) (11.44)

and

)

Using the Asimov dataset one can evaluate the “Asimov likelihood” L 4 and the corresponding

profile likelihood ratio A4 [117]:

>
D

. LA(:uﬂ _ LA(M? )
M= 08) ~ Lalil0) (1149

where the estimators for the parameters are equal to their hypothesized values (i = p' and

6 = 6) when using an Asimov dataset.

One way of calculating the standard deviation o, is by obtaining the inverse covariance matrix

from equation 11.17 for the Asimov likelihood L 4.

Another method for estimating o is by using equation 11.16, where setting i = 4 for the

Asimov dataset. Then the corresponding test-statistic g, 4 becomes :

Qua = —2lng(p) = ~——5—" (11.46)

And the the variance o2 which characterizes the distribution of /i is given by :

—_ )2
o4 = (=) (11.47)
qu,A
For the case of discovery one tests ;# = 0 and the variance becomes :
2
oy =+ (11.48)
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While in order to find the median exclusion significance for the hypothesis ¢ assuming that

there is no signal, then one has /' = 0 and therefore :

12

i (11.49)
qu,A

o2 =

11.2.5.2 Combination of multiple channels

In many analyses, there can be several search channels which need to be combined f.e. signal
and control regions. For each channel i there is a likelihood function L;(u, 6;); the set of nui-
sance parameters for the ¢ — th channel 6; may be common between channels. If the strength
parameter p is assumed to be the same for all channels and the channels are statistically inde-
pendent (as can usually be arranged) the full likelihood function is written as the product over

all channels :

L(p,0) = [ ] Li(, 03) (11.50)

The profile likelihood ratio is therefore :

(11.51)

When using the Asimov data corresponding to a strength parameter 1, since they contain
no statistical fluctuations, one has i = ul for all channels. In this case, the Asimov profile

likelihood can be written as the product of the corresponding profile likelihood of each channel

CILL6) 17,
Aa(p) = LI, 6) IZIAA,z(M) (11.52)

11.2.5.3 Experimental Sensitivity

In general, we are not interested in the significance obtained from a single data set, but rather
in the expected (median) significance in order to characterize the sensitivity of an experiment.
With the latter we would be able to reject different values of y. For example, for the case
of discovery one would like to know the median significance, under the assumption of the
nominal signal model (# = 1), with which one would reject the background-only (z = 0)
hypothesis. And for the case of setting exclusion limits, the sensitivity is described by the
median significance, assuming data generated using the ¢ = 0 hypothesis, with which one

rejects a nonzero value of y (usually u = 1).

By using an Asimov dataset, in which all statistical fluctuations are suppressed, we obtain a

direct estimate of the experimental sensitivity; median discovery or exclusion significance.
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For the case of discovery using gp, one wants the median discovery significance assuming
a strength parameter £’ and for the upper limits we are interested in the median exclusion
significance assuming ¢ = 0. From Eq. 11.29 and 11.35 the median significance for an

Asimov dataset for the two cases described above are [117] :
med[Zo|p'] = N p/oa , for discovery

med[Z,|0] = \/qua = p/oa , for exclusion limits (11.53)

11.2.5.4 Error bands

By using the Asimov data set we can find the median significance (assuming a signal strength
parameter 1) for rejecting a hypothesized value p. Even if the hypothesized value 1 is correct,
the actual data will contain statistical fluctuations and as a result the observed significance is
not in general equal to the median. Also, it is useful to know by how much the significance is
expected to vary, given the expected fluctuations in the data; thus to calculate error bands for

the median significance.

A convenient method for this estimation is to calculate them as corresponding to the £No
variation of ji. As we have mentioned before, {1 is Gaussian distributed, so these error bands
correspond to the variation of fi of = N¢ about 11 (the + is for N > 0, while the — for N < 0)
[122].

For the case of exclusion limits, when using both the statistic g, as well as g, we found the

same expression for the upper limit at a confidence level of 1 — o, namely in Eq. 11.36, 11.42.

Therefore the median upper limit assuming a strength parameter 1 is found simply by substi-
tuting this for i :
med[uupml] =4 +0d 11— a) (11.54)

And the +=No error bands (also called C'Lg p error bands) are :

bandy, = medpu,ylp] + No = (11.55)
bandyy = pi + (@ (1 —a) = N)

where the the standard deviation o of i can be obtained from the Asimov value of the test

statistic ¢, using Eq. 11.47.
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11.2.5.5 The CLg Technique

In particle physics, CLs represents a statistical method for setting upper limits (also called
exclusion limits) on model parameters, a particular form of interval estimation used for pa-
rameters that can take only non-negative values. It was first introduced by physicists working
at the LEP experiment at CERN and has since been used by many high energy physics exper-
iments. It is a frequentist method in the sense that the properties of the limit are defined by

means of error probabilities.

Suppose now that we define a statistical test that may be carried out for hypothesized values
of ;1, which may be done by computing a p-value, p,,, for each hypothesized p. Those values
not rejected in a test of size « (for which one does not find p, < «), constitute a confidence

interval with confidence level 1 — «.

In general for some regions in the parameter space of the signal model, the predictions from
data are almost indistinguishable from those of the background-only model. This happens
when p is very small, as would occur, f.e, if one searches for a new heavy boson with a mass
so high that its production rate in a given experiment is negligible. In that case when fe.
w1 = 0, & = 0.05 means that 5% of experiments will end up excluding a signal of zero strength.
Although the sensitivity to a model (or a point in a model’s parameter space) might be very low,
it should not be excluded. The CLs method aims to mitigate the problem of excluding models
to which one is not sensitive by effectively penalizing the p-value of a tested parameter by an
amount that increases with decreasing sensitivity [123]. The procedure is based on a statistic

called CLs, which is defined as [121] :

CL
CL, = 2o = =kt
—pm CL

(11.56)

where py, is the p-value of the background-only hypothesis. The C L g upper limit from observed

data is obtained by solving the equation :

Puobs _ (11.57)
1—pp

where using Eq. 11.35 and Eq. 11.32 for =0

CLy=1—py, = F(qo|0) =

CLy, = ® (g _ m) (11.58)

Using Eq 11.47 for the estimation of the variance using an Asimov dataset for the case i’ = 0,

we have :

CLy=1-py = (\/qua — \/Auobs) (11.59)
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Also
Pu,obs = 1- F(q;t,obs“‘) =1- (I)(\/ qM,obs) (11-60)

Finally, we calculate the upper limit on the observed value (i, o5 by solving Eq. 11.57, after
substituting Eq. 11.59 and Eq. 11.60 :

1 — ®(\/jir0bs) . (11.61)
® (\/k — /Tpuobs)

with v/ Qu,0bs = (,Uuppbs - ﬂ)/g and VAau,A = ,UJup,obs/O- .
Similarly, the median or expected C'Lg upper limit is obtained by solving :

Dpewp _ (11.62)
1—pp

Here 1 —pp = 1/2 and pyeop = 1 — @(\/Gua) = 1 — P(tbup,eap/0). So the expected upper

limit on the value of y is :

fup.exp = 0@ (1 — 0.5a) (11.63)

and the No CLg (N : positive or negative) error bands as defined as :

bandyy = o(®7 11 — a®(N)) + N) (11.64)
since
CLy = (\/Gua — \/Tpors) :(g—“;ﬂ):cb(N) (11.65)
for i = No.

Usually oo = 0.05 so we have the 95% CL bands.



Chapter 12

Statistical Framework & Methods for
X - WZ — lvll

In our analysis we implement the ResonanceFinder package [124]; this is based on the HistFac-
tory tool [125], that was developed to build parametrized probability density functions (pdf)
in the RooFit/ RooStats framework [126]. In order to further explain the statistical procedure
followed by our analysis, let us now introduce a slightly different notation for the likelihood

determination that was done in Chapter 11.

12.1 The Likelihood template

First of all, we consider the simple case where we have a single channel (which is a region of the
data defined by a specific event selection) with one signal and one background contribution;
for simplicity we will neglect now the effect of the systematics and we will denote the discrim-
inating variable as z. We denote as S/B and fs(z)/fp(z) the number of signal/backround
events and their corresponding pdfs that describe their “shape”. We also introduce the “signal
strength” parameter  which is otherwise called our “parameter of interest” (POI); 1 = 0 corre-
sponds to the background-only hypothesis while 1+ = 1 corresponds to the signal+background
hypothesis.

We assume that we obtain n events in data where the discriminating variable for the event
e has a value of z., thus the full dataset is denoted as x1, ....., z,,. If we include the Poisson
probability of obtaining n events for S + B expected events and the probability density of
obtaining z. based on the relative mixture fg(x) and fp(z) for a given value of y, we end up

with a probability model known as “marked Poisson model” that is described by the binned

143
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likelihood [125]:

NSfS(xe) + BfB(xe)

ST B (12.1)

L(x1, ..., zp|p) = Pois(n|uS + B) H

ecn

In order to perform a binned analysis using histograms, we use the binned equivalent of the

ig/bkg

probability model above, and denote v/, as the expected number of events for signal/back-

ground in bin with index b. The latter is related to the shape functions fg,p(z) as:

Vl;%’g Vll))kg
Te) = —2 and Te) = —2— 12.2
fslae) = g and fa(eo) = (122)

where b, is the index of the bin containing x. and Ay, is the bin width. If we express the

probability model in terms of individual bins, we have :

9 4 PR
L(np|p) = Pois(ngot|puS + B) 1)57+Bb
bebins K
= Neoms || Pois(npluwy + 1) = (12.3)
bebins
al (M’ﬁfig + l/ll))kg)nb (9 4Pk
L(ng|u) = bl_Il ] e b b

where :

ny, : the total number of observed events in data for each bin b, of NV total number of bins that
exist for each histogram

Ncomp: combinatorial factor that can be neglected since is constant

S =3 icbins V;ig, B =3 chins ngg : the total number of signal and background events in

histogram.

12.2 Constraint terms and Interpolation

In order to incorporate the systematic and statistical uncertainties, the shape and normaliza-
tion variations and also the ability to use multiple signal and background samples, the binned
likelihood function needs to be modified. In that direction we will use the following notations

[125]

e : stands for events,

b : for histogram bins,
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¢ : for channel (a region of data defined by corresponding event selection i.e. our analysis sig-
nal and control regions),

s : for sample (a set of scattering processes that can be added together incoherently since they
interfere quantum mechanically),

nep : for the observed number of events in each bin for each channel,

Vep, - for the expected number of events in a given bin/channel, where v, = V[l))(]jg (0)+ ,uy‘gég (0),
A : for the nuisance parameter related to luminosity (within a given channel this is a common
luminosity parameter for all the samples that include luminosity uncertainty),

0 : for the nuisance parameters used in the model, with N = {¢y} being the unconstrained
normalization factors (including the parameter of interest p and in our analysis), S = {ay}
the systematic uncertainties that have external constraints and I' = {7} the bin-by-bin un-
certainties with constraints (statistical errors, shape systematics and data driven shape extrap-

olations).

The modified likelihood is in the form:

L(nep|p,0) = H H Pois(nep|Veb(Yeb, Ay g, ¢9)) - Constraints(A, vy, a)

cEchannels beEbins

[0 =AU{ag} U{v} U {dp}] (12.4)

First of all, in Eq. 12.4 the constraint factor analyzes in the following terms :
Constraints(X, v, o) = Constraint, () - Constrainty(A) - Constraint, (o)  (12.5)

o The term

Constraint,(y) = H H Pois(mep|Yeb - Teb) (12.6)

cEchannels bEbins

is a Poisson constraint term, where we treat the Monte Carlo as an auxiliary measurement : if

we generated a new Monte Carlo sample, m.;, would fluctuate about v, - 7, Where 7, is the

“true”event rate 7, = (Vé‘g[ ©/64)?% (0 the bin width or total MC statistical uncertainty, ¢

the total number of Monte Carlo events in bin) and .y, is the nuisance parameter reflecting that

the true rate may differ from the MC estimate l/é\g ¢ by some amount. Since we have scaled 7
Mecp . .

(veb = —) to be around 1 (since we assume to have large enough MC samples-that is not
Teb

valid for MC toy generation), me, = Tep = (I/é\g € /64)? accounts for the relative MC statistical

uncertainty.

o The term

Constrainty(\) = Gauss(1|A, AX) (12.7)
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is the luminosity constraint factor that is described by a Gaussian distribution with

A\ = Lfitted jpnominal and A\ being the relative luminosity uncertainty (for our analysis set

as 0.0001).

e And the term

Constrainty(a) = H Gauss(0|ag, 1) (12.8)
ageS+T

stands for the Gaussian constrain of the nuisance parameters «y (0 runs over the full set of
systematic uncertainties). The constrain term acts as an idealized version of the auxiliary mea-
surement, where the observed value should be zero, while the expected will have a mean value
equal to the calculated nominal systematic value and a standard deviation equal to one (¢ = 1)

[127, 128].

Furthermore, in Eq. 12.4 for the expected number of events v, that includes the effect of the
systematic uncertainties, one has to apply an interpolation algorithm to quantify the effect of

these “+10 “variations about the nominal predictions.

First of all, in order to parametrize the variation in the normalization of any sample due to
some systematic effect for a given channel ¢, we introduce the uncertainty 0, (c) with ¢ = 1
representing the nominal and 7%, , up/down (lo) variations, respectively. Then, in order to
parametrize the variation in the normalization & shape of any sample due to the influence of a
systematic source, we introduce the binned uncertainty o sp(c) with 0%, = 1 representing the

nominal and 0’;% o, Up/down (1o) variations, respectively.

Given the above, the expected number of events in each bin (b) in Eq. 12.4 can be written as :

Vcb('chu )\7 Qag, ¢6') =X Yeb - ¢cs(c) : 7705(0) : chb(c) (12'9)

where ¢cs(c) = [[pen o and nes(c) / ocsp(c) the parametrized normalization/shape uncer-
tainties for a given channel c. From the above it is clear that the effect of the systematic ay

gets splitted into the normalization and shape part.

e For the normalization uncertainty 7.s(c), HistFactory performs a piecewise exponential

interpolation method. The normalization uncertainties then become :

Nes(c) = H Iexp(a9§1>77:_a9777§a9) (12.10)
ageS+T
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where

Vnom,@
— tot
Loy = bt o\ o (12.11)
Viot
nom,0 ’
Viot

Vup,G @
Lot ;@ >0

if we denote the total integral in the nominal variation as :

I/;;Zmﬂ =D 22wy (where b € bins in a channel ¢ affected by systematic ap)

and the corresponding total integral of up and down variation of systematic oy are :
{up/down},0 s,{up/down},0
=252 2

Viot

e  For the shape uncertainty o.4,(c), HistFactory performs a piecewise linear interpolation

method. Then the shape uncertainties become :

oesn(€) =D | 0%t Y Lun(a6; 0%, 050, 050,) (12.12)
s ageS+T

0 s,nom

wheretheo g = v} stands for the expected yield if there are no variations from the nominal

and

h,
ap - (ygvup9as ape Vlfvnom) , o Z 0

Ilin - s,nom s,downg,shape
049~<Vb’ — vy o p), ap <0

(12.13)

If we take into account that for each bin and sample which is affected by systematic oy there

s,downg s,upg,shape

is an up fluctuation v;"*"? and a down fluctuation v} in the yield, then the v, /
v, downg,shape 4 re the shape-only variations of o in the b-th bin of channel ¢ for sample s :
Z/nom,@
ypuposhape _ supy Viot (12.14)
b b up,o
Viot
nom,0
l/s,downg,shape _ Vs,dawng . Viot
b — b down,0
Viot

To sum up, in order to insert the systematic effects as continuous nuisance parameters in the
final likelihood, one must provide an interpolation algorithm in order to describe the up and
down variations as well as incorporate constraint terms on the oy to account for the fact that
the uncertainty parameter has been estimated with some uncertainty provided by an auxiliary

measurement.
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12.3 Estimated significance

As we can see from Eq. 12.4 and 12.6, our likelihood model is described as a product of
Poisson distributions that incorporate the systematic uncertainties to the nominal distribution
and also apply a constraint term on the Monte Carlo uncertainty (MC treated as an auxiliary

measurement). This is the so called “Poisson-Poisson "model.

If we consider 1+ = 1 and focus now on a single bin b of a specific channel ¢ and also neglect

the nuisance parameter constraining terms, the full likelihood function that describes both the

primary observed measurement n and the control measurement m is written in the simplified

form of the product of the two corresponding Poisson distributions following 11.5 [129]:
(s+b)"

b m
L(s,b) = me—<s+b>me—7b (12.15)

In the above equation s is the expected number of signal events, b is the expected number of
background events that are measured with some uncertainty, m is the expected number of
background events in a data sample where signal events are believed to be absent and ~y is a
transfer factor relating m and b, where v = b/o2. To find the profile likelihood ratio one needs
the estimators for b and s as well as the conditional estimator for b given a value of s, which

are calculated as [122] :

ntm—(1+9)s+/(n+m—(1+7)s)2 +4(1+7)sm
2(1 +~

)

For the background only hypothesis the significance becomes :

(12.16)

V=2nX(0), §>0 (n>b)
7 — _ - (12.17)
Vo 0, §<0 (n<b)

If we replace in Eq. 12.17 the data values n and m by their expectation values s + b and b to
give the “Asimov “approximation for the median significance and also including the variance

of btobe g% = b/~ we end up with the term :

- ¢ (e[GO0 P )

b2 + (s + b)o? o? b+o?)
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12.4 Pull distributions and impact parameters

In general the pull quantifies how far from its expected value we had to “pull “the parameter
while finding the Maximum Likelihood Estimator (MLE) for it. A healthy fit is when the pull
average is zero with a standard deviation close to 1; if this is not the case, further investigation
is required. The expected value of a nuisance parameter and its assumed standard deviation

will be based on an auxiliary measurement or MC studies.

If we have a random variable x that is generated with a Gaussian distribution of mean p and

width o, then the pull [130]:

g= (12.19)
g

will be distributed as a standard Gaussian with mean 0 and unit width. For hypothesis testing
and parameter estimation, pulls provide evidence for possible existence of biases and allow
the verification of the error coverage. So we calculate the pulls for the systematics () of our

analysis :

— 0y
Aby

pull = (12.20)

where 6 is the maximum likelihood estimated value of the systematic uncertainty, 6y is the
nominal systematic value and A6 is the width of the nominal systematic. The corresponding

error of the pull is given by :
Af

Ao (12.21)

pu”err =
where Af is the MLE error.

The impact of a nuisance parameter 6 f.e. for the case of the p parameter estimation is defined
as [131]:

= = flgg£a0, — fi (12.22)

impact(0) = Ap
where ﬁgoi Af, is the conditional maximum likelihood estimate of the signal strength param-
eter, when we profile every parameter except 8, and set the value of 4 to its expectation value
plus or minus one standard deviation and i is the initially calculated MLE of .. The impact
gives a measure of how much our parameter of interest varies as we change the nuisance pa-
rameter. This is especially helpful for simplifying the fitting procedure, because a nuisance

parameter with low impact may be possibly discarded (or “pruned”).
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12.5 Statistical Treatment of X — W27 — vl

12.5.1 Inputs to the fit

The strategy for the statistical analysis is using a combined profile likelihood fit to binned
discriminant distributions in all categories simultaneously. A binned maximum-likelihood fit
is performed using the reconstructed WZ invariant mass spectrum (myy z), the invariant mass
of the three leptons (1m3¢,), the transverse mass of the WZ system (m:,W Z), the transverse
momentum of the three leptons (p73¢;,), the numerical sum of the transverse momenta of the
three leptons (Sum3Pt) and the two dimensional phase space defined by the invariant mass

of the two jets (m;;) and mTWZ.

Histogram templates of the signal and backgrounds are fitted using the standard package RooSt-
ats called within the ResonanceFinder package. All the decay channels (electron and muon) are
merged together in a single distribution and additionally to the signal region, the control re-
gions for the WZ QCD and the ZZ backgrounds are included. The fit is performed for the
Drell-Yan (¢qF') and V BF signal regions for gqgHV'T, vbf HV'T and vbfG M signals.

The inputs to the fit, for each of the signal regions, are the following:

1. The corresponding distribution in the signal region to fit (mwz, Mm3iep, P131ep m7W Z,

Sum3Pt, mj; and ijZ ).

2. The corresponding distribution in the respective W*Z and ZZ control regions (each SR
has their respective W*Z and ZZ CRs ). For the Drell-Yan category, the ZZ CR is defined by
requiring an extra baseline(pass OLR) lepton and removing the E7***% cut, as already mentioned
in Section 7.2.2.1. For the vbf category, we define the ZZj j CR as the ZZ CR but also requiring
the existence of two vbf jets 7.2.2.2. These control regions are build to be orthogonal to the

signal regions and are used to constrain the main background contributions in SRs using data.

3. The corresponding distributions of the fake-lepton events in each region is obtained with
the data-driven method and the other backgrounds t¢ + V and VV'V are taken from MC sim-

ulations.

The numbers of observed and predicted events in each of these regions are described using
Poisson probability density functions. There are two extra free parameters considered per sig-
nal region in the fit : one normalisation scale for the W= Z and one for the ZZ background; the
other backgrounds from t£ + V and VV'V are allowed to vary in the fit within their respective

uncertainties.

The experimental systematic uncertainties (Chapter A) and the MC statistical uncertainties on

the expected values are included in the fit as nuisance parameters. They are constrained by a
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Gaussian function and a Poissonian function, respectively as discussed in 12.2; correlations

between these parameters are also taken into account.

In addition to the experimental uncertainties, the theory uncertainties are calculated directly
from MC following PMG recommendations, see Section 10. Only the shape component of the
theory uncertainty is considered for backgrounds that have free floating normalization. Also,
pdf and scale uncertainties are not correlated among processes or control regions. Finally, the
fake background is allowed to vary within the uncertainties estimated by the Matrix Method
and the systematic uncertainties that induce changes of less than 1% in the nominal yields are

removed by pruning. Table 10.1 summarizes how the theory uncertainties enter the fit.

The product of the various pdfs forms the likelihood function;the fit maximises it by adjusting

the input parameters and the nuisance parameters described above.

Here we have to mention that the fit may introduce a negative correlation between the three
normalisation scales and as a result the relative uncertainty on the individual contributions
may increase. As a result, the sum of the total background relative uncertainty may then be

smaller than the sum in quadrature of the individual components.

12.5.2 Binning optimization

While performing a statistical analysis, a stable fit template is important to allow for a rea-
sonable uncertainty estimate and to mitigate the risk of strong fluctuations in the background
template; in that case we could have numerical problems in the maximum likelihood estima-
tion. To deal with the above, the analysis team has introduced a binning optimization algorithm

in order to study the sensitivity of our fit to the different binning options.

First of all, we have started with a distribution of the different variables that had a bin width
of 10 GeV and use this as an input to the binning optimization algorithm. The algorithm we
have used takes the input histogram and merges the adjacent bin until the satisfaction of the

conditions described below :

e For the asymptotic approximation to work properly, a minimum number of background
events per bin (10 events) is required.
e In order to avoid bins with large MC uncertainties, the maximum relative background MC

uncertainty to be 0.3 .

Applying the algorithm described above, the optimum binning that has been used for each of

the distribution used in the fit is as it follows :
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Variable Binning
mw z vbfHVT=[0,150,200,250,300,350,400,460,520,650,5000]
vbfGM=[0,150,200,230,270,310,350,390,480,660,5000]
Drell-Yan=[0,150,200,250,300,350,400,450,500,550,600,650,700,750,800,850,900,950,
1010,1080,1160,1280,1480,5000]
m¥Z vbf=[0, 120, 150, 170, 190, 210, 230, 250, 270, 290, 320, 350, 390, 440, 510, 640, 3000]
Drell-Yan=[0, 80, 100, 120, 140, 160, 180, 200, 220, 240, 260, 280, 300, 320, 340, 360, 380,
400,
420, 440, 460, 480, 510, 540, 570, 610, 660, 720, 810, 1010, 3000]
mj; & m¥Z  [500,1500] , medium m}¥Z=[0, 130, 150, 170, 190, 210, 230, 250, 270, 300, 330, 370, 420,
490, 640,3000]
[1500,00] , high m}¥ Z=[0, 160, 200, 240, 300, 400, 3000]
M3lep vbf=[0, 110, 130, 150, 170, 190, 210, 230, 250, 270, 300, 330, 370, 410, 470, 560, 790, 3000]
Drell-Yan=[0, 110, 130, 150, 170, 190, 210, 230, 250, 270, 290, 310, 330, 350, 370, 390,
420,450,
490, 540, 610, 730, 3000]
PT31ep vbf=[0, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 230, 260, 300, 360, 480, 3000]
Drell-Yan=[0, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220, 240, 260, 280, 300, 330,
360, 400,
450, 530, 740, 3000]
Sum3Pt vbf=[0, 120, 140, 160, 180, 200, 220, 240, 260, 280, 310, 340, 380, 430, 500, 660, 3000]

Drell-Yan=[0, 130, 150, 170, 190, 210, 230, 250, 270, 290, 310, 330, 350, 370, 390, 410, 440,
470,
500, 540, 590, 660, 800,3000]

TaBLE 12.1: Summary of the binning used for each variable for the Drell-Yan and VBF regions

To avoid a possible double counting for the two-dimensional fit, we create two separate m;

regions (denoted as medium and high) that each of them is fitted simultaneously with its corre-

sponding m'¥Z distribution, so that is the reason of having two different binnings in the above

Table.
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12.6 Limits and u%%D, 7z estimation

In order to extract the normalization scaling factors for WZ-QCD and ZZ backgrounds, the
postfit yields and distributions, we perform a simultaneous fit with the signal and correspond-

ing control regions with data for the background-only hypothesis (1 = 0) .

Constraints on the production of heavy resonances are derived by repeating the profile like-
lihood fit for the signal-plus-background hypothesis for different signal models, by fitting si-
multaneously the signal and their corresponding control regions. For all different variables,
no significant deviations from the Standard Model predictions have been observed and thus
upper limits on the production cross-section times branching ratio are obtained as a function

of the resonant mass, for Heavy Vector Triplet (HVT) and Georgi-Machechek (GM) models.

Limits, pull, correlation and ranking plots as well as post-fit yields and plots are obtained for
each of the variables of interest, using qqF HVT, vbfHVT and vbfGM signals are given in
Sections 12.6.1, 12.6.2, 12.6.3, 12.6.4, 12.6.5, 12.6.6. The postfit distributions include the total

postfit uncertainty (statistical + systematic).
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12.6.1 mMmwz

12.6.1.1 Drell-Yan

We have calculated the observed and expected 95% C.L. exclusion upper limits with an in-

tegrated luminosity of 139 fb~! on the production cross-section multiplied by the branching

fraction for the signal selections in the in Drell-Yan-enriched category, using the myy z distri-

bution as input to the fit. Masses below 2400 GeV can be excluded for Model A and 2500 GeV

for Model B.

FIGURE 12.1: Observed and expected 95% C.L. exclusion upper limits with an integrated lu-
minosity of 139 fb~! on the production cross-section multiplied by the branching fraction
for the signal selections in the in Drell-Yan-enriched category using the myy z distribution as
input to the fit.Masses below 2400 GeV can be excluded for Model A and 2500 GeV for Model

FIGURE 12.2: Nuisance parameter pulls for the SR+CR fit in the Drell-Yan category for 500 GeV
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No over-constraints are present; some systematics are pulled but within 1o so the fit is consid-
ered as healthy. The cross-section of VV'V +ttV/, the parton shower, pdf and scale uncertainty
for WZQCD, some jet and fake systematics and u%%D have the highest impact on the calcula-

tion of the signal-strength parameter p.
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FIGURE 12.3: Nuisance parameters correlation plot and dominant relative uncertainties in the

signal-strength parameter y (ranking plot) of hypothesized HVT signal production of mass

500 GeV in the Drell-Yan category, assuming that the production cross-sections equal the
expected 95% CL upper limits. The myy z distribution used as input to the fit.



156

> > P
L 10°E
(E 600[— ATLAS  work in progress ¢ \II)VaZ‘-anD (E 0 E ATLAS  work in progress ¢ \[I,vaz‘-aQCD
5 | (5=13TeV,139f " EVYVY B [ fs=13Tev, 13910 " 2z
@ L Postfit WZ-EWK o 10 E Postfit Fake/non-prompt
$ 500[— Drell-Yan SR Fake/non-prompt 5 Fe WZ-QCD Drell-Yan CR I VVVaitv
LI>.| L . e HVT Model A W' 500GeV/5 LI>.I e WZ-EWK
P e HVT Model AW' 1 TeV 1 03 | -
400 e Post-fit Uncertainty E Post-fit Uncertainty
£ 10° ¢
300— ¢ i E
B 10
2000 i E
N E
4 1
100} E -+ ///////////////////
Fa 10° E
0 E L ~ E, ‘ i | —
£ 14 £ a4
S 12 2 4 or
g 2p 4l g "L
s WA I i e
a v a Yo
0.6— 0.6— *
£ 14F £ 1ar
¢ 1A ¢ 2 .
2 1 = 1
2 o8t 2 oa8f
0.6 0.6
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
My [GeV] my; [GeV]
3
& 10* = ATLAS  work in progress ¢ 2;"
3 {5=13 TeV, 139 1o ' S
@ Postfit WZ-QCD
§ ZZ Drell-Yan CR Fake/non-prompt
w WZ-EWK
C e Post-fit Uncertainty

T ‘\|\_t‘w L L L

R

107

1.4
1.2

0.8
0.6
14
1.2

Data/Postfit

b %Jf////)(/////////////////////////////////

Prefit/Postfit

0.8
0.6

500 1000 1500 2000 2500 3000
my,, [GeV]

FIGURE 12.4: The postfit invariant mass distributions of the Drell-Yan SR +CR and ZZ CR are

shown. The ratio panel in the middle shows the ratio Data/Postfit background, the postfit

uncertainties are shown as shaded area. The panel on the bottom shows the Prefit/Postfit
ratio.



157

p2P 1 0.884 + 0.084
pzz | 1102 +0.053

TaBLE 12.2: Scaling factors for the floating normalization for WZQCD and ZZ in simultaneous
Drell-Yan W Z SR/CR and ZZ CR fit with data, using the myy 7 distribution as input to the
fit for the 500 GeV mass point.

Drell-Yan SR

WZEW 89.35 £ 9.77
WZQCD 1734.81 £ 77.09

77 95.27 £5.2

Fakes 88.28 £ 49.3
VVV+ttV 146.94 £ 27.17
Total Expected Background | 2154.66 + 71.39

Observed 2155

TaBLE 12.3: Expected and observed postfit yields in the Drell-Yan signal region, using

the myy z distribution as input to the fit. Yields and uncertainties are evaluated after a

background-only fit to the data using the simultaneous fit of the Drell-Yan SR, WZ-QCD and

Z Z Drell Yan CRs. The uncertainty on the total background estimate can be smaller than the

quadratic sum of the individual background contributions due to anti-correlations between
the estimates of different background sources.
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12.6.1.2 vbfHVT

We have estimated the observed and expected 95% C.L. exclusion upper limits with an inte-
grated luminosity of 139 fb~! on the production cross-section multiplied by the branching
fraction for the signal selections in the in vbf-enriched category, for vbfHVT signals using the
myy z distribution as input to the fit. Masses below 370 GeV can be excluded for model with

gven =1 and 480 GeV can be excluded for model with gy c = 1.5.
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FIGURE 12.5: Observed and expected 95% C.L. exclusion upper limits with an integrated lu-

minosity of 139 fb~! on the production cross-section multiplied by the branching fraction

for the signal selections in the in vbf-enriched category for vbfHVT signals using the myy
distribution as input to the fit.
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FIGURE 12.6: Nuisance parameter pulls for the SR+CR fit in the vbf category for 500 GeV
vbfHVT mass point using the myy 7 distribution as input to the fit.

No over-constraints are present; some systematics are pulled but within 1o so the fit is con-

sidered as healthy. The p1 7, cross-section of VV'V + ¢tV ,some jet systematics, the WZ-EWK
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scale uncertainty and the WZ-QCD parton shower and scale uncertainties have the highest

impact on the calculation of the signal-strength parameter .
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FIGURE 12.7: Nuisance parameters correlation plot and dominant relative uncertainties in the

signal-strength parameter y (ranking plot) of hypothesized HVT signal production of mass

500 GeV in the vbf category, assuming that the production cross-sections equal the expected
95% CL upper limits. The myy 7 distribution used as input to the fit.
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paP 10774 +0.217

pzz | 1.079 £ 0.267

TABLE 12.4: Scaling factors for the floating normalization for WZQCD and ZZ in simultaneous
vbf W*Z SR/CR and ZZjj CR fit with data for vbfHVT signals, using the myy 7 distribution
as input to the fit for the 500 GeV mass point.

vbf SR

WZEW 100.46 £ 10.58

WZQCD 210.5 £+ 24.23

77 26.35 £ 4.41

Fakes 13.84 + 4.56

VVV+ttV 31.13 £ 6.62
Total Expected Background | 382.27 + 22.01

Observed 381

TaBLE 12.5: Expected and observed postfit yields in the vbf signal region for vbfHVT signals,

using the myyz distribution as input to the fit. Yields and uncertainties are evaluated after

a background-only fit to the data using the simultaneous fit of the vbf SR, vbf CR and ZZjj

CR. The uncertainty on the total background estimate can be smaller than the quadratic sum

of the individual background contributions due to anti-correlations between the estimates of
different background sources.
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12.6.1.3 vbfGM

We have calculated the observed and expected 95% C.L. exclusion upper limits with an in-
tegrated luminosity of 139 fb~! on the production cross-section multiplied by the branching
fraction for the signal selections in the in vbf-enriched category for GM signals using the my 7
distribution as input to the fit. Limits are also calculated for the theory parameter sin (6 ). The
shaded region shows where the theoretical intrinsic width of the resonance would be larger

than 5% or 10% of the mass.
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FIGURE 12.9: Observed and expected 95% C.L. exclusion upper limits with an integrated lu-

minosity of 139 fb~! on the production cross-section multiplied by the branching fraction

for the signal selections in the in vbf-enriched category for GM signals using the myy 7 dis-

tribution as input to the fit. Limits are also calculated for the theory parameter sin(6y). The

shaded region shows where the theoretical intrinsic width of the resonance would be larger
than 5% or 10% of the mass.

No over-constraints are present; some systematics are pulled but within 1o so the fit is con-
sidered as healthy. The WZ-QCD pdf uncertainty, the 7z, the cross-section of VV'V + ttV,
the WZ-EWK scale uncertainty and some jet systematics have the highest impact on the cal-

culation of the signal-strength parameter p.



163

Hiixeq = 000

11zZ teoy . D
L7 QO0ZM 1eol

HSSAAZM 9[e9S”GODZM_AloayL
HOSEAZM 9[e2s” QODZM Aloeu]
HUSSIAZM _gsd_aoDZM_AIoayL
HOSEAZM_gsd gODZM_AoauL
HSSEAZM 91e0s_MIZM _A10ay |
HOSEAZM 0[e2s MIZM _Aloou]
HSSEAZM 2sd_M3IzZM AioayL
"OSEAZM 2sd M3ZM AioeuL
4SYLYA MHd _

OHH V11I9YS NONW

Svigs3d VLLIOYS NONW

LLLLLLLL]

SAS 0034 443 NONW
L¥Y1S 003" 343 NONW
SAS OSI 443 NONW
2[E0S SUIHOS 1IN
diodosoy 1HOS_IIN
BIBdOoSaY SIHOS 1IN
Aysouiwny
ABojodo | oyy ~dnajd 13ar

wis g dnajid”13r

Wi 11591/ dNOAIOBYT | 1ar
9_dNoAIOdY3 Y3 13N

3130

7 uebi3 433 14
ou_am_m 443 14
1 _g_uabl

SieigHOoYe] 13

__|uoposuiogselg 44

_|HOONN_SNTd_HOOdN V101 0%9H 443 13
_|HOONN_SN1d_HOQdN}_1V1OL 08I 443 13
_|HOONN"SN1d HOOdN} Tv1OL @l 443 13
i

TV 3OS B3
1V NOILNTOS3d D3

ov /(% -

___av

Nuisance parameter pulls for the SR+CR fit in the vbf signal and control regions

for 500 GeV GM mass point using the myy z distribution as input to the fit.

FIGURE 12.10



164

ATLAS work in progress

EL_EFF_IG_TOTAL_1NPCOR_PLUS_UNCOR

JET Eialmemamrannn Moaslling
JET| Eia\mer['ailkrallnn TormiSia
T Flavor_Compasi

JET_ER EiEcnvENP_?restTelm
JET Pilews Crisethlu
JET Filesn GrisetiPy
JET Pileup RhoTs
inosiy

Lumi
MET SoftTrk_Scala
EFF_I1S0_SYS
MUON EFF HECD SVS

Theary WZEW_p Eiaaoh
Tharry EEW ot WEVBSCR
Theory WZEW scale WZVESSR
Theory WZGCD_nsz WZVESCR
Theory, WZGCE ped WZVESEH

Theory WZQCD scale WZVBSG

Theory WZCCD mnvzvassk

|Inal_WZQC'D
|Ius|_22:u

_HII\II\IIII\II\II\IIII\II\II\II

fs=13 TeV, 139fb™

g

velP 2

velP_3

velP a4

velP 5

velP &

sponse

JET_JER_Data¥sMC_MC16

iposition

JET_Flavor_Re:

JET_Flavor_Com

gen_Light_0
ioeation_TotalStat
fectivelP_1

JET_EffectveP_1

fect
et

JET_JER_Effect

et

JET_JER_E
JET_JER_EffectveNP_TrestTerm

FT_EFF_Ei

FF_fakeCRS1ats

JET_JER_Effect

JET_JER_Ef

FF_BiasCorrection

3
=
p
H

JET_JER_E!

JET_JER_E

EL_EFF_ID_TOTAL 1NPCOR_PLUS_UNCOR

ATLAS workin progress
{s=13 TeV, 139.0fb"

- Pileup,_Offsetilu
JET_Pileup_ClisetNPY
eun_ RhoTopoioy

JET_Pil
JET_Pil

Luminosity

MET_SoftTrk_Scale

-

flaat 22 L1

MUON_EFF_RECO_SYS

PRW_DATASF
float_WZ2CD_L1

MUON_EFF_ISO_SYS
s2 WZVBSSR
X8y

scale WEVBSSR

seale WEVBSCR

D_scale WZVBSSR

Theory WZEW _p:

Theory W20CD scale WZVESCR :.

Theary_WZOCD._ps2_W2VBSCR
Theory_WZQOD_ps2_W2VBSSA

Theary WZEW
Theary_WZEW

Theory_W200H

Theory_WZQCD_pdi_WZVBSSR

JET_Flavor_Composition

float_ZzZ_L1
Theory WZEW scale WZVBSSR

XS_Vwy
Theory_ WZQCD_ps2_WZVBSSR
Theory_WZQCD_scale_WZVBSSR
FF_fakeCRStats

Theory WZEW_ps2_WZVBSSR

Luminosity

JET_Etalntercalibration_Modelling

JET_Pileup_OffsetNPV
JET_Pileup_OffsetMu
EG_SCALE ALL
MUON_EFF_ISO_SYS

EL_EFF_ID_TOTAL_1NPCOR_PLUS_UNCOR

Theory_WZQCD_ps2_WZVBSCR

JET_EffectiveNP_1

JET_Pileup_RhaTopology

Theory_WZQCD_scale_ WZVBSCR

-2

FIGURE 12.11: Nuisance parameters correlation plot and dominant relative uncertainties in

the signal-strength parameter p (ranking plot) of hypothesized GM signal production of mass

500 GeV in the vbf category, assuming that the production cross-sections equal the expected
95% CL upper limits. The myy z distribution used as input to the fit.



165

20

¢ Data
Wz-QCD
WZ-EWK
I VYtV
zz

Fake/non-prompt
Post-fit Uncertainty

3 F + Data 3 10°E
(0] [ ATLAS work in progress Wz-QCD o E ATLAS workin progress
o | =] F :
5 1207~ (513 Tev, 13910 et 5 [ (5=13Tev, 1391 "
) I Postfit 2z )  Postfit
S  VBF SR Fake/non-prompt & 102 = WZ-QCD VBF CR
L|>.I 100—e VBF H; 375GeV L|>.I E
C L. e VBF H; 600GeV F ..
C Post-fit Ui taint S S P
C 22 Pos! ncertainty 7*‘11@ N
80— “# N
C 10 ?/ wiiii i
60— £
B -
C 1=
40— E
4(/ =

107 ‘
cl i ot E\|\\|\|v‘|\l|\|\l\|
£ 14 E 14
g 274 l | l | £ 12 /i /i,/ |
£ #WH‘ ! f T %0; /{///////////// T
° 8::1 © osF
£ 14F £ 1ar
§ 120 § 122
E 0.8F z:’ 0.8F
0.6 0.6
200 400 600 800 1000 1200 200 400 600 800 1000 1200
My [GeV] my[GeV]
>
8 3_ ATLAS  work in progress ¢ ‘Z);"
8 '0E GeraTev, 139 S
@ r Postfit Wz-acb
§ - ZZVBFCR Fake/non-prompt
O g2 WZ-EWK
E “ Post-fit Uncertainty
oy
02
’
1=
10";
E, G . | ‘
£ 14
S 12 )
[a] -O
0.6
£ 14F
o 12
= 1
& o8
0.6

FIGURE 12.12: The postfit invariant mass distributions of the vbf SR +CR and ZZjj CR for GM
signals fit are shown. The ratio panel in the middle shows the ratio Data/Postfit background,
the postfit uncertainties are shown as shaded area. The panel on the bottom shows the Pre-

500

1000 1500 2000 2500 3000
my,, [GeV]

fit/Postfit ratio.



166

p2P 1 0.767 +0.209

pzz | 1.078 £ 0.264

TABLE 12.6: Scaling factors for the floating normalization for WZQCD and ZZ in simultaneous
vbf W*Z SR/CR and ZZjj CR fit with data for GM signals, using the my 7 distribution as
input to the fit for the 500 GeV mass point.

vbf SR
WZEW 100.9 + 10.48
WZQCD 210.19 £+ 24
77 26.52 £ 4.46
Fakes 13.91 + 4.61
VVV+ttV 30.86 £ 6.65
Total Expected Background | 382.38 £ 22.08
Observed 381

TaBLE 12.7: Expected and observed postfit yields in the vbf signal region for GM signals,

using the myyz distribution as input to the fit. Yields and uncertainties are evaluated after

a background-only fit to the data using the simultaneous fit of the vbf SR, vbf CR and ZZjj

CR. The uncertainty on the total background estimate can be smaller than the quadratic sum

of the individual background contributions due to anti-correlations between the estimates of
different background sources.
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Wz
12.6.2 m,
12.6.2.1 Drell — Yan

We have calculated the observed and expected 95% C.L. exclusion upper limits with an in-
tegrated luminosity of 139 fb~! on the production cross-section multiplied by the branching
fraction for the signal selections in the in Drell-Yan-enriched category using the mW¥# distri-
bution as input to the fit. Masses below 2100 GeV can be excluded for Model A and 2250 GeV
for Model B.
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FIGURE 12.13: Observed and expected 95% C.L. exclusion upper limits with an integrated
luminosity of 139 fb~! on the production cross-section multiplied by the branching fraction
for the signal selections in the in Drell-Yan-enriched category using the m'¥'# distribution as
input to the fit.Masses below 2100 GeV can be excluded for Model A and 2250 GeV for Model
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FIGURE 12.14: Nuisance parameter pulls for the SR+CR fit in the Drell-Yan category for 500
GeV mass point using the m¥Z distribution as input to the fit.
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No over-constraints are present; some systematics are pulled but within 1o so the fit is consid-
ered as healthy. The WZ QCD scale uncertainty, the cross-section of VV'V + ¢V, the energy
scale EG_.SCALE_ALL systematic, the ugv%D and some jet systematics have the highest im-

pact on the calculation of the signal-strength parameter (.
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FIGURE 12.15: Nuisance parameters correlation plot and dominant relative uncertainties in the

signal-strength parameter y (ranking plot) of hypothesized HVT signal production of mass

500 GeV in the Drell-Yan category, assuming that the production cross-sections equal the
expected 95% CL upper limits. The m» # distribution used as input to the fit.
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FIGURE 12.16: The postfit WZ transverse mass distributions of the Drell-Yan SR +CR and ZZ CR

are shown. The ratio panel in the middle shows the ratio Data/Postfit background, the postfit

uncertainties are shown as shaded area. The panel on the bottom shows the Prefit/Postfit
ratio.
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poP 0933 +0.111

pzz | 1.086 + 0.066

TaBLE 12.8: Scaling factors for the floating normalization for WZQCD and ZZ in simultaneous
Drell-Yan W*Z SR/CR and ZZ CR fit with data, using the m»Y'# distribution as input to the
fit for the 500 GeV mass point.

Drell-Yan SR
WZEW 89.89 £ 9.78
WZQCD 1732.74 £ 63.62
77 94.62 £ 6.07
Fakes 85.16 £ 29.16
VVV+ttV 153.54 £ 25.55
Total Expected Background | 2155.95 &+ 80.32
Observed 2155

TaBLE 12.9: Expected and observed postfit yields in the Drell-Yan signal region, using

the m)V# distribution as input to the fit. Yields and uncertainties are evaluated after a

background-only fit to the data using the simultaneous fit of the Drell-Yan SR, WZ Drell-

YanCR and ZZ CR. The uncertainty on the total background estimate can be smaller than the

quadratic sum of the individual background contributions due to anti-correlations between
the estimates of different background sources.
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12.6.2.2 vbfHVT

We have calculated the observed and expected 95% C.L. exclusion upper limits with an in-
tegrated luminosity of 139 fb~! on the production cross-section multiplied by the branching
fraction for the signal selections in the in vbf-enriched category for vbfHVT signals, using the
mIW Z distribution as input to the fit. Masses below 380 GeV can be excluded for model with
gvern = 1, 480 GeV can be excluded for model with gy cpr = 1.5 and 640 GeV can be excluded

for model with gy cy = 2.
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FIGURE 12.17: Observed and expected 95% C.L. exclusion upper limits with an integrated

luminosity of 139 fb~! on the production cross-section multiplied by the branching fraction

for the signal selections in the in vbf-enriched category for vbfHVT signals using the m}¥ #
distribution as input to the fit.
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FIGURE 12.18: Nuisance parameter pulls for the SR+CR fit in the vbf category for 500 GeV
vbfHVT mass point using the m/}¥ Z distribution as input to the fit.
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No over-constraints are present; some systematics are pulled but within 1o so the fit is consid-
ered as healthy. The uzz, ,ugv%D, cross-section of VV'V +ttV, the WZ-QCD and the WZ-EWK

scale uncertainty have the highest impact on the calculation of the signal-strength parameter

L.
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FIGURE 12.19: Nuisance parameters correlation plot and dominant relative uncertainties in the

signal-strength parameter y (ranking plot) of hypothesized HVT signal production of mass

500 GeV in the vbf category, assuming that the production cross-sections equal the expected
95% CL upper limits. The m}¥# distribution used as input to the fit.
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shows the Prefit/Postfit ratio.
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pSP 1 0734 +0.197

tizz | 1.002 + 0.237

TaBLE 12.10: Scaling factors for the floating normalization for WZQCD and ZZ in simultane-
ous vbf W*Z SR/CR and ZZjj CR fit with data for vbfHVT signals, using the m}¥# distribu-
tion as input to the fit for the 500 GeV mass point.

vbf SR

WZEW 102.55 £ 11.1
WZQCD 209.39 £ 24.33

77 26.45 £ 4.43

Fakes 14.24 £+ 4.89

VVV+ttV 30.68 £ 6.62

Total Expected Background | 383.3 & 23.29

Observed 381

TaBLE 12.11: Expected and observed postfit yields in the vbf signal region for vbfHVT signals,

using the mY¥'Z distribution as input to the fit. Yields and uncertainties are evaluated after

a background-only fit to the data using the simultaneous fit of the vbf SR, vbf CR and ZZjj

CR. The uncertainty on the total background estimate can be smaller than the quadratic sum

of the individual background contributions due to anti-correlations between the estimates of
different background sources.
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12.6.2.3 vbfGM

We have calculated the observed and expected 95% C.L. exclusion upper limits with an in-
tegrated luminosity of 139 fb~! on the production cross-section multiplied by the branching
fraction for the signal selections in the in vbf-enriched category for GM signals using the m7W z
distribution as input to the fit. Limits are also calculated for the theory parameter sin (6 ). The
shaded region shows where the theoretical intrinsic width of the resonance would be larger

than 5% or 10% of the mass.
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FIGURE 12.21: Observed and expected 95% C.L. exclusion upper limits with an integrated lu-

minosity of 139 fb~! on the production cross-section multiplied by the branching fraction

for the signal selections in the in vbf-enriched category for GM signals using the m}¥'# dis-

tribution as input to the fit. Limits are also calculated for the theory parameter sin(6y). The

shaded region shows where the theoretical intrinsic width of the resonance would be larger
than 5% or 10% of the mass.

No over-constraints are present; some systematics are pulled but within 1o so the fit is consid-
ered as healthy. The p1z 7, cross-section of VV'V +ttV, the WZ-QCD scale and parton shower
uncertainty and the WZ-EWK scale uncertainty have the highest impact on the calculation of

the signal-strength parameter p.



176

gy = 0.00

1127 veoy_ D
11-400ZM teol
AAN SX

HSSAAZM_9[e0s 77 _Aloay .
HOSHAZM_9[eos 77 Aoay [
HSSAAZM Jpd 77" Aoay |
HOSIAZM Ipd 77 Aioayl
HSSEAZM _9[e0S”gODZM _AloauL
HOSEAZM 9[e2s GOOZM, Aloou]
HSSAAZM_2sd_adDZM Aoy

OHY VLLI9VS NONW
SvI18S3H VL1IOVS NONW
SN NONW

arNonW -

SAS 0034 443 NONW

B[edS WINOS 1IN

dledosey 3I1HOS 13N
Bledosay MILYoS 1IN
Aysouiwny _
ABojodooyy dnajg 13
wislid dnejid 131

AdNIsRO dnailg 13r

npiesyo dneid 130
uie 1501, dNOMIDBYT YIr 1ar

€_dNoAOOl3 Y3 130
¢_dNeanoay3 y3r 130

L dNoABOd)g Y3r L3r

9LOW OWSAereq y3r 13r
astiodsdy JoAeld 3¢
uopisodwo) JoARId 13p
JeIS[elo | UoNeIqIEDSBIUIeIT 13
BulljopOly_uoneIqIIesduIes (30

HOONN_SN1d_HOJdNL_1V10L 0S| 443 13
HOONN SNId "OOdNL V1Ol al 443 13
1Iv_31v0S 53

Nuisance parameter pulls for the SR+CR fit in the vbf cayegory for 500 GeV GM

FIGURE 12.22

mass point using the mY'Z distribution as input to the fit.



177

ATLAS work in progress

G SCALE ALL
EL_EFF_ID_TOTAL NPCOR PLLS CNEOR
FF_ BiasCoeraction
FF_fakeCHASTats
FT_EfF E Lo 0
JET_E Ll
JET_Etalnercalibeation Meih
JET | E|a\mercannfallnn TotalStal
voe_Compasition
“JET Flaor esponss
JET_JER DaIaMG MOTE
JET_JER_EffectiveP 1

JETJEREffectiveliF &
JET.. JEF! EiEcwe'NP_?restTelm
it o
il tl
JET_Pliaup, e'ﬂﬁ o
Iy

MET. SaitTrk Scala
155 _S!

Theory_WZEW scale WZVBSCR
Theory_WZEW scale_ WZ\"ESSH
ZOCD. TWZVI

_lIHIIHIIHIIHIIIII

fs=13 TeV, 139fb™

0.8
0.6
0.4
0.2

-0.2
0.4
-0.6
0.8

Luminosity

MET_SoftTrk_Scale

MUON_EFF_RECO_SYS

MUON_EFF_IS0O_SYS

PRI _DATASF

-

flaat 2Z L1

saale WZVESCR
HIWY

scale_WRVBSSA

)
=1
g
=

D_scale WZVBSSR

Theory W20CD_pdi WZVESCR
Theary WZOCD pat W2VBSSA
Theary_WZOCD._ps2_W2VBSCR
Theory_WZQOD_ps2_W2VBSSA

Theory_WZ0CD_scale_wavasch [T

Theary WZEW
Theary_WZEW

Theory_WZCCH

Theoif” W SC
Theory WooC0 et WAVEESR
Theory WZGHL, pe2 WEVBSCR
ey, WIOCE bt WEVBSSH
Theory ZGCD,_stale WAYSSCRA
Theory WEGGD scale WEVESSH
float WZOGD L
fioai 2211 N 5 e e e v
JIEEc PREEE MoTm@eEdS
IEERCOTEE Soaasaa 2L F
Ora Rz 9 EEEss 25 2
ngu:;,ugsﬁ ,umwmmu“&ug_
45 FEEE PSRN N EE
Ea0 g=LESEE =5
CENE SR RE R F N Y R
oz d s ¥ P OIILuTS e g%
Bty p EEd e 258 8
st LS SEEEEES 2 5
3 4 AE e 2 e 3 S S B e
g & FEEoYLEoEEEE ¥y
z EEl oYUyl of
o fao 4 E
= =g .
8 oy E
o
\
u!
&
&
=
a
ATLAS Wwork in progress
1
Ys=13 TeV, 139.0fb"

-0.02
T

XS_ VWV

Theory WZEW scale WZVBSSR
Theory WZQCD_ps2_WZVBSSR
Theory WZQGCD_scale WZVBSSR
float_ZZ_L1

PRW_DATASF
JET_Flaver_Compasition
Theory_WZQCD_scale_WZVBSCR
Theory_WZQCD_pdi_WZVBSSR
Luminosity

JET_EffectiveNP_1
EG_SCALE_ALL

float WZQCD_L1
EL_EFF_ID_TOTAL_1NPCOR_PLUS_UNCOR
JET_Pileup_OffsetMu
JET_Etaintercalibration_Modelling
FF_fakeCRStats
MUON_EFF_ISO_SYS

MET_SoftTrk_ResoPerp

JET JER_EffectiveNP_1

-2

Ty

(0-6,)/c

FIGURE 12.23: Nuisance parameters correlation plot and dominant relative uncertainties in

the signal-strength parameter p (ranking plot) of hypothesized GM signal production of mass

500 GeV in the vbf category, assuming that the production cross-sections equal the expected
95% CL upper limits. The m}¥'Z distribution used as input to the fit.
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pSP 1 0734 +0.197

tizz | 1.002 + 0.237

TaBLE 12.12: Scaling factors for the floating normalization for WZQCD and ZZ in simultane-
ous vbf W*Z SR/CR and ZZjj CR fit with data for GM signals, using the mV'# distribution
as input to the fit for the 500 GeV mass point.

vbf SR

WZEW 102.55 £ 11.1
WZQCD 209.39 £ 24.33

77 26.45 £ 4.43

Fakes 14.24 £+ 4.89

VVV+ttV 30.68 £ 6.62

Total Expected Background | 383.3 & 23.29

Observed 381

TaBLE 12.13: Expected and observed postfit yields in the vbf signal region for GM signals,

using the mY¥'Z distribution as input to the fit. Yields and uncertainties are evaluated after

a background-only fit to the data using the simultaneous fit of the vbf SR, vbf CR and ZZjj

CR. The uncertainty on the total background estimate can be smaller than the quadratic sum

of the individual background contributions due to anti-correlations between the estimates of
different background sources.
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12.6.3 m)Z4&my;
12.6.3.1 vbfHVT

We have calculated the observed and expected 95% C.L. exclusion upper limits with an in-
tegrated luminosity of 139 fb~! on the production cross-section multiplied by the branching
fraction for the signal selections in the in vbf-enriched category for vbfHVT signals using the
mgy Z and m;; distributions as inputs to the fit. Masses below 400 GeV can be excluded for
model with gycyg = 1, 500 GeV can be excluded for model with gy cy = 1.5 and 650 GeV can

be excluded for model with gy cpy = 2.

10

ATI.'_AS v‘mrk in |‘)rogress‘ —I Obss:'vsd 95%I cL uppe‘r limit
— — - Expected 95% CL upper limit
[ Expected limit (+15)
VBF Signal Region [ | Expected limit (+20)
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FIGURE 12.25: Observed and expected 95% C.L. exclusion upper limits with an integrated

luminosity of 139 fb~! on the production cross-section multiplied by the branching fraction

for the signal selections in the in vbf-enriched category for vbfHVT signals using the mY¥#

and m;; distributions as inputs to the fit.

No over-constraints are present; some systematics are pulled but within 1o so the fit is consid-
ered as healthy. The cross-section of VV'V +tV, uzz, u%%D and the WZ-EWK and WZ-WCD

scale uncertainties have the highest impact on the calculation of the signal-strength parameter

.
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FIGURE 12.27: Nuisance parameters correlation plot and dominant relative uncertainties in the
signal-strength parameter p (ranking plot) of hypothesized HVT signal production of mass
500 GeV in the vbf category, assuming that the production cross-sections equal the expected

95% CL upper limits. The m}¥#

and m;; distributions are used as inputs to the fit.
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p2 P 1 0.698 +0.159

pizz | 1.315+0.322

TABLE 12.14: Scaling factors for the floating normalization for WZQCD and ZZ in simultane-
ous vbf W*Z SR/CR and ZZjj CR fit with data for vbfHVT signals, using the m}¥ Zand m,;
distributions as inputs to the fit for the 500 GeV mass point.

medium m;; vbf SR | high m;; vbf SR
WZEW 63.51 £ 5.97 32.18 £ 3.69
WZQCD 192.98 £ 19.86 24.09 +4.23
77 25.66 £ 5.5 43 4+ 0.96
Fakes 13.93 £+ 4.42 1.31£ 0.91
VVV+ttV 24.56 £5.33 472 +1
Total Expected Background 320.64 £ 20.17 66.61 £ 6.04
Observed 324 57

TaBLE 12.15: Expected and observed postfit yields in the vbf signal region for vbfHVT sig-

nals, using the m}¥# and m;; distributions as inputs to the fit. Yields and uncertainties are

evaluated after a background-only fit to the data using the simultaneous fit of the vbf SR, vbf

CR and ZZjj CR. The uncertainty on the total background estimate can be smaller than the

quadratic sum of the individual background contributions due to anti-correlations between
the estimates of different background sources.
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12.6.3.2 vbfGM

We have calculated the observed and expected 95% C.L. exclusion upper limits with an in-
tegrated luminosity of 139 fb~! on the production cross-section multiplied by the branching
fraction for the signal selections in the in vbf-enriched category for vbfGM signals using the

mY? and m;; distributions as inputs to the fit. Limits are also produced for the sin(fy)

parameter.
= e —
% . ATLAS work in progress Observed 95% CL upper limit
% 10 g 1atev [Lat-139m® —_. Expected 95% CL upper limit
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FIGURE 12.29: Observed and expected 95% C.L. exclusion upper limits with an integrated
luminosity of 139 fb~! on the production cross-section multiplied by the branching fraction
for the signal selections in the in vbf-enriched category for vbfGM signals using the m¥'#
and m,; distributions as inputs to the fit. Limits are also produced for the sin(fy) parameter.

No over-constraints are present; some systematics are pulled but within 1o so the fit is consid-
ered as healthy. The p1z 2, the cross-section of VV'V + ttV, the WZ-EWK and WZ-QCD scale
uncertainties and some jet systematics and have the highest impact on the calculation of the

signal-strength parameter p.
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FIGURE 12.31: Nuisance parameters correlation plot and dominant relative uncertainties in
the signal-strength parameter p (ranking plot) of hypothesized GM signal production of mass
500 GeV in the vbf category, assuming that the production cross-sections equal the expected

95% CL upper limits. The m}¥#

and m;; distributions are used as inputs to the fit.
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FiGURE 12.32: The postfit WZ transverse mass distributions of the vbf SR +CR and
CR are shown for vbfGM signals fit; they correspond to the medium/high m;; regions
([500,1500]/[1500,00]), as defined for the fit. The ratio panel in the middle shows the ratio
Data/Postfit background, the postfit uncertainties are shown as shaded area. The panel on the

bottom shows the Prefit/Postfit ratio.
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p2 P 1 0.698 +0.159

pizz | 1.315+0.322

TaBLE 12.16: Scaling factors for the floating normalization for WZQCD and ZZ in simultane-
ous vbf W*Z SR/CR and ZZjj CR fit with data for vbfGM signals, using the m¥ “and m,;
distributions as inputs to the fit for the 500 GeV mass point.

medium m;; vbf SR | high m;; vbf SR
WZEW 63.51 £ 5.97 32.18 £ 3.69
WZQCD 192.98 £ 19.86 24.09 +4.23
77 25.66 £ 5.5 43 4+ 0.96
Fakes 13.93 £+ 4.42 1.31 £ 0.91
VVV+ttV 24.56 £5.33 472 +1
Total Expected Background 320.64 £ 20.17 66.61 £ 6.04
Observed 324 57

TaBLE 12.17: Expected and observed postfit yields in the vbf signal region for vbfGM signals,

using the m'¥'# and m;; distributions as inputs to the fit. Yields and uncertainties are eval-

uated after a background-only fit to the data using the simultaneous fit of the vbf SR, vbf

CR and ZZjj CR. The uncertainty on the total background estimate can be smaller than the

quadratic sum of the individual background contributions due to anti-correlations between
the estimates of different background sources.
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12.6.4 mgiep
12.6.4.1 Drell — Yan

We have calculated the observed and expected 95% C.L. exclusion upper limits with an in-
tegrated luminosity of 139 fb~! on the production cross-section multiplied by the branching
fraction for the signal selections in the in Drell-Yan-enriched category using the ms;,,, distri-
bution as input to the fit. Masses below 2100 GeV can be excluded for Model A and 2200 GeV
for Model B.
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FIGURE 12.33: Observed and expected 95% C.L. exclusion upper limits with an integrated
luminosity of 139 fb~! on the production cross-section multiplied by the branching fraction
for the signal selections in the in Drell-Yan-enriched category using the mg,, distribution as
input to the fit. Masses below 2100 GeV can be excluded for Model A and 2200 GeV for Model
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FIGURE 12.34: Nuisance parameter pulls for the SR+CR fit in the Drell-Yan category for 500
GeV mass point using the mg,¢, distribution as input to the fit.
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No over-constraints are present; some systematics are pulled but within 1 or 2¢ so the fitis con-
sidered as healthy. The WZ-QCD pdf and scale uncertainty, the cross-section of VV'V + ttV,
the u%%D and the Jet_Flavor_Response systematic have the highest impact on the calculation

of the signal-strength parameter p.
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FIGURE 12.35: Nuisance parameters correlation plot and dominant relative uncertainties in the

signal-strength parameter y (ranking plot) of hypothesized HVT signal production of mass

500 GeV in the Drell-Yan category, assuming that the production cross-sections equal the
expected 95% CL upper limits. The mg;.,, distribution used as input to the fit.
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FIGURE 12.36: The postfit invariant mass of the three leptons of WZ decay distributions of
the Drell-Yan SR/CR and ZZ CR are shown. The ratio panel in the middle shows the ratio
Data/Postfit background, the postfit uncertainties are shown as shaded area. The panel on the

bottom shows the Prefit/Postfit ratio.
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p2P 1 0.859 +0.078
pizz | 1.066 £ 0.063

TaBLE 12.18: Scaling factors for the floating normalization for WZQCD and ZZ in simultane-
ous Drell-Yan W*Z SR/CR and ZZ CR fit with data, using the mg, distribution as input to
the fit for the 500 GeV mass point.

Drell-Yan SR
WZEW 91.71 £ 6.2
WZQCD 1764.17 £ 59.86
77 92.94 £5.79
Fakes 46.98 £+ 27.35
VVV+ttV 158 + 30.38
Total Expected Background | 2153.8 £ 68.73
Observed 2155

TaBLE 12.19: Expected and observed postfit yields in the Drell-Yan signal region, using

the mgyep distribution as input to the fit. Yields and uncertainties are evaluated after a

background-only fit to the data using the simultaneous fit of the Drell-Yan SR, WZ QCD Drell-

Yan CR and ZZ CR. The uncertainty on the total background estimate can be smaller than the

quadratic sum of the individual background contributions due to anti-correlations between
the estimates of different background sources.
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12.6.4.2 vbfHVT

We have calculated the observed and expected 95% C.L. exclusion upper limits with an in-
tegrated luminosity of 139 fb~! on the production cross-section multiplied by the branching
fraction for the signal selections in the in vbf-enriched category for vbfHVT signals using the
m3ep distribution as input to the fit. Masses below 340 GeV can be excluded for model with
gvern = 1,500 GeV can be excluded for model with gy cpr = 1.5 and 650 GeV can be excluded

for model with gy cy = 2.
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FIGURE 12.37: Observed and expected 95% C.L. exclusion upper limits with an integrated

luminosity of 139 fb~! on the production cross-section multiplied by the branching fraction

for the signal selections in the in vbf-enriched category for vbfHVT signals using the mg;ep
distribution as input to the fit.
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FiGURE 12.38: Nuisance parameter pulls for the SR+CR fit in the vbf category for 500 GeV
vbfHVT mass point using the mg;,, distribution as input to the fit.
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No over-constraints are present; some systematics are pulled but within 1o so the fit is con-
sidered as healthy. The 1177, WZ-EWK pdf and scale uncertainties, the WZ-QCD scale uncer-
tainty, the cross-section of VV'V + ¢tV and the JET Flavor_composition systematic have the

highest impact on the calculation of the signal-strength parameter .
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FIGURE 12.39: Nuisance parameters correlation plot and dominant relative uncertainties in the

signal-strength parameter y (ranking plot) of hypothesized HVT signal production of mass

500 GeV in the vbf category, assuming that the production cross-sections equal the expected
95% CL upper limits. The mg;.,, distribution used as input to the fit.
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FIGURE 12.40: The postfit invariant mass of the three leptons of WZ decay distributions of

the vbf SR +CR and ZZjj CR are shown for vbfHVT signals fit. The ratio panel in the middle

shows the ratio Data/Postfit background, the postfit uncertainties are shown as shaded area.
The panel on the bottom shows the Prefit/Postfit ratio.
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p2P 1 0.804 4+ 0.109

zz | 1.056+0.24

TaBLE 12.20: Scaling factors for the floating normalization for WZQCD and ZZ in simultane-
ous vbf W*Z SR/CR and ZZjj CR fit with data for vbfHVT signals, using the msz;.,, distribu-
tion as input to the fit for the 500 GeV mass point.

vbf SR

WZEW 98.98 £ 12.98

WZQCD 215.03 + 245

77 26.56 £ 4.24

Fakes 13.25 + 4.07

VVV+ttV 31.07 £ 6.5
Total Expected Background | 384.89 + 23.78

Observed 381

TaBLE 12.21: Expected and observed postfit yields in the vbf signal region for vbfHVT signals,

using the ms;,, distribution as input to the fit. Yields and uncertainties are evaluated after

a background-only fit to the data using the simultaneous fit of the vbf SR, vbf CR and ZZjj

CR. The uncertainty on the total background estimate can be smaller than the quadratic sum

of the individual background contributions due to anti-correlations between the estimates of
different background sources.



198

12.6.4.3 vbfGM

We have calculated the observed and expected 95% C.L. exclusion upper limits with an in-
tegrated luminosity of 139 fb~! on the production cross-section multiplied by the branching
fraction for the signal selections in the in vbf-enriched category for GM signals using the m3;c,,
distribution as input to the fit. Limits are also calculated for the theory parameter sin (6 ). The
shaded region shows where the theoretical intrinsic width of the resonance would be larger

than 5% or 10% of the mass.
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FIGURE 12.41: Observed and expected 95% C.L. exclusion upper limits with an integrated lu-

minosity of 139 fb~! on the production cross-section multiplied by the branching fraction

for the signal selections in the in vbf-enriched category for GM signals using the mg;e;, dis-

tribution as input to the fit. Limits are also calculated for the theory parameter sin(6y). The

shaded region shows where the theoretical intrinsic width of the resonance would be larger
than 5% or 10% of the mass.

No over-constraints are present; some systematics are pulled but within 1o so the fit is consid-
ered as healthy. The WZ-EWK pdf and scale uncertainties, the pz 7, the JET_Flavor_Composition,
the WZ-QCD scale uncertainty and the cross-section of VV'V + ttV have the highest impact

on the calculation of the signal-strength parameter p.
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FIGURE 12.43: Nuisance parameters correlation plot and dominant relative uncertainties in

the signal-strength parameter p (ranking plot) of hypothesized GM signal production of mass

500 GeV in the vbf category, assuming that the production cross-sections equal the expected
95% CL upper limits. The ms;., distribution used as input to the fit.
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FIGURE 12.44: The postfit invariant mass of the three leptons from the WZ decay distributions

of the vbf SR +CR and ZZjj CR for GM signals fit are shown. The ratio panel in the middle

shows the ratio Data/Postfit background, the postfit uncertainties are shown as shaded area.
The panel on the bottom shows the Prefit/Postfit ratio.
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p2P 1 0.804 4+ 0.109

zz | 1.056+0.24

TaBLE 12.22: Scaling factors for the floating normalization for WZQCD and ZZ in simultane-
ous vbf W*Z SR/CR and ZZjj CR fit with data for GM signals, using the ms,.,, distribution
as input to the fit for the 500 GeV mass point.

vbf SR

WZEW 98.98 £ 12.98

WZQCD 215.03 + 245

77 26.56 £ 4.24

Fakes 13.25 + 4.07

VVV+ttV 31.07 £ 6.5
Total Expected Background | 384.89 + 23.78

Observed 381

TaBLE 12.23: Expected and observed postfit yields in the vbf signal region for GM signals,

using the ms;,, distribution as input to the fit. Yields and uncertainties are evaluated after

a background-only fit to the data using the simultaneous fit of the vbf SR, vbf CR and ZZjj

CR. The uncertainty on the total background estimate can be smaller than the quadratic sum

of the individual background contributions due to anti-correlations between the estimates of
different background sources.
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12.6.5 pTsiep

12.6.5.1 Drell — Yan

We have calculated the observed and expected 95% C.L. exclusion upper limits with an in-

tegrated luminosity of 139 fb~! on the production cross-section multiplied by the branching

fraction for the signal selections in the in Drell-Yan-enriched category using the p7%;,,, distri-

bution as input to the fit. Masses below 1850 GeV can be excluded for Model A and 2000 GeV

for Model B.

FIGURE 12.45: Observed and expected 95% C.L. exclusion upper limits with an integrated
luminosity of 139 fb~! on the production cross-section multiplied by the branching fraction
for the signal selections in the in Drell-Yan-enriched category using the pT3;., distribution as
input to the fit. Masses below 1850 GeV can be excluded for Model A and 2000 GeV for Model

FIGURE 12.46: Nuisance parameter pulls for the SR+CR fit in the Drell-Yan category for 500
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No over-constraints are present; some systematics are pulled but within 1o so the fit is consid-

ered as healthy. The WZ-QCD scale uncertainty, the ,u%%D and the cross-section of VV'V +tV

have the highest impact on the calculation of the signal-strength parameter .
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FIGURE 12.47: Nuisance parameters correlation plot and dominant relative uncertainties in the

signal-strength parameter y (ranking plot) of hypothesized HVT signal production of mass

500 GeV in the Drell-Yan category, assuming that the production cross-sections equal the
expected 95% CL upper limits. The pT%;., distribution used as input to the fit.
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FIGURE 12.48: The postfit transverse momentum of the three leptons of WZ decay distributions
of the Drell-Yan SR +CR and ZZ CR are shown. The ratio panel in the middle shows the ratio
Data/Postfit background, the postfit uncertainties are shown as shaded area. The panel on the



206

p2P 1 0.9540.103

pzz | 1.106 £ 0.061

TABLE 12.24: Scaling factors for the floating normalization for WZQCD and ZZ in simultane-
ous Drell-Yan W*Z SR/CR and ZZ CR fit with data, using the pT3;,, distribution as input to
the fit for the 500 GeV mass point.

Drell-Yan SR
WZEW 89.85 £ 4.26
WZQCD 1782.21 £ 60.42
77 95.84 £ 5.72
Fakes 47.49 4+ 2491
VVV+ttV 140.59 £ 22.8
Total Expected Background | 2155.98 £ 66.39
Observed 2155

TaBLE 12.25: Expected and observed postfit yields in the Drell-Yan signal region, using

the pT3ep distribution as input to the fit. Yields and uncertainties are evaluated after a

background-only fit to the data using the simultaneous fit of the Drell-Yan SR/CR and ZZ

CR. The uncertainty on the total background estimate can be smaller than the quadratic sum

of the individual background contributions due to anti-correlations between the estimates of
different background sources.
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12.6.5.2 vbfHVT

We have calculated the observed and expected 95% C.L. exclusion upper limits with an in-
tegrated luminosity of 139 fb~! on the production cross-section multiplied by the branching
fraction for the signal selections in the in vbf-enriched category for vbfHVT signals using the

p13¢p distribution as input to the fit. Masses below 450 GeV can be excluded for model with

gvcy = 1.5.
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FIGURE 12.49: Observed and expected 95% C.L. exclusion upper limits with an integrated

luminosity of 139 fb~! on the production cross-section multiplied by the branching fraction

for the signal selections in the in vbf-enriched category for vbfHVT signals using the pT5;c,
distribution as input to the fit.
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FIGURE 12.50: Nuisance parameter pulls for the SR+CR fit in the vbf category for 500 GeV
vbfHVT mass point using the pT%;., distribution as input to the fit.
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No over-constraints are present; some systematics are pulled but within 1o so the fit is consid-
ered as healthy. The pz 7, ,u%%D and some jet systematic uncertainties have the highest impact

on the calculation of the signal-strength parameter .
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FIGURE 12.51: Nuisance parameters correlation plot and dominant relative uncertainties in the

signal-strength parameter y (ranking plot) of hypothesized HVT signal production of mass

500 GeV in the vbf category, assuming that the production cross-sections equal the expected
95% CL upper limits. The pT5;., distribution used as input to the fit.
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FIGURE 12.52: The postfit transverse momentum of the three leptons of WZ decay distributions
of the vbf SR +CR and ZZjj CR are shown for vbfHVT signals fit. The ratio panel in the middle
shows the ratio Data/Postfit background, the postfit uncertainties are shown as shaded area.

The panel on the bottom shows the Prefit/Postfit ratio.
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p2P 1 0.808 + 0.094

wzz | 1.099 £0.187

TaBLE 12.26: Scaling factors for the floating normalization for WZQCD and ZZ in simul-
taneous vbf W*Z SR/CR and ZZjj CR fit with data for vbfHVT signals, using the pT5c,
distribution as input to the fit for the 500 GeV mass point.

vbf SR
WZEW 97.68+ 8.98
WZQCD 220.3 £+ 18.77
77 24.35 £ 3.86
Fakes 18.78 £ 6.06
VVV+itV 26.98 £ 5.81
Total Expected Background | 388.1 & 21.75
Observed 381

TaBLE 12.27: Expected and observed postfit yields in the vbf signal region for vbfHVT signals,

using the pT5;., distribution as input to the fit. Yields and uncertainties are evaluated after

a background-only fit to the data using the simultaneous fit of the vbf SR, vbf CR and ZZjj

CR. The uncertainty on the total background estimate can be smaller than the quadratic sum

of the individual background contributions due to anti-correlations between the estimates of
different background sources.
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12.6.5.3 vbfGM

We have calculated the observed and expected 95% C.L. exclusion upper limits with an in-
tegrated luminosity of 139 fb~! on the production cross-section multiplied by the branching
fraction for the signal selections in the in vbf-enriched category for GM signals using the pT3,,
distribution as input to the fit. Limits are also calculated for the theory parameter sin (6 ). The
shaded region shows where the theoretical intrinsic width of the resonance would be larger

than 5% or 10% of the mass.
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FIGURE 12.53: Observed and expected 95% C.L. exclusion upper limits with an integrated lu-

minosity of 139 fb~! on the production cross-section multiplied by the branching fraction

for the signal selections in the in vbf-enriched category for GM signals using the pT3;;, dis-

tribution as input to the fit. Limits are also calculated for the theory parameter sin(6y). The

shaded region shows where the theoretical intrinsic width of the resonance would be larger
than 5% or 10% of the mass.

No over-constraints are present; some systematics are pulled but within 1o so the fit is consid-
ered as healthy. The pz 7, M%%D and some jet systematic uncertainties have the highest impact

on the calculation of the signal-strength parameter .
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FIGURE 12.55: Nuisance parameters correlation plot and dominant relative uncertainties in

the signal-strength parameter p (ranking plot) of hypothesized GM signal production of mass

500 GeV in the vbf category, assuming that the production cross-sections equal the expected
95% CL upper limits. The pT%;., distribution used as input to the fit.
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p2P 1 0.808 + 0.094

wzz | 1.099 £0.187

TaBLE 12.28: Scaling factors for the floating normalization for WZQCD and ZZ in simultane-
ous vbf W*Z SR/CR and ZZjj CR fit with data for GM signals, using the pT%;,, distribution
as input to the fit for the 500 GeV mass point.

vbf SR
WZEW 97.68 £ 8.98
WZQCD 220.3 £+ 18.77
77 24.35 £ 3.86
Fakes 18.78 £ 6.06
VVV+itV 26.98 £ 5.81
Total Expected Background | 388.1 & 21.75
Observed 381

TaBLE 12.29: Expected and observed postfit yields in the vbf signal region for GM signals,

using the pT5;., distribution as input to the fit. Yields and uncertainties are evaluated after

a background-only fit to the data using the simultaneous fit of the vbf SR, vbf CR and ZZjj

CR. The uncertainty on the total background estimate can be smaller than the quadratic sum

of the individual background contributions due to anti-correlations between the estimates of
different background sources.
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12.6.6 Sum3Pt

12.6.6.1 Drell — Yan

We have calculated the observed and expected 95% C.L. exclusion upper limits with an in-

tegrated luminosity of 139 fb~! on the production cross-section multiplied by the branching

fraction for the signal selections in the in Drell-Yan-enriched category using the Sum3Pt dis-

tribution as input to the fit. Masses below 2200 GeV can be excluded for Model A and 2300

GeV for Model B.

FIGURE 12.57: Observed and expected 95% C.L. exclusion upper limits with an integrated
luminosity of 139 fb~! on the production cross-section multiplied by the branching fraction
for the signal selections in the in Drell-Yan-enriched category using the Sum3Pt distribution
as input to the fit. Masses below 2200 GeV can be excluded for Model A and 2300 GeV for

FIGURE 12.58: Nuisance parameter pulls for the SR+CR fit in the Drell-Yan category for 500
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No over-constraints are present; some systematics are pulled but within 1o so the fit is consid-

ered as healthy. The cross-section of VV'V + ttV, the WZ-QCD scale uncertainty, ,ug/%D, the

PRW_DATASF and the FF_fakeCRStats uncertainties have the highest impact on the calculation
of the signal-strength parameter p.
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FIGURE 12.59: Nuisance parameters correlation plot and dominant relative uncertainties in the

signal-strength parameter y (ranking plot) of hypothesized HVT signal production of mass

500 GeV in the Drell-Yan category, assuming that the production cross-sections equal the
expected 95% CL upper limits. The Sum3Pt distribution used as input to the fit.
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FIGURE 12.60: The postfit sum of the transverse momenta of the three leptons of WZ decay
distributions of the Drell-Yan SR +CR and ZZ CR are shown. The ratio panel in the middle
shows the ratio Data/Postfit background, the postfit uncertainties are shown as shaded area.
The panel on the bottom shows the Prefit/Postfit ratio.
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p2 P 1 0.885 4+ 0.099

pizz | 1.094 +0.066

TaBLE 12.30: Scaling factors for the floating normalization for WZQCD and ZZ in simultane-
ous Drell-Yan W*Z SR/CR and ZZ CR fit with data, using the Sum3Pt distribution as input
to the fit for the 500 GeV mass point.

Drell-Yan SR

WZEW 90.12 £ 6.32
WZQCD 1749.14 £ 65.81

77 94.8 £+ 6.01

Fakes 80.94 £+ 32.35

VVV+ttV 142.28 + 26.33

Total Expected Background | 2157.29 =+ 68.5

Observed 2155

TaBLE 12.31: Expected and observed postfit yields in the Drell-Yan signal region, using the

Sum3Pt distribution as input to the fit. Yields and uncertainties are evaluated after a

background-only fit to the data using the simultaneous fit of the Drell-Yan SR/CR and ZZ

CR. The uncertainty on the total background estimate can be smaller than the quadratic sum

of the individual background contributions due to anti-correlations between the estimates of
different background sources.
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12.6.6.2 vbfHVT

We have calculated the observed and expected 95% C.L. exclusion upper limits with an in-
tegrated luminosity of 139 fb~! on the production cross-section multiplied by the branching
fraction for the signal selections in the in vbf-enriched category for vbfHVT signals using the
Sum3 Pt distribution as input to the fit. Masses below 320 GeV can be excluded for model with
gveg = 1 and 480 GeV can be excluded for model with gy-cpr = 1.5.

10

ATLAS work in progress Observed 95% CL upper limit
5=13TeV | Ldt=139 pt ——" Expected 95% CL upper limit
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FIGURE 12.61: Observed and expected 95% C.L. exclusion upper limits with an integrated

luminosity of 139 fb~! on the production cross-section multiplied by the branching fraction

for the signal selections in the in vbf-enriched category for vbfHVT signals using the Sum3 Pt
distribution as input to the fit.
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FIGURE 12.62: Nuisance parameter pulls for the SR+CR fit in the vbf category for 500 GeV
vbfHVT mass point using the Sum3 Pt distribution as input to the fit.

No over-constraints are present; some systematics are pulled but within 1o so the fit is con-

sidered as healthy. The WZ-QCD scale and pdf shower uncertainties, the cross-section of
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VVV +ttV and some jet systematics have the highest impact on the calculation of the signal-

strength parameter p.
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FIGURE 12.63: Nuisance parameters correlation plot and dominant relative uncertainties in the

signal-strength parameter y (ranking plot) of hypothesized HVT signal production of mass

500 GeV in the vbf category, assuming that the production cross-sections equal the expected
95% CL upper limits. The Sum3Pt distribution used as input to the fit.
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FIGURE 12.64: The postfit sum of the transverse momenta of the three leptons of WZ decay
distributions of the vbf SR +CR and ZZjj CR are shown for vbfHVT signals fit. The ratio panel
in the middle shows the ratio Data/Postfit background, the postfit uncertainties are shown as
shaded area. The panel on the bottom shows the Prefit/Postfit ratio.
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p2 P 1 0.823 +0.104

zz | 1.022+0.213

TaBLE 12.32: Scaling factors for the floating normalization for WZQCD and ZZ in simulta-
neous vbf W*Z SR/CR and ZZjj CR fit with data for vbfHVT signals, using the Sum3Pt
distribution as input to the fit for the 500 GeV mass point.

vbf SR
WZEW 99.81 £ 10.18
WZQCD 212.06 + 23.56
77 253 +4.19
Fakes 18.53 £ 6.45
VVV+ttV 29 £ 6.41
Total Expected Background | 384.7 £ 23.27
Observed 381

TaBLE 12.33: Expected and observed postfit yields in the vbf signal region for vbfHVT signals,

using the Sum3 Pt distribution as input to the fit. Yields and uncertainties are evaluated after

a background-only fit to the data using the simultaneous fit of the vbf SR, vbf CR and ZZjj

CR. The uncertainty on the total background estimate can be smaller than the quadratic sum

of the individual background contributions due to anti-correlations between the estimates of
different background sources.
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12.6.6.3 vbfGM

We have calculated the observed and expected 95% C.L. exclusion upper limits with an inte-
grated luminosity of 139 fb~! on the production cross-section multiplied by the branching
fraction for the signal selections in the in vbf-enriched category for GM signals using the
Sum3Pt distribution as input to the fit. Limits are also calculated for the theory parame-
ter sin(0p). The shaded region shows where the theoretical intrinsic width of the resonance

would be larger than 5% or 10% of the mass.
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FIGURE 12.65: Observed and expected 95% C.L. exclusion upper limits with an integrated

luminosity of 139 fb~! on the production cross-section multiplied by the branching fraction

for the signal selections in the in vbf-enriched category for GM signals using the Sum3Pt

distribution as input to the fit. Limits are also calculated for the theory parameter sin(6y ).

The shaded region shows where the theoretical intrinsic width of the resonance would be
larger than 5% or 10% of the mass.

No over-constraints are present; some systematics are pulled but within 1o so the fit is consid-
ered as healthy. The WZ-QCD scale uncertainty, the cross-section of VV'V +ttV, JET Flavor_Composition,
the FF_fakeCRStats and p 77 have the highest impact on the calculation of the signal-strength

parameter f.
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FIGURE 12.67: Nuisance parameters correlation plot and dominant relative uncertainties in

the signal-strength parameter p (ranking plot) of hypothesized GM signal production of mass

500 GeV in the vbf category, assuming that the production cross-sections equal the expected
95% CL upper limits. The Sum3Pt distribution used as input to the fit.
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FIGURE 12.68: The postfit sum of the transverse momenta of the three leptons from the WZ

decay distributions of the vbf SR +CR and ZZjj CR for GM signals fit are shown. The ratio

panel in the middle shows the ratio Data/Postfit background, the postfit uncertainties are
shown as shaded area. The panel on the bottom shows the Prefit/Postfit ratio.
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p2 P 1 0.823 +0.104

zz | 1.022+0.213

TABLE 12.34: Scaling factors for the floating normalization for WZQCD and ZZ in simultane-
ous vbf W+ Z SR/CR and ZZjj CR fit with data for GM signals, using the Sum3 Pt distribution
as input to the fit for the 500 GeV mass point.

vbf SR
WZEW 99.81 £ 10.19
WZQCD 212.06 + 23.56
77 253 +4.19
Fakes 18.53 £ 6.45
VVV+ttV 29 £ 6.41
Total Expected Background | 384.7 £ 23.27
Observed 381

TaBLE 12.35: Expected and observed postfit yields in the vbf signal region for GM signals,

using the Sum3 Pt distribution as input to the fit. Yields and uncertainties are evaluated after

a background-only fit to the data using the simultaneous fit of the vbf SR, vbf CR and ZZjj

CR. The uncertainty on the total background estimate can be smaller than the quadratic sum

of the individual background contributions due to anti-correlations between the estimates of
different background sources.
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12.7 Results

12.7.1 Drell-Yan expected and observed limits comparison

When we compare the limits obtained with different variables for the Drell-Yan category, al-
though in general the invariant mass of the WZ system (myyz) seems to be the best for lim-
its setting,for masses below around 1100 GeV (800 GeV) for the observed (expected) case the
transverse mass of the WZ system (m!Y?) gives almost equivalent results. A more detailed

comparison of the limits obtained using each variable is described in Tables E.1 and E.2 in

Appendix E.
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FIGURE 12.69: Observed (up) and expected (bottom) limits comparison using different variables
as an input to the likelihood fit for the Drell-Yan category.
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12.7.2 vbfHVT expected and observed limits comparison

When we compare the limits obtained with different variables for the vbf HV'T category, the
invariant mass of the WZ system (myyz) seems to be the best for limits setting, up to a mass
of around 1000 GeV for the expected limits; above that mass the transverse mass of the WZ
system (mgy Z), the invariant mass of the three leptons(m3ep), the 2-dimensional fit with mYW z
& m; and the sum of the transverse momenta (Sum3Pt) of the three leptons (above 1150 GeV)
give better limits for the expected limits case. For the observed limits, up to a mass of around
700 GeV the 2-dimensional fit with m}¥'Z & m; appear to give better results than the nominal
mwz. On the other hand, for masses above 1200 GeV mgicp, ij Z and Sum3Pt provide

better limits as well. A more detailed comparison of the limits obtained using each variable is

described in Tables E.3 and E.4 in Appendix E.
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FIGURE 12.70: Observed (up) and expected (bottom) limits comparison using different variables
as an input to the likelihood fit for the vbf HV'T category.
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12.7.3 vbfGM expected and observed limits comparison

When we compare the limits obtained with different variables for the vbfGM category, the
invariant mass of the WZ system (myyz) seems to be best for limits setting up to a mass of
around 280 GeV (360 GeV) for the observed (expected) limits case; above that mass point the
transverse mass of the WZ system (mgy %) in two dimensional fit with the invariant mass of
the two jets (m;;) and the transverse mass of the WZ system (m:,W Z) provide better results. A
more detailed comparison of the limits obtained using each variable is described in Tables E.5

and E.6 in Appendix E.
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FIGURE 12.71: Observed (up) and expected (bottom) limits comparison using different variables
as an input to the likelihood fit for the vbfG M category.
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We also compare the limits obtained with different variables for the vbfGM category for the
sinfy parameter. The invariant mass of the WZ system (myyz) seems to be best for limits
setting up to a mass of around 300 GeV (360 GeV) for the observed (expected) limits case;
above that mass point the transverse mass of the WZ system (mgy Z) in two dimensional fit
with the invariant mass of the two jets (m ;) and the transverse mass of the WZ system (mW %)

T
provide better results.
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FIGURE 12.72: Observed (up) and expected (bottom) limits comparison using different variables
as an input to the likelihood fit for the vbfG M category for the sinfy parameter.
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12.7.4 Comparisons of M%CZD/ pzz for the 500 GeV mass point

QCD

12.7.4.1 py,, / pzz comparison for Drell-Yan
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FIGURE 12.73: i

w2 (up)and p1zz (bottom) normalization factors comparison using different

variables as an input to the likelihood fit for the Drell-Yan category.
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12.7.4.2 ug,CZD/ i zz comparison for vbfHVT
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FIGURE 12.74: u%%D (up) and 1z z (bottom) normalization factors comparison using different
variables as an input to the likelihood fit for the vbf HV'T category.
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12.7.43 pSoP
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FIGURE 12.75: u%%D (up) and 1z z (bottom) normalization factors comparison using different

! pzz comparison for vbfGM
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Chapter 13

Conclusions

Standard Model (SM) is a well-established physical theory that describes the fundamental par-
ticles (elementary particles) of matter and the interactions developed between them(forces).
Although the observation of the W and Z bosons, the top quark, the tau neutrino and espe-
cially the Higgs boson attributed high credibility to the Standard Model, several unexplained
phenomena like the baryon asymmetry, the incorporation of gravity and the existence of dark
matter/energy have given rise to beyond Standard Model theoretical scenarios. So, the scien-
tific challenge now is towards the direction of experimentally verifying these theories (when
possible) and investigating a possible extension or modification of the Standard Model. As we
know, the search for diboson resonances is an essential probe for understanding the source
of electroweak symmetry breaking (EWSB). In the Standard Model (SM), the strength of the
coupling of the Higgs scalar to vector boson pairs is well predicted, but it is well known that
the low mass of the Higgs boson leads to hierarchy and naturalness problems suggesting that
the SM is only an effective theory at low masses. As a result, there is need for New Physics to
be introduced for higher masses, focusing on multi-lepton final states which provide us with

clear signal signatures.

The analysis performed in this PhD thesis targeted on the search for resonances predicted by
two distinct beyond SM signal hypothesis: a spin-1 W’ from the parametrization of heavy
vector triplet (HVT) Lagrangians and a spin-0 charged higgs H* boson, predicted by Georgi-
Machacek (GM) model. More specifically, we study the resonant WZ diboson production using
139 fb~! data collected at 13 TeV center of mass energy by the ATLAS detector at the LHC,
where only the leptonic final states (e or 1) are considered for the W and Z boson decays. Being
part of the corresponding X — WZ — [vll (I = e or ) ATLAS analysis team, the author took
part in the cutflow comparison between two different available analysis frameworks, concern-
ing the electron, muon and jet objects and finally the WZ region selected events; an important

procedure because the crosscheck between different frameworks performing the same analysis
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provides high credibility to the final results. Futhermore, we studied the optimization of the
muon isolation working points aiming to select the most optimal configuration that reduces the
background events, while maintaining the signal efficiency as high as possible. Moreover, the
theoretical uncertainties (pdf, renormalization / factorization and parton shower) have been
calculated for the different signals and for the analysis irreducible background (WZ and ZZ).
Especially for the parton shower uncertainty, in the absence of known parameteric forms we
examined three different formulas and took our final decision based on their impact on the

final fit behaviour (checking for pulls / overconstraints).

Concerning the two available theoretical models (Heavy Vector Triplet and Georgi-Machacek)
no significant deviations from SM were observed, so we set 95 % CL limits on the produc-
tion cross-section times branching ratio as a function of the resonance mass. For the Georgi-
Machechek model we also set limits on the theoretical parameter sinfy as a function of the
resonance mass. Two different production modes were considered, the vector boson fusion
and the Drell-Yan process (quark- anti quark fusion), on which independent limits are set. Al-
though the nominal discriminating variable for the limits setting procedure was the invariant
mass of the WZ system (myy z), different options were examined too and limits were obtained
using alternative variables : the invariant mass of the three leptons (m3¢)), the transverse mass
of the WZ system (mgﬂv %), the transverse momentum of the three leptons (pT3ep), the numer-
ical sum of the transverse momenta of the three leptons (Sum3Pt) and a two-dimensional fit
using the invariant mass of the two jets (m;) together with the mTW Z. For some mass ranges,
the alternative discriminating variables provide us with stricter limits than the nominal myy z;
especially for the vbfGM signals above 280 GeV (360 GeV) for the observed (expected) limits,
7W Z and the m7W z

the m in two dimensional fit with the m; provide better 95 % CL limits.

Taking into account the impressively improved limits in the X — WZ — [vll published
results [104] - where an artificial neural network approach (ANN) was performed in order to
define the VBF signal regions that resulted in around 50 % decrease in background events- an
interesting idea in the future would be to set limits with alternative variables after creating the
corresponding ANN signal regions. Furthermore, following the CMS strategy for the GM that
produced combined limits of W*W® + W Z (combining H** + H* models) for the sinfy
parameter, we could also produce combined limits as well [132]. Finally with more statistics in
the future, we could probably derive a normalization scale factor for the WZ-EWK background

as well.

The LHC now targets to achieve higher luminosity in order to increase the available statistics,
but also increase the possibility of observing new “rare”or beyond SM physic processes. But
the high particle rates request extended technical upgrades to maintain high level detector per-

formance; in this direction the New Small Wheel (NSW) project took place in order to prevent
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possible efficiency loss and limited spatial resolution in the end-caps of the Muon Spectome-
ter. During the first PhD academic years, it was a privilege to be part of the LM2 drift panels
production by the ATLAS NSW Thessaloniki team. Taking part in the technical production of
the LM2 drift panels, the performance of tight QA/QC measurements and the maintenance of
the NSW database, we got a whole new perspective in the experimental procedures besides

the physics analysis of the experimental data.

The LHC experiments have already validated many aspects of the Standard Model and espe-
cially the existence of the SM Higgs boson. The forthcoming increase in luminosity broadens
the spectrum of the signals that may indicate the existence of New Physics beyond SM. As a
result, we are excited about the future discoveries by the ATLAS detector that may lead our

knowledge into a whole new perspective.
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Appendix A

Summary of experimental

systematic uncertainties

A summary of all systematic uncertainties described in Section 9. The relative effect in percent
on the number of events of the different source of systematic is presented. Some very large

uncertainties are due to very low statistics.

VVV + &tV Z7 WZEW | WZQCD
EG_RESOLUTION_ALL 0.090% 0.062% 0.011% 0.087%
EG_SCALE_AF2 0.000% 0.000% 0.000% 0.000%
EG_SCALE_ALL 0.079% 0.098% 0.074% 0.091%
EL_EFF_ID_TOTAL_INPCOR_PLUS_UNCOR 1.133% 1.181% 1.186% 1.128%
EL_EFF Iso_ TOTAL_INPCOR_PLUS_UNCOR 0.171% 0.162% | 0.175% 0.163%
EL_EFF_Reco_TOTAL_1INPCOR_PLUS_UNCOR 0.201% 0.199% | 0.201% 0.199%
MUON_EFF_ISO_STAT 0.448% 0.446% 0.445% 0.441%
MUON_EFF_ISO_SYS 0.944% 1.092% 0.995% 1.029%
MUON_EFF_RECO_STAT 0.111% 0.126% 0.114% 0.120%
MUON_EFF_RECO_STAT_LOWPT 0.000% 0.000% | 0.000% 0.000%
MUON_EFF_RECO_SYS 0.488% 0.519% 0.498% 0.489%
MUON_EFF_RECO_SYS_LOWPT 0.000% 0.000% | 0.000% 0.000%
MUON_EFF_TTVA_STAT 0.069% 0.064% 0.069% 0.065%
MUON_EFF_TTVA_SYS 0.098% 0.089% 0.097% 0.091%
MUON_D 0.105% 0.106% 0.034% 0.039%
MUON_MS 0.045% 0.029% 0.031% 0.037%
MUON_SAGITTA_RESBIAS 0.135% 0.367% 0.122% 0.071%
MUON_SAGITTA_RHO 0.241% 0.625% 0.027% 0.126%
MUON_SCALE 0.009% 0.023% 0.034% 0.041%
MET _SoftTrk_ResoPara 0.115% 1.377% | 0.167% 0.290%
MET SoftTrk_ResoPerp 0.277% 1.597% | 0.079% 0.266%
MET _SoftTrk_Scale 0.109% 1.508% | 0.109% 0.179%

TABLE A.1: Relative uncertainties for leptons of number of events for Drell-Yan category
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VVV +itV | ZZ | WZEW | WZQCD

FT_EFF _Eigen B_0 0.119% 0.003% 0.022% 0.009%
FT_EFF_Eigen B_1 0.063% 0.005% 0.019% 0.008%
FT_EFF _Eigen B_2 0.025% 0.002% 0.012% 0.001%
FT_EFF _Eigen B_3 0.004% 0.000% 0.002% 0.000%
FT_EFF _Eigen B_4 0.000% 0.000% 0.001% 0.000%
FT_EFF _Eigen B_5 0.000% 0.000% 0.000% 0.000%
FT_EFF _Eigen B_6 0.000% 0.000% 0.000% 0.000%
FT_EFF _Eigen B_7 0.000% 0.000% 0.000% 0.000%
FT_EFF _Eigen B_8 0.000% 0.000% 0.000% 0.000%
FT_EFF_Eigen_C_0 0.003% 0.042% 0.004% 0.049%
FT_EFF_Eigen C_1 0.009% 0.000% 0.006% 0.009%
FT_EFF_Eigen_C_2 0.001% 0.001% 0.001% 0.002%
FT_EFF_Eigen C_3 0.000% 0.002% 0.000% 0.001%
FT_EFF Eigen Light 0 0.058% 0.020% 0.058% 0.022%
FT_EFF Eigen Light 1 0.001% 0.003% 0.005% 0.000%
FT_EFF Eigen Light 2 0.004% 0.003% 0.016% 0.008%
FT_EFF Eigen Light 3 0.001% 0.000% 0.002% 0.000%
FT_EFF _extrapolation 0.014% 0.000% | 0.025% 0.003%
FT_EFF _extrapolation_from_charm 0.009% 0.009% | 0.012% 0.014%

TaBLE A.2: Relative uncertainties for flavor-tagging of number of events for Drell-Yan cate-

gory




242

VVV+#V | ZZ | WZEW | WZQCD
JET_BJES_Response 0.000% 0.000% 0.000% 0.000%
JET EffectiveNP_1 0.445% 0.491% 0.377% 0.387%
JET EffectiveNP_2 0.084% 0.084% 0.166% 0.134%
JET EffectiveNP_3 0.125% 0.062% 0.097% 0.089%
JET EffectiveNP_4 0.050% 0.028% 0.035% 0.018%
JET EffectiveNP_5 0.009% 0.025% 0.032% 0.022%
JET EffectiveNP_6 0.012% 0.029% | 0.021% 0.013%
JET EffectiveNP_7 0.017% 0.019% 0.006% 0.004%
JET EffectiveNP_8restTerm 0.024% 0.008% 0.008% 0.011%
JET Etalntercalibration Modelling 0.253% 0.423% | 0.455% 0.182%
JET Etalntercalibration_NonClosure_2018data 0.147% 0.116% | 0.143% 0.140%
JET Etalntercalibration NonClosure_highE 0.000% 0.001% | 0.004% 0.000%
JET Etalntercalibration NonClosure_negEta 0.017% 0.036% | 0.009% 0.008%
JET Etalntercalibration NonClosure_posEta 0.024% 0.029% | 0.005% 0.008%
JET _Etalntercalibration_TotalStat 0.058% 0.080% | 0.065% 0.048%
JET Flavor_Composition 0.861% 1.271% | 0.800% 0.420%
JET Flavor_Response 0.863% 1.068% | 0.723% 0.708%
JET_JER DataVsMC_MC16 0.136% 0.280% 0.082% 0.020%
JET_JER EffectiveNP_1 0.087% 0.807% 0.167% 0.026%
JET_JER EffectiveNP_2 0.154% 1.111% 0.308% 0.168%
JET JER EffectiveNP_3 0.104% 0.681% | 0.027% 0.042%
JET_JER EffectiveNP 4 0.063% 0.810% 0.118% 0.075%
JET_JER EffectiveNP_5 0.043% 0.577% 0.032% 0.040%
JET_JER EffectiveNP_6 0.003% 0.589% 0.131% 0.032%
JET_JER _EffectiveNP_7restTerm 0.054% 0.636% 0.124% 0.068%
JET JvtEfficiency 0.252% 0.630% 0.126% 0.054%
JET Pileup_OffsetMu 0.170% 0.327% 0.103% 0.024%
JET Pileup_OffsetNPV 0.270% 0.329% 0.094% 0.107%
JET Pileup_PtTerm 0.076% 0.125% 0.147% 0.126%
JET Pileup_RhoTopology 0.419% 0.669% | 0.292% 0.272%
JET PunchThrough MC16 0.004% 0.002% 0.018% 0.007%
JET SingleParticle_ HighPt 0.000% 0.000% 0.000% 0.000%
JET fJvtEfficiency 0.161% 0.340% 0.164% 0.132%
PRW_DATASF 0.968% 0.183% 1.804% 1.647%

TaBLE A.3: Relative uncertainties for jets of number of events for Drell-Yan category
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VVV+&V | ZZ | WZEW | WZQCD
EG_RESOLUTION_ALL 0.733% 0.608% 0.103% 0.067%
EG_SCALE_AF2 0.000% 0.000% 0.000% 0.000%
EG_SCALE_ALL 0.975% 0.784% 0.178% 0.118%
EL_EFF_ID_TOTAL_1NPCOR_PLUS_UNCOR 1.162% 1.280% 1.082% 0.989%
EL_EFF _Iso_TOTAL_1INPCOR_PLUS_UNCOR 0.173% 0.162% | 0.150% 0.137%
EL_EFF_Reco_TOTAL_INPCOR_PLUS_UNCOR 0.220% 0.217% | 0.190% 0.189%
MUON _EFF_ISO_STAT 0.286% 0.232% 0.353% 0.322%
MUON _EFF_ISO_SYS 0.992% 1.307% 1.286% 1.369%
MUON _EFF RECO_STAT 0.096% 0.095% 0.111% 0.107%
MUON_EFF_RECO_STAT_LOWPT 0.000% 0.000% | 0.000% 0.000%
MUON_EFF_RECO_SYS 0.361% 0.302% 0.408% 0.380%
MUON EFF_RECO_SYS_ LOWPT 0.000% 0.000% | 0.000% 0.000%
MUON _EFF_TTVA _STAT 0.045% 0.038% 0.054% 0.049%
MUON _EFF_TTVA_SYS 0.067% 0.045% 0.072% 0.066%
MUON_D 1.341% 0.117% 0.080% 0.057%
MUON_MS 0.844% 0.241% 0.023% 0.133%
MUON _SAGITTA RESBIAS 1.926% 0.102% | 0.019% 0.182%
MUON_SAGITTA_RHO 1.574% 0.262% 0.091% 0.136%
MUON_SCALE 0.020% 0.086% 0.071% 0.078%
MET _SoftTrk_ResoPara 0.200% 3.067% | 0.270% 0.439%
MET SoftTrk_ResoPerp 1.174% 1.335% | 0.265% 0.201%
MET _SoftTrk_Scale 0.885% 1.886% 0.200% 0.608%

TABLE A.4: Relative uncertainties for leptons of number of events for V BF category

VVV +ttV | ZZ | WZEW | WZQCD

FT_EFF _Eigen B_0 2.654% 0.048% 0.289% 0.033%
FT_EFF _Eigen B_1 0.590% 0.005% 0.060% 0.007%
FT_EFF Eigen B_2 0.493% 0.006% 0.052% 0.005%
FT_EFF _Eigen B_3 0.140% 0.003% 0.016% 0.002%
FT_EFF Eigen B_4 0.005% 0.000% 0.000% 0.000%
FT_EFF _Eigen B_5 0.002% 0.000% 0.000% 0.000%
FT_EFF _Eigen B_6 0.001% 0.000% 0.000% 0.000%
FT_EFF _Eigen B_7 0.000% 0.000% 0.000% 0.000%
FT_EFF _Eigen B_8 0.000% 0.000% 0.000% 0.000%
FT_EFF_Eigen_C_0 0.560% 0.172% 0.074% 0.177%
FT_EFF_Eigen C_1 0.008% 0.004% 0.018% 0.012%
FT_EFF _Eigen_C_2 0.045% 0.007% 0.004% 0.012%
FT_EFF_Eigen_C_3 0.007% 0.003% 0.001% 0.002%
FT_EFF _Eigen Light 0 0.541% 0.305% 0.305% 0.440%
FT_EFF Eigen Light_1 0.004% 0.006% 0.001% 0.008%
FT_EFF Eigen Light_2 0.004% 0.005% 0.010% 0.004%
FT_EFF Eigen Light 3 0.004% 0.002% 0.002% 0.003%
FT_EFF _extrapolation 0.001% 0.001% | 0.007% 0.004%
FT_EFF _extrapolation_from_charm 0.412% 0.227% | 0.008% 0.007%

TaBLE A.5: Relative uncertainties for flavor-tagging of number of events for V BF' category
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VVV 4+ ttV YAVA WZEW | WZQCD
JET_BJES_Response 0.000% 0.000% 0.000% 0.000%
JET EffectiveNP_1 1.381% 4.783% 0.821% 1.912%
JET EffectiveNP_2 0.254% 0.927% 0.079% 0.408%
JET EffectiveNP_3 0.146% 0.600% 0.053% 0.260%
JET EffectiveNP_4 0.491% 0.437% 0.035% 0.090%
JET EffectiveNP_5 0.280% 0.045% 0.001% 0.059%
JET EffectiveNP_6 0.225% 0.054% 0.010% 0.070%
JET EffectiveNP_7 0.225% 0.091% 0.012% 0.093%
JET _EffectiveNP _8restTerm 0.225% 0.085% 0.007% 0.068%
JET Etalntercalibration_Modelling 3.855% 12.551% | 2.187% 8.753%
JET _Etalntercalibration_NonClosure_2018data 0.673% 0.404% 0.012% 0.126%
JET Etalntercalibration NonClosure_highE 0.000% 0.010% 0.004% 0.000%
JET Etalntercalibration_ NonClosure_negEta 0.302% 0.116% 0.038% 0.202%
JET Etalntercalibration NonClosure_posEta 0.252% 0.546% 0.069% 0.392%
JET _Etalntercalibration_TotalStat 0.659% 1.305% 0.295% 0.837%
JET Flavor_Composition 3.877% 16.976% | 3.347% 12.750%
JET Flavor _Response 0.702% 6.612% 1.293% 3.259%
JET_JER DataVsMC_MC16 0.909% 0.295% 0.449% 2.496%
JET_JER EffectiveNP_1 3.172% 4.993% 1.048% 9.117%
JET_JER EffectiveNP_2 2.004% 1.254% 0.428% 3.143%
JET_JER EffectiveNP_3 2.250% 1.434% 0.382% 2.343%
JET_JER EffectiveNP 4 0.919% 0.188% 0.381% 1.975%
JET_JER EffectiveNP_5 0.687% 0.141% 0.467% 2.152%
JET_JER EffectiveNP_6 3.041% 0.264% 0.397% 2.220%
JET_JER _EffectiveNP_7restTerm 0.261% 1.215% 0.225% 1.399%
JET JvtEfficiency 0.478% 0.262% 0.156% 0.064%
JET Pileup_OffsetMu 4.374% 10.361% 1.258% 10.504%
JET Pileup_OffsetNPV 1.301% 5.604% 0.549% 3.161%
JET Pileup_PtTerm 1.075% 0.491% 0.159% 0.726%
JET Pileup_RhoTopology 1.015% 8.337% 1.138% 4.707%
JET PunchThrough_-MC16 0.000% 0.000% 0.000% 0.008%
JET SingleParticle HighPt 0.000% 0.000% 0.000% 0.000%
JET fJvtEfficiency 0.955% 0.742% 0.414% 0.315%
PRW DATASF 2.339% 7.177% 1.101% 7.186%

TABLE A.6: Relative uncertainties for jets of number of events for V BF' category



Appendix B

PDF and Scale uncertainties for
Drell-Yan and VBF Control Regions
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F1GURE B.1: The relative uncertainties on the SM QCD W Z background shape due to PDF as
function of the W Z invariant mass in the Drell-Yan (left) and on the V BF' control regions
(right). Here is shown a comparison of the pdf envelopes between Madgraph and Sherpa QCD.
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F1GURE B.2: The relative uncertainties on the SM EWK W Z background shape due to PDF as
function of the W Z invariant mass in the Drell-Yan (left) and on the V BF' control regions
(right). Here is shown the pdf envelope of Madgraph EWK.
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FicuRE B.3: The uncertainties on the SM QCD W Z background shape caused by the choice
of the scale as function of the W Z invariant mass. The plot on the left shows the envelope in
Drell-Yan and on the right in V BF' control regions.
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FIGURE B.4: The uncertainties on on the SM EW W Z background shape caused by the choice
of the scale as function of the W Z invariant mass. The plot on the left shows the envelope in
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Appendix C

Parton shower uncertainty

estimation for different formulas
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Ficure C.1: Comparisons of different parton-shower/modelling uncertainty formulas for
QCD case: 1rst (up), 2nd (middle) and 3rd (bottom), for Drell-Yan (left) and VBF (right) fiducial
signal regions.
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Appendix D

Theoretical uncertainties on
Standard Model WZ background

using alternative variables
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FiGure D.1: The pdf (top), scale (middle) and parton-shower (bottom) envelopes comparisons
for the W Z background for the invariant mass (myy z) and the transverse mass (m %) of the

WZ system in the Drell-Yan fiducial volume.
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Appendix E

Analytic tables with limits for
alternative variables and relative

difference with the myy 7 (nominal)
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E.1 Drell-Yan signals category
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TaBLE E.1: Observed and expected limits for various variables for Drell-Yan signals.
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TaBLE E.2: Relative percent differences for observed and expected limits between alternative

variables and myyz (nominal) for Drell-Yan signals. The case where the alternative variable

provides stricter limits than the nominal (my z) are indicated with red color.
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