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Evuyxapioticg

H napouoa &ibaxtopikr) diatpiBny da rrtav aduvatd va uvdornoinBel xwpig v rapouocia, unootrpin
Kdl AVEKTIKOTNTA OPLoPEVRV avBporav, Kab'oAn tnv dapkeld g. H mpoetopacia kat eknovnor)
pag 616aktopikng SratpiBrig eivat éva anotédsopa PakpookeAég rmou Paoidetal otov evbouolaopod Kat
Vv aydrnn mou éxel évag avBpwrog dtav Kadeital va napagel épeuva. Le 0An auty ) dwadakaoia,
ouviédeoav moAdoi avOpwrol ot oroiot otabnkav Hirmda Pou 1000 Of TEXVIKI] 000 KAl WUXOAOYIKL)
urnootr)pEn.

[Tpota arod 6Aoug Sa 1feda va euxaploto® ToUg eIMBALITOVIEG IOU KAl ITI0 CUYKEKPLIEVA TOV Ap.
Kwovotavtivo Kouooupr) AvariAnpet] kabnynt tou EBvikou MetooBiou IToAutexveiou 10U THNPATOS
Egpappoopévev Mabnnatkev kat Puoikov Emotnpov kat tov Ap. Feodpylo TowroAitn Kabnyntn tou
EBvikou MetooBiou IToAutexveiou tou tpnpatog Epappoopévev Mabnpatkov kat duokev Emotn-
H®OV yld TV UIootr)pign Imou pou rapeixav kad'oAn tnv 81dpkreia tg eKmovnong tmg 518aKIopikrg pou
dlatp1Brig kabog kat yla v kabodnynorn, 1g oupBouldég Kat Ty apéplotr UAIKOTEXVIKT] UITOOTHP1E.
[Tépav g kabobdrynong oto teXVIKO Kopudrtt, 9a 11feda va toug euxapiotjon SeEX®PoTA yia v otdon)
Iou eixav anévavii pou KAt v Katavonor rou £6e1av 1§ SUOKOAEG OTIYHEG TTOU MTAPOUCLACTKAY
KATd TV €KIOVI0n autng tng diatpibng.

AwcBavopatl v avaykn va aneubuve €va Peyalo euxXaplote otov ouvadeAdo kat @ido pou lodvvn
[MTartakp1BOIouAo yia v TEXVIKI] UTIOOTAP1ET, TV OUVEPYAOida 1ag Kat tny Kabodnynor) tou HEow TV
oroilev KAtdpepa va PTAo® OT0 ONPEI0 va EKITOVI|O® TNV OUYKEKPEVE diatpiBr). @a rOsda emiong va
€UXAP10THo® OAn v untddounn) opdda tou EBvikov MetooBiou [ToAutexveiou® ‘Avva, Ada, ®odwpr) kat
Péva o1 ortoiot pe PorBrnjoav Omote T0Ug XPEIAOTNKA 08 OUNTNOEIS PUOIKAG aAdd Kal TeXvika dépara.

"Eva oAU peyddo euxapiot® o 0Ao 1o CMS Collaboration , To Teipajia rmou avKel 0T0 CUPRITAEYHA
erutayuvtikev dtatddewv tou LHC tou CERN , nou §ixwg autd autt) n d18axktopikr) SiatpiBr) Sa frav
abduvato va odorAnpwBei. To CERN mpoopépet v Suvatonta o€ ePEUVHTEG ATIO OAO TOV KOOHO vd
prop£ocouv va £pBouv oe emadr] MOTE va PUMOPECOUV va €§eAi00UV TV MO G QUOIKNG Héoa
ano v 61kr) toug e§€A€n. @a f10eda va euxaplotr)o® Aordv 6A0UG TOUG CUVIOVIOTEG TG Opadag rou
aoyoAeital pe v pedén tou tt {eUyoug yia v kabodrynon Kat ta ox6Atd toug. Emiong 9a 16sda
va euxaploton toug Frank Glege kat Cristina Vazquez Velez yia tv Bornfeid toug oto service work
Iov mpaypatornoinoa yia 2 xpovia oty opada tou Central DCS tou CMS .

TéAog Sa 116eAda va euxaplotioem toug §1KoUG Pou avBp®Ioug mou He otrpi§av Kat pe Bondnoav
o€ 0Aeg TIG OTyPEG autou tou Sidaktopikou. Tnv cuvipodod pou Kevotaviiva ou otabnke 6irmda pou
o€ OAn Vv npoortddeta. Trnv pnépa Pou, oV MATépa Pou Kat v adep@r] 1ou, X®pig tnv otpi§n tev
ortoiwv dev 9a prnopovoa va eKovrno® auth tv 618axktopiky) diatpiBr).






IepiAnyn

H niapouoa iatpiBr) meptypadet ) ouAeld ou mpaypatonor}fnke katd i) diapkeia g S16axtopt-
KNG pou goitnong oto EBviko MetooBio IToAuteyveio (EMII). H epyaoia amoteAeital ano §Uo avaAuoesig
OXeT{OHEVES IE TNV TIAPAY®YT) {EUYOUG TOTT-AVIITON KOUdpk (tt) kabmg kat éva pépog tng ounBoArg
pou oto Kevipiko Zuotnpa EAéyxou Avixveutov CMS.

To mp®to P€POg g SratpBrg rmeptAapBavel AeTTOPEPEIEG OXETIKA HE TO Mepiypappia tou Kabie-
POHEVOU TPOTUIIOU KAO®MSG KAl TEXVIKA XAPAKINPIOTIKA TOU oxeti{ovtal pe tov aviyveuty CMS . To
KepdAao 1 nieprypadet ta faocikd otoixeia tou Kabiepopévou Moviédou ouprneptdapBavopévey tov
HENXavViopov mapaywyng {EUyoug TOT-avIton KOUApK KABdg Kal g Mapay®yng Hrodoviov Z' mnou
neptypdgoviat aro poviéda véag euotkng. Zto Kepddaio 2, reptypdpovial CUVOITIIKA 0 EIMITAXUVING
LHC xat o avixveutjg CMS . I'a 10 oupmisypa tou emraxuviy kabwg kat to neipapa CMS niept-
ypdgovial ta Bacikd XapaKineloTiKA MoV EMITPETOUV OTOUG EPEUVITEG VA AvVAYVRPIiooUv oopatidia o
avt Vv KAtpaka. Ta Bacikd vnoouotipata aviyveutov CMS ota ortoia Baocidetal np avayvopilon tev
YepeAdindov oopatidiov npoodiopidovial Kat reptypdovial epattep® ta faoika ototxeia Kabe uro-
aviyveuty. To Kegpdldaio 3 meprypaget ev ouviopia toug depedimdelg adyopiBpioug mou anatrtovviat
Yld TV avaKATaOKEUT] AVIIKEIPEV@V ToU avayvepiloviat otov aviyveutry CMS mpoxeipiévou va ava-
YV®PloToUV Ta oepatidia rmou Ppiokovial péoa otov avixveutr) CMS , avarrtiooovial kat cuvtovioviat
drapopotl aiyopidpot.

To Sevtepo Pépog autng g datpBng meptypdget 1o Luotnpa EAéyxou Avixveutov CMS . E-
Vag aviXveutng TET010U PeyEBoUGg amattel éva 10XUpo Kal aUTOHATOTIOWIEVO GUCTNHA Y1d TOV £AEYXO0
emiBAeyng Kal mapakoAoubnong 1®v 61adpopwV OTOIXEI®V KAl urtoocuotnuai®v tou. To Kepadaio 4
€104YEL TOV TPOIIO HE TOV OTI0I0 AVAITTUCOETAL KAl AEITOUPYEL £va oUOTNHA EAEYXOU AVIXVEUTI] YVia €vad
peydlo mieipapa oniwg to nieipapa CMS . To Kedpdldato 4 deiyxvel 1o €pyo toU ouyypadea yla v a-
VAItudn Kat ) ouviApnor 81agpop®v AETTOUPYIKGOV POVAS®Y TTOU XP1 OO0 0nNKav Ao Vv KEVIPIKI)
opada tou CMS DCS.

To tpito pépog autng tng dratpiBrg meptypddet 6Uo tt oxetikés avaduoelg. Kat ot 6Uo avaduoeig
XPNOOomo1ouy e8opéva oUYKPOUOnG TTPATOVIRVY 0To KEVTPo pdlag evépyetag /s = 13 TeV , rou ouA-
AéxOnkav to 2016, 1o 2017 kat 2018 kat mapouctddetal o TEAIKO OUVOUAOHEVO ATIOTEAECHA 1€ TOV
aviyveutr] (CMS ). Ta anoteAéopata aviototyouv os oUvoAkn eotewvotnta 137,1 fbl . Zto KepdaAalo
5 napouotddetat n pérpnon g H1adopiKg evepyou H1aTopng nMapaymyng EUYOV TOIT-avitton KOUudpK
UYnArg eykapotag opurg. To ouvolo de6opévav cuAAEXTNKe KATA T S1dpKela TG TIANPOUS EKTEAEONS
pe tov avixveut] CMS oto CERN ard ouyKpouoelg MPOTOVIOU-IP®TOVIOU og evépyela KEVIpou paiag
13 TeV . H pétpnorn Xpnotpomnolel YEyovotd OIouU Kal Td U0 umoyrpia T0I KOUAPK Aroouviibevial
abpovikd kat avakataokeudlovial @g peyarot mibakeg evépyelag. H evepyog Siatour| s§ayetat 6ia-
POPIKA G OUVAPTNON §1aPOPKOV KIVNHATIKGOV PETABANTOV TOU CUCTHIATOS {EUYOUG TOTT KOUAPK 1] TOTT
koudpk. Ta amotedéopata avadluvoviat oe dUo drapopetika emineda aviveutr] Kalt ouyKpivovial pe
drapopa Sewpnuikd povieda. To kepddato 6 Baociletal otnv avdiuorn mou neptypadetat oto KepdaAaio
5 katl mapouoiadel évav ouvbuaopo avalntiosmv yla Papeig ouvioviopoug mou arnoouvtibevial og
{eUyn TOMM-AVIITOIT KOUAPK, XPIOHOTIO®VIAG TO ITANPEG OUVOAO edopévav oUyKpouong MmMp®Ioviou-
IPROTOVIOU TTOU CUAAEXBNKav aro tov avixveutr] CMS . O cuvduaopog repltAapBavel cUVEIGPOPES ATIO
1a MANP®eS adpovikda S1a0moeva TOM-AVITONT KOUAPK ITOU £€X0UV UPnAn eykdpola oppr (pr ). Ta
aroteAéopata mou rapouctadovial augdvouv mepattép® ta 0pla ArOKAEIOHROU 1adag yia ta povidda
vEag UOIKNG.



Abstract

This dissertation describes the work during my PhD pursue that was carried out at the National
And Technical University of Athens (NTUA). The work consists of two correlated tt analyses as well
as a part of contribution to the Central CMS Detector Control System.

The first part of the dissertation involves details regarding the thoretical Standard Model outline
as well as technical characteristics related to the CMS detector. Chapter 1 outlines the basic
elements of the Standard Model (SM) including the tt production mechanisms as well as the
production of Z’ bosons found within models with a new U(1) gauge symmetry. The Z’is the gauge
boson of the (broken) U(1) symmetry. In Chapter 2. the LHC and the CMS detector are briefly
described. The accelerator complex as well as the CMS experiment is outlined in order to identify
the key characteristics that allow researchers to identify particles at that scale. The basic CMS
detector subsystems on which the identification of fundamental particles rely upon are identified
and the basic components of each subdetector is further described. Chapter 3 briefly describes
the fundamental algorithms required for the object reconstruction of objects that are identified
within the CMS detector. In order to identify the particles found within the CMS detector, various
algorithms are developed and tuned.

The second part of this dissertation discusses the CMS detector Control System. A detector
of such size requires a powerful, adaptive and automated system for the control supervision and
monitoring of its various components and subsystems. Chapter 4 introduces how a Detector
control system for a large experiment such as the CMS experiment is developed and operated.
Chapter 4 indicates the work of the author for the development and maintenance of various
modules that were used by the CMS central DCS team.

The third part of this dissertation describes two tt related analysis. Both analyses use proton-
proton collision data at the center of mass energy /s = 13 TeV, collected in 2016, 2017 and
2018 and presented in a final combined result with the Compact Muon Solenoid (CMS) detector at
CERN LHC and correspond to a total integrated luminosity of 137.1 L. Chapter 5 introduces a
measurement of the production cross section of high transverse momentum (pT) top quark pairs
is reported. The dataset was collected during the full Run II with the CMS detector at the CERN
LHC from proton-proton collisions at a center-of-mass energy of 13 TeV. The measurement uses
events where either both top quark candidates decay hadronically and are reconstructed as large-
R jets with pT > 450GeV. The cross section is extracted differentially as a function of kinematic
variables of the top quark or top quark pair system. The results are unfolded to the particle and
parton levels, and are compared to various theoretical models. Chapter 6 is based on the analysis
described in Chapter 4 and presents a combination of searches for heavy resonances decaying to
top quark-antiquark pairs, using the full set of proton-proton collision data collected at a center
of-mass energy of /s = 13 TeV in the Full Run II, corresponding to an integrated luminosity of 137
fb~!. The combination includes contributions from the fully hadronic final state top and antitop
quarks that have a high transverse momentum (p). The results presented here further increase
the mass exclusion limits for several models of new physics.
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Chapter 1

Theoretical Overview

The goal of particle physics is to explain the universe we observe with basic building blocks and
fundamental interactions between them. Physicists have developed a theory answering many
questions about the development and observable state of the universe. Up to now, the Standard
Model of elementary particles, is the most precisely verified theory in physics. In the following sec-
tions, a basic introduction of this theory will be presented. Also, a special focus on the elementary
particle that plays the most important part in this analysis, the top quark.

1.1 Standard Model of Particle Physics

The Standard Model (SM) of particle physics is a quantum field theory describing elementary par-
ticles and their interactions, providing affiliated equations of motion. It was proposed by Glashow,
Salam and Weinberg in the sixties [1], [2]. Its symmetry group is described by SU (3)- ® SU(2);, ®
U(1)y representing the current model of strong interactions via the SU(3) and the unification of
the electromagnetic and weak interactions into the electroweak via the SU(2); ® U(1)y-.

All particles contained in this theory have been discovered and various experiments have
confirmed the predictions of the SM at very high precision. Elementary particles of the SM and their
properties are presented in Figure 1.1. They are ordered in two fundamental groups, depending
on their spin. Spin—% particles are called fermions while particles with integer spin are named
bosons.

Fermions are further divided into quarks and leptons. While quarks are affected by the strong
force, leptons aren’t. Both of these groups consists of three generations. Each generation contains
an isospin doublet with two particles. A quark generation consists of one up and down-type
quarks distinguished by their electromagnetic charge of —|—§e and —%e, respectively. For leptons,
a generation is built from a particle with charge —e and a neutral neutrino. Quarks and leptons
from the first generation are the building blocks of atoms and thus form matter that we observe
on earth. All other particles have a larger mass and therefore a finite lifetime. Additionally, every
fermion has an anti-particle which has the same mass but opposite charge.

Bosons are carriers of the three fundamental forces included in the SM. The massless photons
and gluons are the carriers of the electromagnetic and strong force, respectively. W+ and 7°
bosons are massive and transfer the weak interaction. While all called bosons are spin-1 particles,
the Higgs boson is scalar. It is a consequence of the Higgs field, that gives elementary particles their
mass. Every interaction of two particles is described by a boson emitted from one and absorbed by
other particle. Thus, a boson changes energy and momentum of an absorbing emitting particle.
For each force a charge is introduced. Only particles carrying the charge connected to a force
can interact with the corresponding boson. Hence, the amount of charge carried by a particle is
proportional to the probability of emitting or absorbing a boson.

With the discovery of the Higgs boson in 2012 [3], [4], all particles of the SM have been experi-
mentally confirmed. Although the theory is believed to be incomplete because of known phenomena
(like gravity and dark matter) are not included, the Standard Model is very successful describing
outcomes of experiments with very high precision. A more detailed look following [1] on the three
fundamental interactions is given in the sections below.

3



CHAPTER 1. THEORETICAL OVERVIEW

st A 3||.|

Ve | Vu o[ Vr

I\\_\_ SR s i T e :
— — —

FEEMIONS GALIGE BOSOMS

L3
Y
1
v, Floim
T R e NP LT A
1 1
i, W b

Figure 1.1: Display of the particle content of the Standard Model divided into groups of bosons
and fermions in their three generations. For every particle, mass, electromagnetic charge and spin
is shown.

1.1.1 Quantum Electro Dynamics (QED)

In the history of the Standard Model, QED was the first mechanism to describe known interactions
in a quantum field theory [5]. The charge of QED is called the electromagnetic charge and it
is usually stated in units of the elementary electron charge e. The mechanism to construct a
quantum field theory is to take the Lagrange density for fermions, described by Dirac spinors
and require local gauge invariance. The QED requires the Lagrange density to be invariant under
transformations of a U(1) symmetry group. Equation 1.1 shows the Lagrange density of the Dirac
equation.

L =iy 9, — mapyp (1.1)
\ , N——

kinetic term ~ Mass term

Here 1 denotes the Dirac spinors and m the mass corresponding to the Dirac spinor. A
vector of gamma matrices 7" is used to write the Lagrangian in a four dimensional space-time
representation. The index p indicates one of the four components of a four-vector. The U(1)
transformation is:

b — ) =% (1.2)

where the parameter q will later be identified with a coupling strength and « = a(z) denotes
the phase, dependent on space-time coordinates. While the mass term ma) is invariant under
a transformation ¥ — ¢I, the derivative 8“¢ is not. In order to construct an invariant Lagrange
density, a new vector field Au(a:) is introduced, and defines a covariant derivative D,;:

D, =9, +iqA,(x) (1.3)
With the newly introduced covariant derivative, the Lagrange density becomes:

L =i "o, — mp —qpypA,(x) (1.4)

SN—~— |

kinetic term ~ Mass term  ipteraction term
By requiring the Lagrange density to be symmetric under U(1) gauge transformations, a new
vector field A, is predicted. This vector field is then associated with the photon. Because no mass

term for the photon field occurs, it is expected to be massless. Additionally, the coupling between
fermions 1 and photon Au with a coupling strength q is included.

4
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1.1.2 Quantum Chromo Dynamics (QCD)

The theory behind QCD is developed in analogy to the QED. The charge of the QCD is called color
and exists in three states for particles: red, green and blue [5]. Additionally, every color has its
anti-clolor carried by antiparticles. Thus, one has to consider rotations in the three dimensional
color space, which is represented by an SU(3) group. Generators 7,, with a running from 1 up
to 8, are used to express these rotations and have to be considered. Similar to QED, a covariant
derivative is defined to construct a symmetric Lagrange density. The covariant derivative for QCD
is:

D,=9,+ igSTaGZ‘ (1.5)
where g, denotes the coupling of quarks to the strong force. Secondly, eight new vector fields GZ‘
are introduced, which are associated with gluons, the bosons of the strong force. Because the
generators of SU(3) do not commute, not only interaction between quarks and gluons but also
gluon-gluon interaction is allowed. The next equation shows how the self interaction of gluons is
combined with their kinetic energy term. The complete Lagrange density of QCD becomes:

L= 60 —my  — g dGTCY 265G 1.6)

mass and kinetic term quarks  quark-gluon interaction kinetic term gluons and gluon-gluon interaction

Gluon-gluon interactions lead to a special effect in QCD; the energy density between two color
charges increases with their distance. Thus, the energy stored in the field between the two charges
will increase as well. At some point the energy is large enough to produce new color charged
particles. For this reason, quarks can’t exist freely but only in color neutral bound states, called
hadrons.

1.1.3 Weak Interaction

The third force described in the SM is the weak force [5]. The charge of the weak force is called
isospin and is carried by the W* and the Z° bosons. Because all weak bosons are massive, the
weak interaction has a very limited range. Therefore, weak interaction only takes place on short
distances. The corresponding symmetry group is a SU(2) group. While Z ¥ bosons also couple to
right handed particles, W* don’t. This asymmetry in coupling strength is caused by a violation
in parity. Through the w* bosons, fermions can change their flavor. The left-handed quarks
and leptons are arranged in isospin doublets, while the right-handed particles are represented by
singlet. Because no right-handed neutrinos exist, the particle content is described as:

/ ) / ) / y ’ ) 7uR7dRachsva}btheRauR?TR (1'7)
<d>L (3 )L (b L \¢/rL \H/)L \T/L

The theory only allows flavor changing processes inside these doublets, although decays from
one generation to another have been observed experimentally. The answer to this contradiction
is that flavor states and mass states are not referring to the same state. The weak interaction
changes the flavor but the observed mass state, is a superposition of different flavor states. By
definition, flavor and mass states of up-type quarks are identical. For down-type quarks, the
Cabibbo-Kobayash-Maskawa (CKM) matrix [6] is introduced to account for the mixing of the flavor
states.

d/ Vud vus Vub d
S| =1 Vea Ves Va || (1.8)
v Via Vis Vi b
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The probability that a quark of type i will transform into a quark of type j when it emits a w
boson is calculated via |V3| Because of the mixing states, not only a violation of parity, but also
a CP-violation (charge and parity) is observed.

1.1.4 Electroweak Unification

To get a better understanding of the forces in the SM, it would be a large success to lead the
different forces back to one fundamental mechanism. A first step towards a unification of all
three interactions can be realised by combined QED with the weak force. Electromagnetic charge
Q and weak isospin T3 are combined to achieve a charge for the electroweak unification, called
hypercharge Y:

Y =2(Q - L) (1.9

Once again, the Lagrange density is required to be invariant under transformations of the
underlying SU(2) x U(1) group. This results into four new massless bosons: Wy, Wy, W3 and B.

1.1.5 Higgs Mechanism and Spontaneous Symmetry Breaking

The bosons W7, W,, W5 and B found above in 1.1.4 are all massless. In contradiction, the masses
of W and Z bosons are measured to values of 80 GeV and 91 GeV, respectively [7]. Therefore,
a theory was developed which solves this problem via spontaneous symmetry breaking [8] [1] [2].
A field is introduced where the Lagrange density for local variations is not symmetric while the
Lagrangian of the field itself is. This leads to mass terms for electro-weak bosons and a new boson,
the Higgs boson, in the Standard Model Lagrange density. After spontaneous symmetry breaking,
W, and W, are combined to get the W bosons of the weak interactions via:

_ L

W:l:
V2

(W1 FiWy) (1.10)

The other two fields W3 and B mix together and result into the Z ¥ boson from the weak and
the photon  of the electromagnetic interaction:

cos 0 sin 6 B
T = W W (1.11)
Z° —sinfy, cos by, Wy

Here the weak mixing angle 0y is introduced, which also relates to the masses My, and M
of the W= and the Z° bosons via:

M
M, =—"% (1.12)
cos Oy

Finally, also fermion masses can be included in this mechanism. Therefore, a Yukawa coupling
to the Higgs field proportional to their masses is introduced. After symmetry breaking, the SM of
particle physics can be written in a Lagrangian representation. For this, the Lagrangian density
of @QCD has to be combined with the full Lagrangian density of the electro-weak interaction after
symmetry breaking. The latter, contains all kinetic terms of fermions, mass terms of electro-weak
gauge bosons and the Higgs boson, couplings of fermions to electro-weak gauge bososn, self-
interaction terms of called electroc-weak bosons and Higgs boson, interactions between electro-
weak bosons and the Higgs boson as well as the Yukawa couplings of fermions to the Higgs field.

6
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1.2 Top Quark

The top quark is an up-type quark belonging to the third generation of the SM and carrying
electromagnetic charge of —|—%e [9]. With its mass of about 173 GeV, the top quark is the heaviest
particle in the Standard Model. A third generation of quarks was predicted in 1973 [10] to account
for observed CP-violation that could not be explained with the two known quark generations.
After finding the much lighter bottom quark only a few years after its prediction, the top quark
was discovered in 1995 by the CDF [11] and D collaborations at Tevatron. Because of its high
mass, it offers a large phase space for decays and has a short lifetime of approximately 5 x 10 %5
[9]. Because of its short lifetime, the top quark doesn’t form bound hadronic states. Thus,
measurements of the bare quark are possible, providing direct access to parameters of the Standard
Model. Additionally, the top quark is from particular interest for searches of physics beyond the
Standard Model since it is often part of the final state and/or a dominant background [12], [13].

W+

b

Figure 1.2: Top quark decay

1.2.1 Production in Hadron Colliders and Decay

In hadron colliders, the production of a tt pair occurs via ¢q annihilation or gluon fusion 1.3.
At the centre-of-mass energy of 13 TeV, as reached within the LHC at CERN, gluon fusion is by
far the dominant process. Top quarks can also be produced in single production, but this has a
much smaller cross section. Hence, this analysis focuses on pair produced top quarks and treats
single top production as a background process. The top quark decays via the weak interaction
with a probability of almost 100% into a bottom quark and a W boson. This property arises from
the entry in the CKM matrix where |V;%,| ~ 0.998. While the bottom quark is observed as a jet in
the detector, the W boson further decays into a g pair, or into a lepton (anti-lepton) and an
anti-neutrino (neutrino). Looking at the tt production, this results into three possible channels:

e both W bosons decay into quarks (fully hadronic)
e one boson decays hadronically and the other leptonically (lepton + jets)

e both W bosons decays leptonically (dilepton)

The fully hadronic and lepton+jets channels are dominant and occur at 45.7% and 43.8% of
the time respectively. 10.5% of all the tt events results into two leptons in the final state.

7
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Figure 1.3: tt pair production

1.3 Physics of the Proton-Proton Collisions

In collision experiments, the centre-of-mass energy +/s defines the energy that is available to create
particles and give them kinetic energy [14], [15]. At the LHC, s is defined by the momenta of the
incoming protons, such as:

s=(p1+p2)’ =Pt + i+ 20100 = (Bf — p1°) + (B3 — 53°) + 2(E1 By — pip) (1.13)

where p; and p,; are the four-momenta of two colliding protons with energies E and three-
momentum vector p. Because the two beams have the same energy but opposite directors, the
assumption that F; = Ey = E,,,,, and p; = —p; holds. Given that, the centre-of-mass energy is:

\/g = 2Eproton (1.14)

Because protons are composite particles, the actual scattering involves quarks or gluons, called
partons, carrying only a fraction of the nominal beam momentum, Zp,,,,,- The centre-of-mass
energy of the hard scattering process /§ is therefore only a fraction of the stated 13 TeV. Assuming
the masses of partons to be small in comparison with the momentum, the centre-of-mass energy
of the hard scattering process is:

V= \JT29v/5 (1.15)

Here, z; and x5 indicate the fraction of the proton momentum the two colliding partons carry.
Because this fraction is not known, the center-of-mass energy of the hard process is not known
either. Therefore, for data analysis one has to use variables that do not depend on the initial
momentum in the direction of flight of the partons. Another peculiarity in hadron colliders is the

8
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use of parton density functions (PDFs). PDFs return the probability to find a particular parton
inside a given momentum interval in a proton. They are measured in electron-proton scatter-
ing experiments [16] and they are crucial to predict production cross sections in proton-proton
collisions.

1.3.1 Pile-Up

The high collision rate at the LHC is required to collect a large amount of data and be able to
observe even very rare processes. But the high rate also has a disadvantage. Since multiple
proton-proton interactions take place per bunch crossing, not only one interesting but several
other scattering events, mostly soft QCD processes, are seen simultaneously in the detector. This
effect is called pile-up [17]. If not corrected for, energy measurements do always include particles
not originating from the hard scattering one is interested in. To reduce pile-up effects, it is crucial
to be able to identify additional energy as well as distinguish between hard scattering and vertices
from additional interactions.

1.4 2’ physics

Since its discovery, the Z boson has been one of the most interesting topics in the high energy
physics department [18]. Z bosons are the particles that mediate the weak and nuclear force, and
decay into any of the known quarks and leptons except from the top quark. Their versatility is
what lead large experiments such as CERN CMS and ATLAS to investigate into the sprectrum of
different phenomena by making Z bosons.

One factor that excites the interest of physicists is any indication whether multiple generation
that are observed in quarks and leptons are also applied to force-mediating bosons. Thus far, each
of the force-carrying particles of the SM (W and Z bosons, photons and gluons) seem to be unique.
There is no evidence yet to exist that even bares a hint at generation in the force-mediating bosons.
On the other hand, there are several theories that predict the existence of heavier bosons of the W
or Z type bosons. Such particles are the W’ (W prime) and Z’ (Z prime) [19], [20].

The CMS experiment has searched into the decay of a heavy Z’ boson into a tt pair [12] [21]

This particular decay mode is of much interest because producing top quarks via ordinary
Standard Model physics is rather rare, making it easier to isolate and identify collisions in which
a Z’ might have been made. A new heavy vector boson would likely be one of the first clearly
visible signals for new physics to be detected by an experiment, when a new accelerator switches
on and/or higher centre of mass energies achieved.

The Sequential Standard Model (SSM) enriches the SM by depicting a new gauge boson, the Z’
with the same couplings as the Z % but a much higher polemass - of the order of TeV. The existing
SM structure (SU(3)o x SU(2);, x U(1)y) is added of an additional U(1)’ symmetry. In nearly
all models considered, this new boson interferes with its SM counterpart leading to an additional
degree of deviation from the SM expectation in the mass sprectrum preceeding the peak. One
interesting effect would be in the angular distributions of events in the Collins-Soper frame. The
Collins-Soper frame is the rest frame of the tt pair, wherein the two top quarks have equal and
opposite momenta; thus, each makes the same angle " with the beam direction.
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Chapter 2

The CMS Experiment at the LHC

The CMS detector (Compact Muon Solenoid) [22] is designed to study proton-proton as well as
heavy ion collisions at the Large Hadron Collider (LHC) [23]. The LHC accelerator complex, together
with the experiments was built to study particle collisions at energies significantly larger than the
ones that have been achieved up to this date.

CERN's Accelerator Complex
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Figure 2.1: The LHC accelerator complex.

2.1 THE LHC Complex

The LHC [3] is the newest hadron particle accelerator. It is located within a tunnel which is
100 meters underground (depending on the inclination of the surface varying from 50 up to 175
meters) and 26.7 kilometers in circumference. It is hosted in the same tunnel that was used by
the Large Electron Positron (LEP) collider from 1989 - 2000 at the Swiss-French border in Geneva
- Switzerland at a laboratory called the “Conseil Europeen pour la Recherche Nucleaire” (European
“ Council for Nuclear Research), CERN. It consists of eight arcs and eight straight sections and its
plane is inclined with 1.4 % slope.
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The acceleration procedure is split into several stages. In the first stage, protons must be
derived from the proton source, which is a simple bottle of hydrogen gas. An electric field is
imposed to strip hydrogen atoms of their electrons and yield protons. The produced protons are
accelerated in a 50 MeV linear accelerator (LINAC) [24]. Following down the acceleration chain,
the 1.4 GeV Proton Synchrotron (PS) [25] booster followed by the 25 GeV PS deliver beam bunches
of 1.15 x 10" protons with 50 ns time difference with each other into the 6.9 km Super Proton
Synchrotron (SPS) [26]. The energy reach of the beam bunches up to this point of the acceleration
chain is up to 450GeV. Finally the beam bunches are injected into the LHC, which handles the
focusing, final acceleration and eventually the collisions at the interaction points of the individual
experiments with a bunch crossing rate of 40 MHz on designed energy (14 TeV).
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Figure 2.2: This computer-generated image shows some of the parts vital for the operation of these
components. The magnets must be cooled to 1.9 K (-270.3C) so that the superconducting coils
can produce the required 8 T magnetic field strength.

The beam has a bunch structure with a time interval of 25ns. This structure has been adopted
in order to get the number of interactions passing the detector within certain limits, maximize the
luminosity and keep track of the beam parameters.

The beam is driven through the accelerator using 9600 magnets of different varieties and size.
These include 1232 dipole magnets with 15m length which bend the beams as shown in Fig.2.2
and 392 quadrupole magnets, 5-8 meters long each, which are used for focusing the beam as
well as beam corrections. The acceleration of the beam is taken care with the use of 400MHz
Radio-Frequency (RF) cavities.

The magnets have Niobium-Titanium (Nb-Ti) coils providing fields up to 8.33 T with a current
of nearly 12 kA. The magnet and the beam lines are housed in the same cryostat and the system is
cooled down to 1.9 K using super-fluid Helium (He). Just prior to the collision points, another type
of magnet is used to "squeeze" the particles closer together to increase the probability of having a
collision. The LHC is also capable of accelerating lead (Pb) ions to deliver both lead-lead and proton-
lead collisions. It has four interactions points (IP), shown in Figure 2.1, each one accommodating a
particle physics experiment. The ATLAS [27] and CMS are general purpose experiments designed
for high-luminosity operation and are equipped to study a wide range of phenomena including
precise measurement of Standard Model processes and searches for evidence of New Physics.
Additionally there are two, more specialised, experiments: LHCb [28] with a focus on b-physics
and ALICE [29], mainly aiming at research of quark-gluon plasma in heavy ion collisions.
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A very important parameter of a particle collider is its luminosity. It provides a measure of
how many collisions take place per area and second, thus, how well the beam is focused at the
interaction points. It is calculated as follows:

nNy Ny f

drwo,o

L = 2.1)

Y

CMS Integrated Luminosity, pp, vs= 7, 8, 13 TeV
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Figure 2.3: Cumulative delivered and recorded luminosity versus time for 2010-2012 and 2015-
2018 (pp data only). Delivered and recorded luminosity cumulative over all years during stable
beams for pp collisions at nominal center-of-mass energy.

where n denotes the number of bunches in the accelerator, N; and N, are the number of protons
in the two colliding bunches and f is the collision frequency. The denominator denotes the cross

sectional area where o, and o, describes the spread of the proton beam in the x and y direction
respectively. The design luminosity of the LHC is 10**¢m ™25~ " has been already exceeded since the
2016 run. By multiplying the production cross section of a particular process ¢ with luminosity L
integrated over the data taking time, one gets an estimate of how many events N of a process took

place in one data taking period,
Lint = / Ldt (2.2)
N = LmtO'. (2.3)

The LHC has performed very well and produced more collisions than what was anticipated
during its desing. The total integrated luminosity for every year is shown in Fig. 2.3

2.2 The CMS Detector

The Compact Muon Solenoid (CMS) experiment is a multi purpose detector at the LHC. It is
designed to measure momentum and energy of particles produced in proton-proton interactions.
With a total weight of 14000 t, the mass of the CMS detector is dominated by a steel return yoke
installed to lead the magnetic field originating from a solenoid. The detector has a cylindrical shape
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with a length of 28.7 m and a diameter of 15.0 m. The CMS detector is built in onion-like layers
of subdetectors, namely tracker, calorimeters, solenoid and muon system, with different purposes
described in the following sections. The fact that different particles leave different signatures in the
detector is utilised to identify and distinguish particles. The reconstruction of identified particles
is further described in detail in chapter 3.

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overall length  :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Figure 2.4: Full view of the CMS detector. Basic properties as weight and dimensions are sum-
marised in a table in the left upper corner. Components of the detector are titled and shown in
different colours.

Besides the detector systems, a very important component is the trigger, providing fast de-
cisions if an event is discarded or interesting enough to be stored. A trigger system is essential
because data cannot be stored with the same rate as collisions occur at LHC. The design of CMS
was chosen to cover a wide range of physics approaches. Nevertheless, a focus was set on the dis-
covery of the Higgs boson, which was announced in 2012 by ATLAS [4] and CMS [3]. Components,
design and the general construction of the CMS detector are shown in Fig. 2.4.

2.2.1 Coordinate System

The coordinate system used in the CMS experiment is based on cartesian and right-handed co-
ordinates. The origin is set in the centre of the CMS detector. Fix points are set to define the
direction of the axes. The z-axis point in the direction of the centre of the LHC ring, the y-axis
points up and the z-axis is defined parallel to the beam axis. Because LHC is a hadron collider
and the z-momentum of the centre-of-mass system of a collision is unknown, a different set of
coordinates is used in data analyses. A first approach are spherical coordinates with the angles
¢ and 6. The angle ¢ is defined as the angle in the x — y plane measured from the z-axis. The
angle 6 describes the angle from a given point the the xyz space to the beam axis (z-axis). O is
a very useful variable to measure distances in experiments like CMS because of likely boosts in
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the z-direction. Therefore, a new variable is introduced, pseudorapidity n, whose differences are
Lorentz invariant under longitudinal Lorentz boosts,

0
n=- ln[tan(§)]. (2.4)

The distance AR between two objects (i, j) is calculated using the differences A¢ = ¢; — ¢; and

An =mn; —n;, thus
AR =\/A¢* + A (2.5)

Also, when calculating momenta, it is once again unpractical to use a z component. Therefore,
transverse momentum pp is defined which is constructed using the x and y-components of the

total momentum of an object (p,, p,)
/ 2 2

A full set of coordinates to describe the momentum and mass of a detected particle are energy
E, transverse momentum pr, pseudorapidity 77 and angle ¢.

2.2.2 Solenoid

The CMS detector is equipped with a solenoid magnet that produces a magnetic field in order
to bend paths of electromagnetic charged particles. With the resulting curvature radius and a
known magnetic field strength, one is able to calculate the momenta and charge of those particles.
Therefore, CMS uses a superconducting solenoid magnet to provide a magnetic field of 3.8T inside
the tracking system. The solenoid has a length of 12.9m and a diameter of 5.9m. Tracker and
calorimeters are placed within the radius of the solenoid while the muon system is installed outside
the solenoid. The iron yokes are used to guide the magnetic flux outside the solenoid. The purpose
of the magnetic field on the outside, is to bend trakcs of muons within the muon calorimeters.
The solenoid form of the magnet is chosen because it provides a constant magnetic flux inside the
tracking system.

2.2.3 Tracker

The inner-tracking system of the CMS detector consists of the most inner part of the CMS detector,
surrounding the interaction point. It is designed to provide precise and efficient measurements of
the trajectories of charged particles (electrons, muons, hadrons) and precisely reconstruct primary
and secondary interaction vertices. In general, its purpose is to measure the momentum and
charge of particles. The tracker’s intuition comes from the Lorentz’s force which bends the trajec-
tory of charged particles in a magnetic field. The bending radius is proportional to the momentum
in a constant magnetic field.

The structure of the tracker system is shown in Fig 2.5 where different modules of the inner
tracker are shown:

e pixel

e inner barrel (TIB)
e outer barrel (TOB)
e inner disks (TID)
e endcaps (TEC)
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Figure 2.5: Sketch of the CMS tracking detector. All subsystems namely pixel and strip detector
with inner barrel (TIB), outer barrel (TOB) and outer endcaps (TEC) are shown. Additionaly the
range in 7, radius (r) and z-direction can be read off.

The CMS tracker [30, 31] is composed of a pixel detector [32, 33] with tree barrel layers at radii
4.4 cm, 7,3 cm and 10.2 cm and a silicon strip tracker [34, 35] with 10 barrel detection layers
extending outwards to a radius of 1.1 m. Each system is completed by endcaps which consist of
two disks in the pixel detector and 3 plus 9 disks in the strip tracker on each side of the barrel,
extending the acceptance of the tracker up to a pseudorapidity of |5| < 2.5. Each of the 66 million
silicon pixels extends to 100pm x 150pm.

2.2.4 Calorimeters

In order to define a particle type it is crucial that detectors are able to also measure the energy
of a particle. Therefore, outside the tracker, a calorimetry system with two types of calorimeters
has been installed. The basic principle of the calorimeters is to absorb all of the ernergy a particle
carries with it while moving inside the detector and convert it into a measurable quantity. The
energy that is deposited in the calorimeter is trasnformed into a light signal using scintillating
materials. The intensity of the light signal is proportional to the energy deposited in the calorimeter
cell. The layers of the detector must be dense enough in order to stop an incoming particle entirely
and prevent any leakage. As a measure for calorimeter thickness, radiation length X, for electrons,
is defined as the path in which an electron looses é of its initial energy. In an analogous way,
a nuclear interaction length ), for hadrons is introduced, taking into account the length scale
of strong interactions. Both X, and ), values depend on the used material and density of the
detector layers. The final step is the collection of the light signal. This is collected and measured
with photon multipliers and can be converted back into a measured energy value. Measurements
from calorimeters typically get more precise while the energy is increasing. Thus, they provide a
good alternative method in cases where the measurement of the tracking system has gotten worse.
The resolution of a calorimeter is given by:

g « C
E S (2.7)

ElGev] ~ VEGer] Y BlGev]

In this formula, %5 denotes the relative energy resolution depending on the energy E, the
stochastic term «, the constant term-b which includes inhomogeneities or shower leakage and the
noise term c, containing electronics and pile-up noise. At high energies, the b-term is dominant
but can be reduced by calibration.
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Electromagnetic Calorimeter - ECAL

The electromagnetic calorimeter (ECAL) [36, 37] of the CMS detector is purposed to measure the
energy of electrons and photons in a range up to || = 3. It is a hermetic homogenous calorimeter
which is radiation tolerant and total absorptive made up of tungstate crystals (PbWO,). It can also
measure the EM components of jets and hadrons that deposit their energy in the ECAL crystals.

The operating principle is simple. A photon starts an electromagnetic shower in a electron-
positron pair production while an electron starts as Bremsstrahlung radiation. Both develop a
cascade of electrons, positrons and photons through the aforementioned processes. In order
to measure the energies of photons and electrons with high resolution, ECAL is composed by
materials that are ideal for scintilation. Lead tungstate is a inorganic crystal scintilator. Each
crystal is 230 mm long, corresponding to 25.8 X; and has a front area of 22mm x 22mm. With
this, photons which are not seen in the tracker can be reconstructed with a high precision and
even resolve nearby showers. (PbWQO,) has a Moliére radius which is defined as the radius of a
cylinder containing 90% of the shower’s energy depositions, that is only 2.2 cm. This results to
an excellent position resolution and separation between showers. This property is of particular
importance since it allows to distinguish photons from isolated neutral pions [7r0 — vy decays).

ECAL also gives the ability to provide information that are strongly related to the triggering
system of CMS and is aiding particle identification.

In terms of positional structure, ECAL is divided into the barrel covering a pseudorapidity
range of |n| < 1.479 while the two endcaps cover the area at 1.479 < |n| < 3.0. The endcap parts
also include a preshower detector that covers the region 1.65 < |n| < 2.6. Figure 2.6 depicts the
ECAL geometry with its different components. The ECAL, forms a layer between the tracker and
the HCAL detector modules. The cylindrical “barrel” consists of 61,200 crystals formed into 36
“supermodules”, each weighing around three tonnes and containing 1700 crystals. The flat ECAL
endcaps seal off the barrel at either end and are made up of almost 15,000 further crystals.

: (‘/f Tapered crystals 1

VA Pointing ~ 3¢ from '-rene’/ :
Preshower =Y Barrel Endcap - Endcap
datector Supermadule Supercrystals Dee

Figure 2.6: CMS ECAL geometry schema showing different components.

The preshower is installed in front of each ECAL endcap. It consists of two layers of lead
radiation followed by silicon strip sensors. Its aim is to identify neutral pions within the region of
1.653 < |n| < 2.6. Also, it helps the identification of electrons against minimum ionizing particles
and improves the position determination of electrons and photons with high granularity.

The design choice of the ECAL is driven by the fact that a Higgs boson decays into two photons
where the Higgs boson mass can be reconstructed from the four-momenta of the photon pair. A
performance study [38] showed an energy resolution of less than 2% for 45GeV of electrons from
Z boson decays in the barrel region. The energy resolution was found to be:

(5= (50 + (B5) + 0 2.8
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Hadronic Calorimeter - HCAL

Since hadrons have a larger absorption length they mostly pass the electromagnetic calorimeter
and are absorbed and measured in the hadronic calorimeter (HCAL) [39]. Two alternating layers of
different materials are used. One is to absorb the majority of energy an incoming particle carries
and consists of brass plates. The other one is made out of a plastic scintillator, that acts as active
material. HCAL can provide supplementary measurements to the ECAL and the muon systems.
The primary hadrons that have sufficiently long lifetime to traverse the CMS calorimeter are pions,
kaons, protons and neutrons.
The energy resolution of HCAL [40] is given by:

o 110%

E JVE

The leading contribution to the HCAL energy resolution comes by effects from not fully con-
taining the hadronic shower, while a stochastic noise term S of 110% and a constant term of 9%.
Figure 2.7 shows a view of the HCAL in the y — z plane. The HCAL is composed of a barrel (HB) and
endcap (HE) component, which are both contained inside the solenoidal magnet, and the outer
(HO) and forward (HF), which are located outside the solenoid. The (HB) covers the range |7| < 1.3
while the HE covers 1.3 < |n| < 3.0. Due to the limited space available for the HCAL within the
solenoid, the HO is included outside the solenoid in order to increase the total interaction length.
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Figure 2.7: View of the CMS hadronic calorimeter in the y-z plane.

The barrel part of the HCAL begins in a distance of » = 1.77m to the interaction point and
reaches up to the solenoid at » = 2.95m covering a range of || < 1.3. The thickness corresponds
to about ten times the hadronic interaction length. Endcaps are installed to cover a range of
1.3 < |n| < 3. Additionally, forward calorimeters at a distance of 11.1 m in z-direction to the
interaction point are used to cover the range of 3 < |n| < 5. A further outer calorimeter is installed
outside the solenoid to account for and measure leakage.

2.2.5 Muon System

Because of the possibility to reconstruct muons with very high precision, they played an important
role in the design of CMS since they also appear in an important channel of the Higgs boson
decaying to four leptons. Thus, this is the reason why a whole system is installed to identify and
measure muons with such precision. In general, muon detection is a powerfull tool in terms of
recognizing signatures of interesting processes over a high background rate that is expected in the
high limunosities within the LHC.
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The muon system [41] is the outermost component of the CMS detector, located outside the
solenoid magnet, consisting of a barel (7| < 1.2) and two endcaps (0.9 < || < 2.4) which are
visualized in figure 2.8.
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Figure 2.8: Cross-sectional view of a quadrant of the CMS detector in the (r, z) plane, showing the
layout of the muon detector.

As a muon tracker various versions of gaseous detectors are installed. In the barrel part, drift
tubes and resistive plate chambers are embedded in the iron return yoke of the magnet where
a magnetic field of about 2 T is present. In addition, two endcaps with resistive plate chambers
(RPCs) [42] in combination with cathode strip chambers (CSCs) [43] are installed. The design
choice is due to the expected flux of muons in the different regions of the detector. While muons
occur rarely in the barrel part, they are predicted to appear in high rates in the endcaps. The
two gaseous detectors can also provide independatly trigger information based on the py of muons
with high efficiency and background rejection. The RPCs are installed both in the barrel and in
the endcaps covering a region of |n| < 1.6. Also they provide a rapid and highly-segmented trigger
with a sharp pr threshold. They also help to resolve ambiguities while attempting to reconstruct
tracks from multiple hits in a chamber.

2.2.6 Trigger

At the interaction points, proton bunches are brought to collision every 25ns. This means that
almost 8 x 10° interactions per second take place per second. Thus, it is impossible to store that
amount of data with this rate while the total required storage capacity is either not feasible. For an
accurate measurement of the event, all the information of the subdetector systems is necessary. It
would need a tremendous amount of computing cores and computing power in general to analyse
this data. In addition, only a small fraction of events are interesting for physics analyses. Therefore,
the CMS detector is equipped with a trigger system [44] that is required in order to reduce the rate
of the data acquisition by a factor of the order 10° to a few 100 Hz. This is achieved with two trigger
stages:

1. Hardware based Level-1 Trigger (L1) [45, 46]

2. Software based High-Level Trigger (HLT) [47].
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Level-1 Trigger

The first level trigger is composed by custom harware and uses important fast data coming from
the muon and calorimeter subdetectors. It is responsible for identifying and selecting events that
may contain muons, electrons, photons or jets at a rate up to 100 kHZ within 4us. The first level
trigger is further divided while having local, regional and global components. The local triggers
(Trigger Primitive Generator) identifies energy depositions in calorimeter trigger towers and tracks
segments or hit patterns in muon chambers. The regional triggers define ranking and sorting of
trigger objects such as an electron or a muon candidate by combining their information and using
pattern recognition. The Global Calorimeter (GCT) and Global Muon Triggers (GMT) determine the
highest-rank calorimeter and muon objects across the entire experiment and transfer them to the
global trigger (GT) which decides the rejection or the acceptance of an event for further evaluation
by the High Level Trigger (HLT).
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Figure 2.9: The architecture of the CMS Level-1 trigger system in Run 2.

High Level Trigger

The second level also known as high-level trigger (HLT). It uses a partition of the full event recon-
struction framework in order to process data in a very fast way in a farm of commercial processors.
It is able to reduse the event rate up to 1kHz. The HLT has access to the complete read-out data
and can therefore perform complex calculations similar to those made by the off-line analysis soft-
ware. Like the level-1 trigger, the HLT is further divided into processing "steps", namely the L-2,
L-2.5, L-3 steps. The L-2 step uses input originating from the calorimeter and muon detectors
whereas the L-2.5 uses information originating from tracker such as pixel hits. The L-3 step refers
to a selection that is able to include the fully reconstructed tracks in the tracker. The HLT is able
to process and make decisions upon interesting data with a more efficient way in relation to the
Level-1 trigger. It can include information from b-tagging discriminators and reconstructed jets.
The next step of the processed data that pass both L-1 and HLT requirements is to store this data
to physical memories (Hard drives) to perform offline processing which can take several seconds
per event and performs a much more computational intensive event reconstruction which is then
used for data analysis.

2.2.7 Upgrades

The first CMS Phase 1 upgrade started at the end of Runl and it is planned to continue until
the start of LHC Run3 in 2021. It included a complete upgrade of the Level-1 trigger system, an
upgrade of the photon sensors of the HCAL and HF scintillation system, as well as, an installation
of a new pixel detector that replaced the old one in early 2017. The new pixel detector [48] contains
four barrel layers and three discs in the endcaps, with double pixels. It is expected to be be more
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robust against high pile-up and to have a faster readout system with an increased number of
channels.

The CMS Phase Il upgrades [49] will replace or improve detectors and their associated hardware
to provide the appropriate performance that is required to confront the challenging conductions of
high luminosity when the HL-LHC runs begin. The installation of the upgraded systems has already
begun and is planned to be complted during the LS3, presently scheduled for 2024 up to 2026 [50].
The proposed operating scenario is to level the instantaneous luminosity at 5 x 10**em?s ™! from
potential peak value 2 X 10**cm?s™" at the beginning of the fills, and to deliver 250 fh? per year
for a further 10 year of operations. Under these conditions the event pile up will rise substantially
and thus, the Phase II upgrade is crucial for the smooth operation of the detector.
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Chapter 3

Object Reconstruction

At general purpose particle detectors, such as CMS, the output signal must be converted into
objects with a physical meaning in order to perform studies and analyse recorded data. Thus,
the CMS collaboration has developed a number of algorithms to identify, reconstruct and measure
particles. The particles are returned in the form of lists of electrons, muons, photons and jets.
The candidates for each particle type has to maintain certain criteria in order to be categorized as
such. In this chapter, both the criteria and algorithms used to obtain objects for physics analyses
are described.

3.1 Particle Flow Algorithm

The CMS detector is a detector which consists of many detector layers nested around the beam
axis. Each detector layer provides information for a specific type of particle type. CMS uses a
special algorithm, called Particle Flow (PF) [51] to combine information coming from every detector
system, following the complete path of a particle through a detector. This algorithm is able to
make use of the footprints of different particles passing through different layers of the detector.
Muons are detected both in the inner tracker and the muon chambers, electrons are detected both
in the inner tracker and ECAL detector, while charged hadrons leave tracks and shower in the
HCAL. Photons and neutral hadrons only deposit energy in the ECAL and HCAL respectively. A
schematic view of all detector layers is shown in Figure 3.1. The PF algorithm is able to capture
and utilise all the aforementioned information is order to assign all showers from charged particles
to their tracks, leaving untracked only the energy deposits originating from photons and neutral
hadrons.

First, hits in the inner tracker and muon system are combined. If a track through the whole
detector is found, the object is called a muon candidate and all belonging hits are removed from
the algorithm input. Afterwards, the remaining tracks from electrons and charged hadrons are
extrapolated into the calorimeter systems and assigned to showers. Here, photon radiation from
electrons has to be treated with, since energy from these photons also need to be assigned to the
initial electron. Finally, remaining showers in the ECAL and HCAL should originate from photons
and neutral hadrons, respectively. To be able to use particle flow with high efficiency, the tracking
systems need to have a good spatial resolution while the calorimeters also have to provide a high
granularity. All these requirements are fulfilled in CMS, which makes the PF algorithm a powerful
tool in object identification and reconstruction.

3.2 Particle Identification and Reconstruction

3.2.1 Muon Identification

Muons have a very low probability to ionize CMS calorimeters. Thus, muons are identified by their
hits in the inner tracker and the outer muon chambers. This results into a high identification
rate while also maintaining a good reconstruction precision. In order to further improve the muon
identification, additional criteria are applied to standalone, global and tracker muon candidates.
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Figure 3.1: Slice through the CMS detector looking in the direction of the beam pipe. Tracks of
different particles on their way through the layers of the detector are displayed. From left to right,
tracking system, calorimeters, superconducting solenoid and muon system are shown.

Those are based on the various quality parameters referring to muon isolation and reconstruction
and are used to suppress misidentified muons, mostly charged hardons, while preserving a high
efficiency for both isolated muons and muons inside jets.

3.3 Jet Algorithms

Jets are objects that are used in order to reconstruct high momentum partons that are produced
in the proton-proton collisions. Because of confinement, quarks and gluons cannot exist isolated
but hadronize to a cascade of colour neutral hadrons. Therefore, one needs to sum up all hadrons
originating from the initial parton in order to reconstruct it. For these types of particles, jet
clustering algorithms are used to combine particle flow candidates in a well defined way. Each
defined jet must be infrared and collinear safe. The first criterion means that a jet should not
change when including or excluding soft radiation, while the collinear safety criterio addresses the
collinear splitting of particles in a jet which should also not change the jet.

33.1 Anti-kp

In the CMS experiment, the most common way to cluster jets from the detected particles is to use
iterative jet algorithms. This means that PF candidate particles are clustered step by step until
an abort criterion is reached using a group of jet algorithms called kp-like [52] algorithms in the
FastJet Package [53]. The anti-kr algorithm [54] works in the following manner. As an input, it
uses a list of all reconstructed PF objects from the detector. It measures the distance between a
PF candidate i and the surrounding particles j in the rapidity y and angle ¢ plane. The algorithm
then calculates two quantities, d;; and d,p for each pair of objects i and j:

2
AR,
R2

. -2 2
d;j = min(pyp; 7ij) (3.1)

dip = Pri (3.2)

where:
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Cam/Aachean, R=1

Figure 3.2: A sample parton-level event (generated with Herwig [8]), together with many random
soft “ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas
of the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by
the specific set of ghosts used, and change when the ghosts are modified.

AR is defined as the distance of two objects i in the rapidity-angle ¢ plane and is: AR;; =

V(i — ?/j)2 + (¢ — ¢j)2)

pr,; is the transverse momentum of the i object

e R is a constant parameter that defines the radius of the resulting jet

d;p is defined as the beam distance

For each particle the algorithm calculated the beam distance d;g. The clustering procedures
continues by finding the minimum d,,;,, of all particle distances d;; and beam distance. If the
smallest distance found for particle i with a particle j is dij the particles are combined to form a
single entity. On the other hand, if the smallest distance satisfies d;z < min(d;;), the particle i
is considered a jet and is removed from the list of entities. The aforementioned step is repeated
until no particles are left. The anti-kt algorithm outperforms similar algorithms such as kp,
Cambridge/Aachen and iterative-cone algorithms. This algorithm is the standard jet clustering
algorithm used in the CMS experiment and results in particles with high p, since the low-pp
particles are considered subparticles of a jet.

The distance R is chosen based on the use cases of the resulting jet collection. The default
jet collection in CMS consists of jets with small radius R of 0.4 and is referred as the "AK4" jet
collection. These types of jets typically correspond to a single quark or a gluon originating from
the hard-scattering process. Jet collections that use larger radii such as 0.8 ("AK8" jets) are used
in order to reconstruct hardonically decaying particles with large Lorentz-boost, such as high-py
top quarks. High-pr particles decaying products can be collimated and thus may be reconstructed
into a single-R jet making it even more difficult to further distinguish particles lying within the
large radius AKS jet.
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3.3.2 Soft Drop

When clustering particles into jets, algorithms cannot estimate wheter a particle originates from the
hard process or from pileup, undelying event of initial state radiation. Jet substructure techniques
are further applied to remove soft radiation (grooming) in order to obtain a jet that in the best case
scenario includes only energy from particles of the hard scattering process. The largest impact on
jet mass measurements has wide angle radiation which is still reconstructed in the same jet. This
results into extra particles like light quarks or gluons clustered within a jet that may be originating
from a top quark decay and as a consequence adds more mass the larger the distance between top
quark and light parton/gluon is. The CMS experiment uses the SoftDrop algorithm [55] in order
to mitigate this effect. This method undoes the last clustering step, breaking the final jet into two
constituents. After each de-clustering step, the softdrop criterion is checked:

min(pr1, pro) (ﬂ)ﬁ
Pr1+ Pr2 Ry

If the condition does not hold, the constituent with lower transverse momentum is removed,
while on any other case the final jet remains unchanged. The ppi, pry denote the transverse
momentum of the two constituents while R, denotes the distance between the constituents in
the y — ¢ plane. The parameter R is the radius of the final jet. A threshold value z,,; combined
with an exponent  define the strength of the grooming. Performance studies within the CMS
experiment have been done [56] resulting into values of z.,; = 0.1 and 5 = 0.

(3.3)

3.3.3 PUPPI

An additional factor that may contaminate the reconstructed jets is additional energy attributed
to jets that comes from the proton-proton interactions other than the hard-scatter event at the
primary vertex. This additional energy from these events is called pileup and CMS has developed
its own algorithms to counter-effect it. If a charged hadron is reconstructed in the tracker and is
identified as originating from a pileup vertex, it is removed from the collection of particles used to
form physics objects. This procedure is widely used in jet reconstruction and is referred to charged
hadron subtraction (CHS) [57, 58].

An alternative way to mitigate pileup is the pileup per particle identification known as PUPPI
[59]. In this scope, each reconstructed particle is applied a weight that refers to the probability
that this particle originates from pileup interactions. The probability is based on local energy
distribution around the particle, tracking information and event pileup properties. It uses this
estimation to scale the four momentum of each PF particle candidate before it is clustered in to a
jet.

3.4 Heavy Flavor Jets

In analyses involving top quarks, it is useful to identify bottom quarks since they are in almost
every case one of the top quark decay products. The properties of the b-quark makes it possible
to find and tag jets originating from a bottom quark. Since b-hadrons have a relatively large
lifetime of about 1.5 ps, combined with time dilatation due to their velocity, they are likely to
travel several millimetres in the detector before decaying. This leads to secondary vertices at
the spatial point where the b-hadron decays. The CMS tracking system is able to resolve both
primary and secondary vertices. Up to now, these characteristics were exploited by the Combined
Secondary Vertex (CSV) [60, 61] algorithm and its updated version. The fraction of energy from
charged hadrons in a jet and the invariant mass of all particles assigned to a secondary vertex are
taken into account to distinguish them from non b-jets. The output of the CSVv2 algorithm is a
number between O and 1 denoting how b-jet like a jet is (1 means very b-jet like). Different working
points correspond to different minimum values that a jet must fulfil to be considered as a b-jet.
In this analysis though not only the CSVv2 algorithm was used. CMS has developed yet another
heavy flavor jet identification algorithm called the DeepCSV [62, 63]. The DeepCSV algorithm is a
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Figure 3.3: Performance of the b jet identification efficiency algorithms demonstrating the proba-
bility for non-b jets to be misidentified as b jet as a function of the efficiency to correctly identify b
jets [63].

trained deep learning neural network. It classifies particles in each final layer (multi-classification
problem) by outputing a single value for each class. Its input includes all the CSVv2 features
while also adding few more "relative raw" information such as not only the 2D impact parameter
significance but also its value. Also, DeepCSV algorithm uses more tracks in relation to the CSVv2
algorithm.

The output of the deep neural network consists of 5 exclusive categories:

e Exactly one b hadron in a jet

Exactly one ¢ hadron but no b-hadron in a jet
e Two or more b-hadrons in a jet

e Two or more c-hadrons, but no b-hadron in a jet

Light jets (udsg)

3.5 Missing Transverse Momentum

Even though CMS is a full coverage detector that is able to interact with and reconstruct stable and
long-lived particles produced in pp collisions, particles such as neutrinos or hypothetical weakly-
interacting particles do not leave a signal footprint to the detector. Thus, their presence can only
be inferred through the visible momentum imbalance in the transverse plane. One can define the
missing transverse energy Er as an estimate of the energy that is carried away by particles which
leave the experiment undetected. The summation of all particles in the final state (both detectable
and not) returns the transverse momentum (py) of the system in the initial sate in which py = 0
at the LHC. Thus the transverse energy of all undetected particles is defined as the absolute value
of the negative sum over the transverse momentum of the detected objects

Ep=|- Z prl (3.4)

leptons,jets
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Chapter 4

Control Systems

This chapter focuses on the description and techniques that are used in designing and implement-
ing a control system for the CMS detector. Also, a general introduction into the tools that are used
to build such control systems is provided.

4.1 SCADA systems

The Detector Control Systems (DCS) belong in the subcategory of Supervisory Control And Data
Acquisition (SCADA) [131] systems. SCADA are systems that are designed and implemented in
order to monitor and control systems. The term data acquisition refers to the reading of values
regarding the monitoring of the system which is performed in a very low rate, contrary to ex.
physics experiments where the rate of data acquisition is very high (DAQ). For this reason, the
SCADA systems are also called SLOw Control SYstems (SLOCSY). The described SCADA or SLOCSY
systems are not only used in High Energy Physics, but also in a wide variety of factories, airports
and many more.
A SCADA system consists of three layers:

e Supervisory layer: Visualization, control and sending of commands. Also, responsible for
gathering data from all processes.

e Front-end layer: Between supervisory layer and hardware. Reads signals from hardware
and sends them to the supervisory layer

e Communication layer: Intermediate layer between front-end and supervisory layer, while
being responsible for their communication

SCADA systems are usually not complete control systems but are software toolkits used in
order to develop the supervisory layer of a control system and also have the ability to connect to
the font end layer. The importance of SCADA systems is automation, while allowing an organization
to carefully study and anticipate the optimal response to measured conditions. Also, it allows to
execute these responses in an automated manner.

4.2 WinCC_OA Toolkit

CERN chose the product it would use for the development of control systems for its experiments.
While many commercial and open-source products were available, the SCADA toolkit selected was
the PVSS-II provided by the Austrian company ETM. In the long run, ETM was purchased by
Siemens and the PVSS-II was renamed into WinCC_OA [132].

4.2.1 Main Features

WinCC_OA is a software that is designed for being utilized in the field of automation engineering.
Its main application is the operation and supervision of technical installations using full-graphics
capabilities for the end-user and its operators. The toolkit is able to transfer input values and
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Figure 4.1: Schematic representation of a data point.

commands to the process and its control devices. The software also includes alerts that are sent
to the user when critical states occur or predefined limits are exceeded, but also offers archiving
features so that data are stored for later display or analysis.

One of the main features on WinCC that made CERN select it as the tool to develop its SCADA
system was its ability to scale, while it enables to create distributed systems. A distributed system
is not one system but a set of individual systems which are connected to each other in a hierarchical
way forming a complete control system. In this way, the computational load is divided among many
machines making the design and operation of a very large control system sustainable.

Another advantage of WinCC_OA is that its equipped with a run-time database. WinCC_OA
by default comes with an internal built database, which schema consists of data points (DP), an
abstract structure of data, as seen in Fig. 4.1. A data point structure is constructed from data
point elements (DPE) which hold the values and states of a given data point. In addition to storing
the value, a data point element includes attributes such as time stamp, quality information and
originator. Each data point holds a certain type called data point Type (DPT) which gives the data
point specific characteristics. The DPT defines the general structure of the data point as well as
the name and type of its elements (Fig. 4.2). In this way, all data associated with a specific
device are grouped together and are held in the same type of variables, thus enabling re-usability
of code and components developed for these types of devices. In addition, there is a custom WinCC
Application Programming Interface (API) which can be used to write WinCC managers and drivers.

WinCC_OA can be easily scaled up and extended through the native programming language
that is provided by the toolkit. The programming language that is provided by WinCC_OA is called
ConTRoL (CTRL). It is a C-like programming language used for creating both scripts as well as
user interfaces (panels). The language is user friendly and easy to learn which allows new users
to quickly get familiar with the toolkit and contribute with their own scripts and panels to large
projects in a quick manner.

Finally, a great advantage that the WinCC_OA offers is its modularity in terms of operating
system. In contrary to most SCADA products, WinCC_OA is a multi-operating system product
offering the same functionality in Windows OS and Linux OS. This is important because, within
the scientific community a great amount of software (ex. DAQ) use Linux as an operating system.
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4.3 Joint COntrol Project Framework (JCOP)

The DCS involves the control, configuration, readout and monitoring of hardware devices as well
as monitoring of external systems such as the electrical system, cooling system etc. In order for all
of the experiments at LHC to work in a coherent and safe way, the Joint COntrols Project (JCOP)
was introduced in 1998 aiming to provide common solutions for the control system for all LHC
experiments.

The goal of the JCOP Framework [133] is to develop and provide components and tools that are
used widely for the control and handling of the detectors. In order to perform such as task, JCOP
introduces the common basis in order for each experiment to build and work upon.

4.3.1 Finite State Machine (FSM)

The whole pipeline is built on the WinCC software that is provided by Siemens. The modelling of
the control system has been implemented as a hierarchy of Finite State Machines (FSM) using the
SMI++ toolkit [134, 135].

The complexity and size of the detector is so large that every device or software task needs to
be very well organized. Through the SMI++ toolkit, this set of entities is described as a collection of
objects behaving as Finite State Machines. To be more accurate, an FSM is a model of the detector
objects, where each object can have an well defined, finite number of states where it can be found.

Each functional part is represented in the FSM by a "node", acquiring a "State" of operation but
also a "Status" in order to monitor any anomalies. In the model of an FSM type system, there is a
state/command interface between a parent and its children. Commands are passed from a parent
to its children while states of the children are propagated to the parent. A visual representation of
a typical Control System using FSMs can be found in Figure 4.3. Two types of objects are defined
in the FSM hierarchy:

e Control Units (CU): Logical decision units that monitor the states of their children and report
an overall state of their parent. They can model and control the sub-tree below them and
typically model abstract or logical items. They can have children of all types but their parent
must also be a CU. They derive their states from their children. In order for an FSM to exist,
it must contain at least one Control Unit.

e Device Units (DU) Typically, they model a specific piece of equipment (hardware). They
interface with the lower level components and represent hardware. They do not have logic
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Figure 4.3: A simple control system modelled using FSMs.

behavior.

As mentioned above, all state information propagates from top to low (parent to children) while
all status is propagated from low to top (children to parent).

e State defines the operational mode of the system

e Status gives the details of how well is the system working on a particular state (ex. the state
of a HV chamber can be READY byt the status can be in WARNING reflecting any anomalies
in its values)

4.3.2 Archiving Database

One of the most important things regarding the correct and efficient functionality of the DCS is
its ability to store and preserve data that relate to the state of the running system. It is crutial to
store this type of data not only for monitoring and analyzing the detector’s behaviour but also to
ensure the quality of the data collected from the experiment. For example, a malfunctioning in a
current detector may results into corrupt physics analysis data.

The WinCC_OA control system is equipped with an internal built-in database that is used for
archiving and storage. In order for the WinCC_OA to be able to store such a large amount of
data, with regard to a large physics experiment, Oracle databases are used for the archiving of the
data. The archiving policy of the CMS experiment is to archive data on change but also using a
polling mechanism. Regarding the on change method, this means that values are archived only if
a change of a value is monitored, while polling mechanism archives values every certain amount
of time regardless the change.

4.3.3 Configuration Database

The aim of the Configuration Database, provided by the JCOP framework it to provide means
of storage and retrieval of different sets of configuration data that are related to control systems
within an external database provided by Oracle. This implemented module includes both static
and dynamic configuration data for the WinCC_OA data points.

When controlling large scale projects such as the CMS detector, it is needed that values of
power supplies, or sensor temperatures are changed throughout the lifetime of a project within a
reasonable rapid time. Therefore, the Configuration Databse addresses such issues by providing
the storage of two types of data:

e Static Data: Image of the system (data points, addresses, etc)
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e Dynamic Data: Values and alert limits of data points connected to hardware

Static data is used whenever a system failure occurs and thus restoring of the system is re-
quired. The configuration database allows the user to restore a failed system, since the system
image is stored within the database. On the other hand, static data are used to configure param-
eters of the hardware. These parameters are called recipes. They are also used for changing the
detector’s state.

4.3.4 Access Control

The framework also includes an access control component which is implemented in the UI level.
It distinguishes the roles of the various users by allowing different actions to each one of them
depending on their expertise, while it ensures the protection from non-malicious actions (such as
misuse due to an operator’s mistake) by enabling/disabling parts of the User Interface.

To achieve this, the framework and this module in particular defines domains that correspond
to parts of a system. Each domain has a level of access (e.g. operator, root user, etc). A domain
is an abstract term that represents a part of the detector control system, such as an subdetector.
The roles are defined in such way so that each role is allowed only a set of current actions for this
particular domain. As a result, each user that must perform an action on the current domain, is
associated to a specific role.

4.4 The CMS Detector Control System

The following section describes the structure of the CMS Detector Control System as well as some
tools and modules that were developed during my 2 year Central CMS DCS service as a control
systems engineer.

The CMS is an experiment that requires various hardware and software systems to work at the
same time in order for the detector to perform with such efficiency. Thus, all these systems are
required to be monitored, in order to control and operate the CSM experiment. The interaction of
the detector experts and the shifters with the detector hardware is performed with the help of a
Detector Control System (DCS).

4.5 The CMS Central DCS team

The CMS Central DCS Team is responsible for the development and maintenance of the Detector
Control System (DCS), the control and maintenance of the FSM (Finite State Machine model) and
monitoring (sensors, crates, etc) of the CMS detector.

The CMS central DCS team makes use of frameworks such as the WinCC_OA provided by
Siemens. The WinCC_OA is further optimized for CERN’s detector needs by utilizing and building
new tools via the JCOP (Joint Control Project) Framework. Also, the CMS central DCS team also
provides a custom made framework for the CMS detector, the "CMS framework". The Central DCS
team is responsible for the maintenance, upgrade and development of the CMS framework.

Each CMS subdetector develops and maintains its own system (DCS Subdetector Framework)
which is integrated into the central DCS system. Every subdetector DCS must include the follow-
ing:

e System with unique structure

e Monitor subdetector hardware

e Perform specific subdetector commands

The Central DCS team’s role us to provide general rules and guidelines for the smooth inte-
gration of the subdetector tools. Also, the Central DCS team provides tools for the development
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Figure 4.4: Main screen of the CMSfwInstallUtils component

to the subdetectors as well as monitoring for the CMS hardware (ELMB, crates @P5). Among
the Central DCS team’s responsibilites, lies the general support regarding WinCC_OA within the
CMS collaboration, as well as other services such as database expertise or on-call service during
detector running periods.

The National Technical University of Athens (NTUA) has been supporting and developing tools
for the Central DCS team since 2016. Our involvement in the CMS DCS team includes the training
on various framework components, tools, and system structures (both central and subdetector)
with the aim to become DCS experts able to assist the on-call service of the central DCS team.
Also, NTUA aids the developemnt, support, improvement and testing of new or already available
framework components or tools. The NTUA team participates in projects of the CMS DCS team
including maintenance, development and improvement of the CMS framework.

4.6 CMS DCS Configuration Database

Configuration database consistency checks

WinCC_OA and the JCOP framework enable the connection between a developed project and a
database. The CMS DCS team makes use of this functionality to store vital information regarding
the structure of the monitoring project in a database. This allows the recreation of the whole CMS
DCS or part of it, in case of any failure.

Since 2016, the NTUA team has created a component that cross checks between the information
found in the system and the database. The tool comes handy when manipulating or interacting
with a project that contains massive amounts of data with configurations. The tool is integrated
in the already existing CMSfwlInstallUtils component.

After the first check, the subcomponent allows the user to check for further inconsistencies.
The newly developed consistency check checks the datapoint attributes (address, archiving, alerts,
etc). The component also produces a table containing results, assisting the user to identify the
problematic datapoints if any.

More specifically, the user can check the device List that is to be saved on database or it is
already saved on the database. These panels give the ability to check for all datapoint elements
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whatever is missing either from project or from the database. The developed tool also checks each
config (address, alerts, etc) individually for each datapoint element and does the same procedure.

There are several possible outcomes:

e Consistent: This means that everything is ok
e Inconsistent: This means that config was found on the dpe in the db and in the project but

it wasn’t exactly the same
e Missing: Either missing from database or from project
e Missing and inconsistent: Found some inconsistent and missing datapoint elements

When missing or inconsistency is found the user can right click and an information panel opens
with more info for the datapoint elements containing any issues as shown in Fig 4.9.
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Figure 4.7: Provides the option of demonstrating only the inconsistent datapoints.
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Figure 4.8: ConfDB Checks component utilities.
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Figure 4.9: ConfDB Checks component utilities: When Inconsistency found or missing feature,
the user is able to right click and check exactly which datapoint element is inconsistent or hass
missing configuration.
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Figure 4.10: ConfDB Checks component allows the users report inconsistencies or missing data-
point elements that were not found. In this case the Central DCS team reproduces the case and
incorporates configurations that are not found.
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Figure 4.11: ConfDB Checks component utilities shows the user the entire DB vs Local project
configuration when an inconsistency is found for the Address Configuration of a datapoint.
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4.7 CMS DCS Installation Tool

The CMS DCS is a distributed system of 34 WinCC_OA system that run on Dell Blades. Most
of the systems are running on Windows Server operating systems, while the rest are running on
Linux. WinCC_OA systems are all redundant in order to protect the functioning of malfunctions
and bugs in production.

For the production deployment, the subsystem developers and experts have no access to the
CMS DCS computers. The solution to deploy custom made tools and modules has the following
features:

e Package everything as a JCOP component

e Compoenents are read from SVN (Code versioning, patching without re-installing the com-
ponent while component is running)

e Installation tool & Configuration DB to recreate production projects locally and therefore test
before deployment.

The JCOP team provides a CMS install library that standarizes and simplifies the postInstall
scripts. The end-users are able to Add/Stop/Restart drivers and managers while at the same
time target the Configuration Database (ConfigDB) configurations to the created system. Also
everything is defined in a custom made XML file and only one line of code is needed for installation.
The production Hardware and Logical views are also stored in the ConfigDB. Because there is no
standard solution to store FSM trees, CMS has developed custom XML import/export files for the
FSM restoration/reproduction.

All the projects are confiugured to run in the Central Management Mode. The System Con-
figuration DB is the master, thus all changes in the configuration database are applied to the
production system. The installation agent is always running in the production system check-
ing for inconsistency every 5 minutes. Changes in the DB are pushed by subdetector experts
that can update the version of their components using cmsonline. To target a new component,
the intervention of the central DCS expert is required using the System Configuration Database
WinCC_OA interface. The CMS deployment policy ensures that all changes are reflected in the
System Configuration Database, thus making any changes reproducable in cse the system needs
to be reconfigured or reinstalled. Also, this policy allows to upgrade to a new WinCC_OA version
or a subdetector component version in a relatively quick manner.

The JCOP team has been developing a framework to install and recreate a production project
from scratch. The component is named fwlInstallation and uses .bat files as well as queries to the
Configuration DB. Specifically, the CreateServiceProject.bat follows specific steps:

e Connect to the System Configuration DB

e Retrieve all information (System Name, Config file, etc) depending on the hostname

Create a default project with a predefined set of basic managers

Start the installation tool that finds an empty project and installs all the components in a
proper order to ensure that dependencies are configured correctly.

Handle redundancy

The Cental CMS DCS team has been developing a component that allows the subdetector
experts to recreate production-like systems in ther local systems. An end user is connected to the
??? and is able to navigate through a panel (dbEditorAndNavigator) which is incorporated in the
fwinstallationUtils component. The NTUA CMS DCS team provided assistance and support for the
developemnt and debugging of this new tool. Some solutions, and improvements are provided in
the following:
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e System properties selection not shown in some projects

e ComputerProperties: bug in registering a new host

e Problem with an sql query when a new project is created using this tool

e Fixes when someone tries to access system hierarchy properties

e Check user credentials so that the user cannot delete/create projects unless the owner
e Fix batch (.bat) files used for installation of service projects

e reinstallComponentsIntoProjects: User can specify which component to be reinstalled and if
the files should be overwritten and the project to be restarted

e dbEditorNavigator

e Create project like

4.8 MoxaE1240 Harware Component

The CMS DCS required the development of a tool in order for the CMS Tracker team to communi-
cate with the MoxaE1240. MoxaE1240 is a device which allows the retrieval of I/O data, making it
capable of handling a wide variety of applications. Applications such as factory automation, secu-
rity and surveillance systems, and tunneled connections can make use of daisy-chained Ethernet
for building multidrop I/O networks over standard Ethernet cables. The communcation of the
MoxaE 1240 hardware with the end-user was performed via the SNMP communication protocol.
Simple Network Management Protocol (SNMP) [136] is an Internet Standard protocol that allows
different devices on a network to share information with one another.Devices that typically support
SNMP include cable modems, routers, switches, servers, workstations, printers, and more.
The tracker team required a tool (both panel and backend) that has the following attributes:

e Uses an OID to connect each channel (e.g. Reference record for the SNMP protocol).

e Uses some kind of counter that is received by WinCC_OA and is then converted to a Voltage
and sometimes a temperature which can is plotted and archived

e User can configure and monitor the hardware from the Device Editor Navigator

e Possibility to save all the configurations to the database
The Central DCS NTUA team provided a tool that was incorporated in the CMS framework as

an individual component. The following Figures show the output panel provided for the tracker
end-users.
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Figure 4.12: Central CMSfwMoxa component panel for the SNMP connection with the target agent,
integrated into the Device Editor & Navigator.
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Figure 4.13: CMSfwMoxa component panel showing temperature values connected to the
MOXAE1240 hardware and communicating with WinCC_OA via SNMP protocol.
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Figure 4.14: CMSfwMoxa Panels for the configuration of the peripheral address for the Channels
of a specific agent.
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4.9 Ofther projects

e ELMB project: The ELMBs for the RICH detectors are used to collect environmental infor-
mation and interface sensors to WinCC_OA . The ELMB is a 16 bit differential ADC with 64
inputs that are multiplexed. The range full input range can be adjusted from 25 mV to 5V
and set as unipolar or bipolar. he NTUA Central DCS team developed a component for the
Tracker DCS team that offered the possibility to change the ELMB limits.

e PLT HV Scans: Develop a panel for the PLT detector. The users were able select a bunch of
HV channels that belonged to the PLT detector and make changes to the High Voltages while
performing checks for their hardware.

o CMSfwAlertSytem: The NTUA DCS team updated this component in order to tackle a specific
problem which occured when an end-user installed the compoenent locally and connected
to the Configuration Database, thus reproducing and sending notifications to subscribers of
a specific alert. Our team developed a methodology to shut notifications in non production
systems while also fixing CMSfwAlertSystem main panel bugs and providing new implemen-
tations.

@ _QuickTest_: configureAlerts.pnl (System - DimBridgeTest Aug2019; #1) - X
Module Panel Scale Help
2 0 §WE A& & IS ¢ 0 & & £ 11 [eghuslnusu -
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uuuuu
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specified element

Datapoint: Al Fiowmeter_Yoke_Coolng_YB_Mius_2
3. Configure the alert by dicing on "Configure”
O1f for

DP Element: | vake < ®1F

4. When done with al the changes, Cick on "Save to ConfDB 5o the changes are saved inffe
database

Save to DB when
finished

Save o0

Save To ConfDB
Selected DPE  |AI_Flowmeter_Yoke_Cooling_YB_Minus_2 value

Configures the alert
(if element is

eligigble for alert
handling)

4 Configure Ranges: 2~ Limits Type: Current Value +/- Limit

Alett ACTIVE Alert Text Limit Values Alarm Class

Applies Changes

Current Original Value < 5
13 error Error Acknowledge - Close

Figure 4.15: CMSfwMoxa Panels for the configuration of the peripheral address for the Channels
of a specific agent.

o CMSfwFsmXml component: Reported bug when importing an already set device type in the
project via XML file

e DCS FSM main panel at Shifter’s screen: The Central FSM at P5, where the CMS exeperiment
is located, is being operated by a shifter. In order to gain ownership of the central FSM, the
shifter’s credentials are read from a Card Reader. Sometimes shifters do not place their
card correctly, resulting into sending out several emails that the FSM has no owner. The
goal was to build a panel instructing the shifters how to correctly place their card while also
implementing a filter for the CardReader changes to avoid any inconsistencies with the FSM
ownership.

e CMSfwRack: Our team develeped and implemented an expert panel that gives the users the
ability to select several datapoint elements that have alarm configuration for a specific set
of datapoint type Racks and activate or deactivate them. There was an existing panel which
lets the expert user activate or deactivate all datapoint element alarms of a specific dp Type.
The new panel also incorporated the implementation of import/export csv files for doing so.

e Robocopy for linux machine: Every 24 hours, all systems related to DCS machines make a
copy of all of their local directories into DFS (CERN Distributed File System). For the Windows
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machines, the windows scheduler is utilized, and the robocopy copies some files from the
production projects to a directory in DFS. This tools does not work in linux machines. Our
team developed a new methodology for copying linux production system files to the DFS by
making use of the rsync command that runs as a cron-job every 24 hours.
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Chapter 5

Boosted tt Differential Measurements

A measurement of the production cross section of high transverse momentum (pr) top quark pairs
is reported. The dataset was collected during the full Run II with the CMS detector at the CERN
LHC from proton-proton collisions at a center-of-mass energy of 13 TeV. The measurement uses
events where both top quark candidates decay hadronically and are reconstructed as large-R jets
with py > 400 GeV.The cross section is extracted differentially as a function of kinematic variables
of the top quark or top quark pair system. The results are unfolded to the particle and parton
levels, and are compared to various theoretical models.

5.1 Introduction

The top quark completes the third generation of quarks in the standard model (SM), and the precise
knowledge of its properties is critical for the overall understanding of the theory. Measurements
of the top-anti-top quark pair (tt) production cross section confront the predictions from quantum
chromodynamics (QCD) and have the potential to constrain the QCD parameters, while being
sensitive to physics beyond the SM. Also, the tt production process is a dominant SM background
to searches for new physics phenomena and therefore its precise knowledge is essential for new
discoveries.

The large tt yield expected in proton-proton (pp) collisions at the CERN LHC allows to perform
measurements of the tt production rate in a large phase space, and, more importantly, defer-
entially, as a function of the tt kinematic properties. Such measurements have been performed
by the ATLAS [64, 65, 66, 67, 68, 69] and CMS [70, 71, 72, 73, 74, 75, 76, 77, 78] Collabora-
tions at 7, 8, and 13 TeV center-of-mass energies, under the hypothesis of the resolved final state,
where the decay products of the tt pair can be reconstructed individually. This hypothesis is
valid for top quark transverse momenta, pr, up to approximately 500 GeV. However, at higher
pr (pt/m =~ 1), the top quark decay products are highly collimated ("boosted") and they can no
longer be reconstructed separately. In order to explore the highly boosted phase space, hadronic
top quark decays are reconstructed as large-radius jets. Previous efforts in this domain by the
ATLAS [79, 80] and CMS [81, 82, 83] Collaborations confirm that it is feasible to perform precise
differential measurements of the tt production and have also shown interesting deviations from
the theory predictions.

In this note, a measurement of the differential boosted tt production cross section in the
hadronic final state is presented, using pp collisions at /s = 13TeV recorded with the CMS
detector during the 2016, 2017 and 2018 LHC full Run II and amounting to a total integrated
luminosity of 35.9 ', 415 " and 59.7fb " respectively. In the hadronic decay channel, each
W boson arising from the top quark decays into a pair of light quarks. As a result, the final state
consists of at least six partons (more are possible due to initial- and final-state radiation), two
of which are b quarks. Due to the high boost considered in this measurement (leading jet pp >
450GeV), the top quarks are reconstructed unambiguously as large-radius jets and the final state
consists of at least two such jets.
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5.2 Samples

In this section we describe the data and Monte Carlo samples that are used in the analysis.

5.2.1 Data

The collision events used for the measurement of the tt cross section have been collected with
the triggers described in Section 5.3 that are part of the JetHT primary dataset. Tables 5.1-5.3
list the samples that correspond to different data-taking eras and have been reconstructed in the
21Feb2020, 31Mar2018, 17Sep2018 reprocessing for 2016 2017 and 2018 respectively. The
2016 data are splitted into two periods.

The good Run and luminosity section list used is contained in the certification file for each
year:

e 2016_preVFP: Cert_271036-284044_13TeV_Legacy2016_Collisionsl6_JSON.txt.
The total integrated luminosity of the analyzed data is 19.5 b

e 2016_postVFP: Cert_271036-284044_13TeV_Legacy2016_Collisionsl6_JSON.txt.
The total integrated luminosity of the analyzed data is 16.8 bl

e 2017:Cert_294927-306462_13TeV_UL2017_Collisionsl7_GoldenJSON.txt. The
total integrated luminosity of the analyzed data is 41.5 b

e 2018: Cert_314472-325175_13TeV_Legacy2018_Collisionsl18_JSON.txt. The
total integrated luminosity of the analyzed data is 59.7 b

Except from the JetHT dataset, we have used the SingleMuon dataset for the measurement of
the trigger efficiency. The eras and ranges are exactly the same as the ones in Tables 5.1, 5.2, 5.3.

Table 5.1: Data samples 2016.

Sample Run range Lumi [pbfl)
JetHT/Run2016B-21Feb2020_ver2_UL2016_HIPM-v1/MINIAOD 273150-275376 5750
JetHT/Run2016C-21Feb2020_UL2016_HIPM-v1/MINIAOD 275656-276283 2573
JetHT/Run2016D-21Feb2020_UL2016_HIPM-v1/MINIAOD 276315-276811 4242
JetHT/Run2016E-21Feb2020_UL2016_HIPM-v1/MINIAOD 276947-277420 4025
JetHT/Run2016F-21Feb2020_UL2016_HIPM-v1/MINIAOD 277932-278807 3105
JetHT/Run2016F-21Feb2020_UL2016-v1/MINIAOD 278769-278808 7576
JetHT/Run2016G-21Feb2020_UL2016-v1/MINIAOD 278820-284035 8435
JetHT/Run2016H-21Feb2020_UL2016-v1/MINIAOD 281613-284044 216

Table 5.2: Data samples 2017.

1

Sample Run range Luminosity ( pb )
/JetHT/Run2017B-31Mar2018-v1/MINIAOD | 297047-299329 4793
/JetHT/Run2017C-31Mar2018-v1/MINIAOD | 299368-302029 9755
/JetHT/Run2017D-31Mar2018-v1/MINIAOD | 302031-302663 4320
/JetHT/Run2017E-31Mar2018-v1/MINIAOD | 303824-304797 9422
/JetHT/Run2017F-31Mar2018-v1/MINIAOD | 305040-306460 13568

5.2.2 Simulation

Monte Carlo simulation is used to generate samples for the tt signal and to model the kinematic
distributions of some of the background processes. Samples of simulated tt events have been
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Table 5.3: Data samples 2018.

Sample Run range Luminosity (pbfl)
/JetHT/Run2018A-17Sep2018-v1/MINIAOD 315257-316995 13530
/JetHT/Run2018B-17Sep2018-v1/MINIAOD 317080-319310 6788
/JetHT/Run2018C-175ep2018-v1/MINIAOD 319337-320065 6612
/JetHT/Run2018D-PromptReco-v2/MINIAOD | 320497-325175 31947

generated at next-to-leading order (NLO) in QCD using POWHEG v2 [84, 85, 86, 87, 88], assuming a
top quark of m; = 172.5 GeV. Single top quark production in the ¢ channel or in association with a
W boson are simulated at NLO with powHEG [89]. The production of W or Z bosons in association
with jets (V+jets), as well as QCD multijet events, are simulated with MGs_aMC@NLO [90] at
leading order (LO), with the MLM matching algorithm [91].

All simulated events are processed with pyTHIA 8.240 [92, 93] for modeling of the parton show-
ering, hadronization, and underlying event (UE). The NNPDF 3.1 NLO [94, 95] Parton Distribution
Functions (PDF) are used throughout, and the CP5 tune [96] is used for all proccesses. The
Simulation of the CMS detector response is based on GeEanT4 [97]. Additional pp interactions in
the same or neighbouring bunch crossings (pileup) are simulated with pyTHIA and overlaid with
generated events according to the pileup distribution measured in data.

The various simulated processes are normalized to the best known theoretical cross sections,
namely the tt, V+jets and single top [98, 99, 100].

The measured cross sections for the tt process are compared to theoretical predictions provided
by the following Monte Carlo models: POWHEG combined with pyTHIA for the parton showering, as
aforementioned in the previous paragraph and NLO MG5 aMC@NLO[FxFx] again as mentioned
above. The matching of the matrix-element jets to parton showers is performed using the FxFx
[101] perscription. For both POWHEG combined with pyTHIA and the NLO MG5 aMC@NLO[FxFx]
predictions, only the Parton Distribution Function uncertainties, the Parton Shower uncertainties
(ISR, FSR) and the Renormalization and factorization scales as described in Chapter 8.

In the first part of the Tables 5.4- 5.7 we show the signal samples, while in the second part
we show the background samples that include QCD multijet production, V+jets, and single-top
production. The list shows the total number of events analyzed, including all samples of the same
kind (nominal, extensions, backup). The reconstruction of each year Monte Carlo samples belongs
to the associated eras:

e 2016 preVFP: RunIISummer20UL16MiniAODAPV-106X_mcRun2_asymptotic_preVEP
e 2016 postVFP: RunIISummerl6MiniAODv3-PUMoriondl7_94X_mcRun2_asymptotic
e 2017: RunIIFalll7MiniAODvV2-PU2017_12Apr2018_94X_mc2017_realistic

e 2018: RunTIAutumnl8MiniAOD-102X_upgrade2018_realistic

In general, we have used the MINIAODSIM data tier. The reported cross sections have been
used in the normalization of the various processes in the data vs MC comparison plots.
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Table 5.4: Monte Carlo samples 2016 preVFP.

Sample Events (x 106) o (pb)
TTToHadronic_TuneCP5_13TeV-powheg-pythia8 98.1 377.96
TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8 138.6 365.34
TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8 41.6 88.29
TTToHadronic_mtopl66p5_TuneCP5_13TeV-powheg-pythia8 40.0 377.96
TTToSemilLeptonic_mtopl66p5_TuneCP5_13TeV-powheg-pythia8 56.8 365.34
TTTo2L2Nu_mtopl66p5_TuneCP5_13TeV-powheg-pythia8 16.7 88.29
TTToHadronic_mtopl69p5_TuneCP5_13TeV-powheg-pythia8 39.6 377.96
TTToSemiLeptonic_mtopl69p5_TuneCP5_13TeV-powheg-pythia8 57.7 365.34
TTTo2L2Nu_mtopl69p5_TuneCP5_13TeV-powheg-pythia8 16.4 88.29
TTToHadronic_mtopl71p5_TuneCP5_13TeV-powheg-pythia8 38.9 377.96
TTToSemilLeptonic_mtopl7lp5_TuneCP5_13TeV-powheg-pythia8 57.9 365.34
TTTo2L2Nu_mtopl71p5_TuneCP5_13TeV-powheg-pythia8 16.9 88.29
TTToHadronic_mtopl73p5_TuneCP5_13TeV-powheg-pythia8 39.5 377.96
TTToSemilLeptonic_mtopl73p5_TuneCP5_13TeV-powheg-pythia8 57.5 365.34
TTTo2L2Nu_mtopl73p5_TuneCP5_13TeV-powheg-pythia8 16.9 88.29
TTToHadronic_mtopl75p5_TuneCP5_13TeV-powheg-pythia8 39.8 377.96
TTToSemilLeptonic_mtopl75p5_TuneCP5_13TeV-powheg-pythia8 55.5 365.34
TTTo2L2Nu_mtopl75p5_TuneCP5_13TeV-powheg-pythia8 16.9 88.29
TTToHadronic_mtopl78p5_TuneCP5_13TeV-powheg-pythia8 38.3 377.96
TTToSemilLeptonic_mtopl78p5_TuneCP5_13TeV-powheg-pythia8 57.9 365.34
TTTo2L2Nu_mtopl78p5_TuneCP5_13TeV-powheg-pythia8 16.9 88.29
TTToHadronic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 40.0 377.96
TTToSemilLeptonic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 56.9 365.34
TTTo2L2Nu_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 17.0 88.29
TTToHadronic_hdampUP_TuneCP5_13TeV-powheg-pythia8 40.0 377.96
TTIToSemiLeptonic_hdampUP_TuneCP5_13TeV-powheg-pythia8 57.0 365.34
TTTo2L2Nu_hdampUP_TuneCP5_13TeV-powheg-pythia8 17.0 88.29
TTJets_TuneCP5_13TeV-amcatnloFXFX-pythia8 99.3 832
QCD_HT300t0500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 52.6 | 315400
QCD_HT500t0700_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 58.5 32260
QCD_HT700t0l1000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 45.5 6830
QCD_HT1000t0l1500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 14.1 1207
QCD_HT1500t02000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 10.3 119.1
QCD_HT2000toInf_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 5.1 25.16
ST_tW_antitop_5f_ NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 3.4 38.09
ST_tW_top_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 3.3 38.09
ST_t-channel_antitop_4f_ InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 31.0 35.6
ST_t-channel_top_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 56.0 35.6
ST_t-channel_antitop_5f_ InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 31.0 119.7
ST_t-channel_top_5f_InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 57.1 82.52
WJetsToQQ HT-200t0400_TuneCP5_13TeV-madgraphMLM-pythia8 8 2549.0
WJetsToQQ_ _HT-400to0600_TuneCP5_13TeV-madgraphMLM-pythia8 5.14 276.5
WJetsToQQ_HT-600to0800_TuneCP5_13TeV-madgraphMLM-pythia8 7.62 59.25
WJetsToQQ HT-800toInf_TuneCP5_13TeV-madgraphMLM-pythia8 7.71 28.75
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Table 5.5: Monte Carlo samples 2016 postVFP.

Sample Events (x 106) o (pb)
TTToHadronic_TuneCP5_13TeV-powheg-pythia8 112.6 377.96
TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8 158.8 365.34
TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8 48.3 88.29
TTToHadronic_mtopl66p5_TuneCP5_13TeV-powheg-pythia8 43.6 377.96
TTToSemilLeptonic_mtopl66p5_TuneCP5_13TeV-powheg-pythia8 64.0 365.34
TTTo2L2Nu_mtopl66p5_TuneCP5_13TeV-powheg-pythia8 18.7 88.29
TTToHadronic_mtopl69p5_TuneCP5_13TeV-powheg-pythia8 44.8 377.96
TTToSemiLeptonic_mtopl69p5_TuneCP5_13TeV-powheg-pythia8 55.1 365.34
TTTo2L2Nu_mtopl69p5_TuneCP5_13TeV-powheg-pythia8 18.3 88.29
TTToHadronic_mtopl71p5_TuneCP5_13TeV-powheg-pythia8 45.0 377.96
TTToSemilLeptonic_mtopl71p5_TuneCP5_13TeV-powheg-pythia8 63.9 365.34
TTTo2L2Nu_mtopl71p5_TuneCP5_13TeV-powheg-pythia8 18.9 88.29
TTToHadronic_mtopl73p5_TuneCP5_13TeV-powheg-pythia8 44.8 377.96
TTToSemilLeptonic_mtopl73p5_TuneCP5_13TeV-powheg-pythia8 64.0 365.34
TTTo2L2Nu_mtopl73p5_TuneCP5_13TeV-powheg-pythia8 18.8 88.29
TTToHadronic_mtopl75p5_TuneCP5_13TeV-powheg-pythia8 43.5 377.96
TTToSemiLeptonic_mtopl75p5_TuneCP5_13TeV-powheg-pythia8 64.0 365.34
TTTo2L2Nu_mtopl75p5_TuneCP5_13TeV-powheg-pythia8 19.0 88.29
TTToHadronic_mtopl78p5_TuneCP5_13TeV-powheg-pythia8 44.6 377.96
TTToSemilLeptonic_mtopl78p5_TuneCP5_13TeV-powheg-pythia8 64.0 365.34
TTTo2L2Nu_mtopl78p5_TuneCP5_13TeV-powheg-pythia8 19.0 88.29
TTToHadronic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 45.0 377.96
TTToSemiLeptonic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 63.7 365.34
TTTo2L2Nu_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 18.3 88.29
TTToHadronic_hdampUP_TuneCP5_13TeV-powheg-pythia8 45.0 377.96
TTToSemilLeptonic_hdampUP_TuneCP5_13TeV-powheg-pythia8 63.0 365.34
TTTo2L2Nu_hdampUP_TuneCP5_13TeV-powheg-pythia8 19.0 88.29
TTJets_TuneCP5_13TeV-amcatnloFXFX-pythia8 110.1 832
QCD_HT300t0500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 57.6 | 315400
QCD_HT500t0700_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 59.7 32260
QCD_HT700t01000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 47.4 6830
QCD_HT1000t0l1500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 15.3 1207
QCD_HT1500t02000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 10.4 119.1
QCD_HT2000toInf_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 5.3 25.16
ST_tW_top_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 10.3 38.09
ST_tW_antitop_5f NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 3.8 38.09
ST_t-channel_antitop_5f_ InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 4.0 35.6
ST_t-channel_antitop_4f_ InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 22.8 35.6
ST_t-channel_top_5f_InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 6.0 119.7
ST_t-channel_top_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 46.5 82.52
WJetsToQQ _HT-200t0400_TuneCP5_13TeV-madgraphMLM-pythia8 7.07 2549.0
WJetsToQQ_ _HT-400to0600_TuneCP5_13TeV-madgraphMLM-pythia8 4.49 276.5
WJetsToQQ_HT-600to0800_TuneCP5_13TeV-madgraphMLM-pythia8 6.76 59.25
WJetsToQQ HT-800toInf_ TuneCP5_13TeV-madgraphMLM-pythia8 6.85 28.75
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Table 5.6: Monte Carlo samples 2017

Sample Events (x 106) o (pb)
TTToHadronic_TuneCP5_13TeV-powheg-pythia8 249.6 377.96
TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8 355.9 365.34
TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8 107.0 88.29
TTToHadronic_mtopl66p5_TuneCP5_13TeV-powheg-pythia8 97.8 377.96
TTToSemilLeptonic_mtopl66p5_TuneCP5_13TeV-powheg-pythia8 135.7 365.34
TTTo2L2Nu_mtopl66p5_TuneCP5_13TeV-powheg-pythia8 42.5 88.29
TTToHadronic_mtopl69p5_TuneCP5_13TeV-powheg-pythia8 98.3 377.96
TTToSemiLeptonic_mtopl69p5_TuneCP5_13TeV-powheg-pythia8 138.6 365.34
TTTo2L2Nu_mtopl69p5_TuneCP5_13TeV-powheg-pythia8 41.0 88.29
TTToHadronic_mtopl71p5_TuneCP5_13TeV-powheg-pythia8 97.9 377.96
TTToSemilLeptonic_mtopl71p5_TuneCP5_13TeV-powheg-pythia8 141.0 365.34
TTTo2L2Nu_mtopl71p5_TuneCP5_13TeV-powheg-pythia8 43.0 88.29
TTToHadronic_mtopl73p5_TuneCP5_13TeV-powheg-pythia8 99.9 377.96
TTToSemiLeptonic_mtopl73p5_TuneCP5_13TeV-powheg-pythia8 141.7 365.34
TTTo2L2Nu_mtopl73p5_TuneCP5_13TeV-powheg-pythia8 42.7 88.29
TTToHadronic_mtopl75p5_TuneCP5_13TeV-powheg-pythia8 100.0 377.96
TTToSemiLeptonic_mtopl75p5_TuneCP5_13TeV-powheg-pythia8 141.6 365.34
TTTo2L2Nu_mtopl75p5_TuneCP5_13TeV-powheg-pythia8 42.9 88.29
TTToHadronic_mtopl78p5_TuneCP5_13TeV-powheg-pythia8 99.6 377.96
TTToSemiLeptonic_mtopl78p5_TuneCP5_13TeV-powheg-pythia8 141.3 365.34
TTTo2L2Nu_mtopl78p5_TuneCP5_13TeV-powheg-pythia8 42.7 88.29
TTToHadronic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 99.6 377.96
TTToSemiLeptonic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 141.6 365.34
TTTo2L2Nu_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 41.1 88.29
TTToHadronic_hdampUP_TuneCP5_13TeV-powheg-pythia8 99.7 377.96
TTIToSemiLeptonic_hdampUP_TuneCP5_13TeV-powheg-pythia8 140.9 365.34
TTTo2L2Nu_hdampUP_TuneCP5_13TeV-powheg-pythia8 42.2 88.29
TTJets_TuneCP5_13TeV-amcatnloFXFX-pythia8 249.1 832
QCD_HT300t0500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 57.2 | 315400
QCD_HT500t0700_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 57.9 32260
QCD_HT700t01000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 45.8 6830
QCD_HT1000t0l1500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 15.3 1207
QCD_HT1500t02000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 10.6 119.1
QCD_HT2000toInf_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 5.5 25.16
ST_t-channel_antitop_5f_ InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 3.7 35.6
ST_t-channel_antitop_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 24.3 35.6
ST_t-channel_top_5f_InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 5.5 119.7
ST_t-channel_top_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 46.2 82.52
ST_tW_top_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 10.0 38.09
ST_tW_antitop_5f_ NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 9.2 38.09
WJetsToQQ HT-200t0400_TuneCP5_13TeV-madgraphMLM-pythia8 15.42 2549.0
WJetsToQQ_ _HT-400to0600_TuneCP5_13TeV-madgraphMLM-pythia8 9.91 276.5
WJetsToQQ_HT-600to0800_TuneCP5_13TeV-madgraphMLM-pythia8 14.4 59.25
WJetsToQQ HT-800toInf_TuneCP5_13TeV-madgraphMLM-pythia8 14.75 28.75
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Table 5.7: Monte Carlo samples 2018

Sample Events (X 106] o (pb)
TTToHadronic_TuneCP5_13TeV-powheg-pythia8 347.4 377.96
TTToSemilLeptonic_TuneCP5_13TeV-powheg-pythia8 495.0 365.34
TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8 148.5 88.29
TTToSemilLeptonic_mtopl66p5_TuneCP5_13TeV-powheg-pythia8 191.1 365.34
TTToHadronic_mtopl66p5_TuneCP5_13TeV-powheg-pythia8 137.8 377.96
TTTo2L2Nu_mtopl66p5_TuneCP5_13TeV-powheg-pythia8 60.0 88.29
TTTo2L2Nu_mtopl69p5_TuneCP5_13TeV-powheg-pythia8 59.8 88.29
TTToHadronic_mtopl69p5_TuneCP5_13TeV-powheg-pythia8 138.7 377.96
TTToSemiLeptonic_mtopl69p5_TuneCP5_13TeV-powheg-pythia8 194.7 365.34
TTTo2L2Nu_mtopl71p5_TuneCP5_13TeV-powheg-pythia8 59.8 88.29
TTToHadronic_mtopl71p5_TuneCP5_13TeV-powheg-pythia8 135.3 377.96
TTToSemiLeptonic_mtopl71lp5_TuneCP5_13TeV-powheg-pythia8 195.2 365.34
TTTo2L2Nu_mtopl73p5_TuneCP5_13TeV-powheg-pythia8 59.9 88.29
TTToHadronic_mtopl73p5_TuneCP5_13TeV-powheg-pythia8 139.6 377.96
TTToSemilLeptonic_mtopl73p5_TuneCP5_13TeV-powheg-pythia8 200.0 365.34
TTTo2L2Nu_mtopl75p5_TuneCP5_13TeV-powheg-pythia8 60.0 88.29
TTToHadronic_mtopl75p5_TuneCP5_13TeV-powheg-pythia8 138.4 377.96
TTToSemiLeptonic_mtopl75p5_TuneCP5_13TeV-powheg-pythia8 199.8 365.34
TTTo2L2Nu_mtopl78p5_TuneCP5_13TeV-powheg-pythia8 59.9 88.29
TTToHadronic_mtopl78p5_TuneCP5_13TeV-powheg-pythia8 139.7 377.96
TTToSemilLeptonic_mtopl78p5_TuneCP5_13TeV-powheg-pythia8 199.9 365.34
TTTo2L2Nu_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 60.0 88.29
TTToHadronic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 139.7 377.96
TTToSemiLeptonic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 193.2 365.34
TTTo2L2Nu_hdampUP_TuneCP5_13TeV-powheg-pythia8 59.8 88.29
TTToHadronic_hdampUP_TuneCP5_13TeV-powheg-pythia8 138.3 377.96
TTToSemiLeptonic_hdampUP_TuneCP5_13TeV-powheg-pythia8 199.4 365.34
TTTo2L2Nu_TuneCP5down_13TeV-powheg-pythia8 60.0 88.29
TTToHadronic_TuneCP5down_13TeV-powheg-pythia8 139.8 377.96
TTToSemiLeptonic_TuneCP5down_13TeV-powheg-pythia8 190.3 365.34
TTTo2L2Nu_TuneCP5up_13TeV-powheg-pythia8 57.9 88.29
TTToHadronic_TuneCP5up_13TeV-powheg-pythia8 139.9 377.96
TTToSemiLeptonic_TuneCP5up_13TeV-powheg-pythia8 199.7 365.34
TTJets_TuneCP5_13TeV-amcatnloFXFX-pythia8 340.5 832
QCD_HT300to500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 55.1 | 315400
QCD_HT500t0700_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 58.5 32260
QCD_HT700t01000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 47.7 6830
QCD_HT1000t0l1500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 15.7 1207
QCD_HT1500t02000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 10.6 119.1
QCD_HT2000toInf_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 4.5 25.16
ST_t-channel_antitop_5f_ InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 3.7 35.6
ST_t-channel_antitop_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 23.4 35.6
ST_t-channel_top_5f_InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 5.7 119.7
ST_t-channel_top_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 47.7 82.52
ST_tW_top_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 10.1 38.09
ST_tW_antitop_5f_ NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 9.1 38.09
WJetsToQQ _HT-200to0400_TuneCP5_13TeV-madgraphMLM-pythia8 14.39 2549.0
WJetsToQQ_ HT-400to0600_TuneCP5_13TeV-madgraphMLM-pythia8 9.26 276.5
WJetsToQQ _HT-600t0800_TuneCP5_13TeV-madgraphMLM-pythia8 13.54 59.25

13.6 28.75
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5.3 Trigger

For 2016, the trigger paths employed for the collection of signal events use single-jet L1 seeds
that require the presence of a jet with p1 >180 GeV. At HLT, jets are reconstructed from (online)
particle flow candidates using the anti-kt algorithm with distance parameter R = 0.8. Their mass,
after trimming of soft particles, must be greater than 30 GeV. In order to classify an event as
interesting, it is required to have at least two such jets with pp >280(200) GeV for the leading
(trailing) respectively. Also at least one of the two jets should be tagged as a b-jet, using the online
CSV algorithm. The trigger path ran unprescaled for the duration of the 2016 run, collected an
integrated luminosity of 35.9 b

A second, prescaled, path, using the same L1 seed, was also employed, with identical kinematic
requirements but no b-tagging cut, which ran in parallel and collected and integrated luminosity
of 1.67fb~ . This path is used for the selection of a control QCD sample, as described later. All
the triggers described above are summarized in Table 5.8. Finally, it should be noted that the
pileup profile of the prescaled control trigger is shifted to lower number of interactions (Fig. 5.1),
because the path tended to collect more data towards the end of the fills when the instantaneous
luminosity was lower.

For the 2017 and 2018 measurements, a more complex L1 seed is used, see Table 5.9. The
big or statement requires that the total hadronic transverse energy (HTT) is at least 120 GeV. Or
the presence of 4 jets with HTT at least of 280 and the energy of the leading jet to be greater than
70 GeV, the second 55 GeV, the third 40 GeV and the fourth 34 GeV. All of them must have a
pseudorapidity in the range [-2.4, 2.4]. In the HLT events are required to have Hy > 800 GeV
(pr sum of all the jets) and that the mass of each jet is greater than 50 GeV after trimming of
soft particles. In contrast to the HLT used for 2016, the triggers for 2017 and 2018 do not use
b-tagging selection at HLT level. The triggers ran unprescaled for the duration of both 2017 and
2018, collecting an integrated luminosity of 41.5 b~ and 59.7 b ! respectively. The triggers are
fully described in Table 5.9.
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Figure 5.1: Pileup profile for the signal and control trigger paths.

The efficiency of the signal trigger path is measured with respect to an orthogonal path that
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Table 5.8: Summary of triggers used in the analysis.

Trigger Purpose

L1l_SingleJetl1l80 OR L1_SingleJet200 L1 seed

HLT_AK8DiPFJet280_200_TrimMass30_BTagCSV_p20 | signal HLT path

HLT_AK8PFJet140 control HLT path

Table 5.9: Summary of triggers used in the 2017 and 2018 analyses.

Trigger Purpose
L1_HTT120er OR L1_HTT160er OR L1_HTT200er L1 seed
OR
L1_HTT220er OR L1_HTT240er OR L1_HTT255er
OR

L1_HTT270er OR L1_HTT280er OR
L1_HTT280er_QuadJdet_70_55_40_35_er2p5 OR
L1 HTT300er OR
L1_HTT300er_QuadJdet_70_55_40_35_er2p5 OR
L1 HTT320er OR L1 HTT340er OR L1 HTT380er
OR L1_HTT400er OR L1_HTT450er OR

L1 HTT500er

HLT_AK8PFHT800_TrimMass50 signal & control HLT path

requires the presence of an isolated muon with pp >27 GeV (HLT_IsoMuZ27). Figure 5.2 shows the
trigger efficiency as a function of the second jet pr in events with at least two reconstructed jets,
with at least one of them contains a b-tagged subjet. For details about the offline reconstruction
see Section 5.4. The efficiency measured in data is compared to the simulated efficiency, showing
an excellent agreement. The offline selection requires that the second jet pr is greater than 400
GeV, which is at the beginning of the efficiency plateau.

For 2017 and 2018 the efficiency is measured with respect to the same orthogonal trigger
HLT_TIsoMu27. Figures 5.3 and 5.4 show the trigger efficiency as a function of Hr. The offline
selection requires the Hp of the event to be greater than 850 GeV. The efficiency measured in
data is represented in comparison with the one from simulation and seem to have a fairly good
agreement.
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5.4 Reconstrunction and Selection

In this section we present the objects used in the analysis, the multivariate method that discrimi-
nates tt events from the QCD multijet background, and we describe the event selection.

5.4.1 Object Reconstruction

The leptons (muons, electrons) used in this analysis come from the default reconstructed collec-
tions in CMS samples (' slimmedMuons’ and ' slimmedElectrons’) and must have pp >20
GeV. Muons are required to pass the medium ID working point and electrons must pass the tight
working point, while both lepton types must have a relative mini-isolation less than 0.1.

Jets are reconstructed from particle-flow (PF) candidates. These can be further classified
based on different pileup reduction techniques. In this analysis we use the PUPPI jets (Pileup Per
Particle Identification). The momentum 4-vectors of the PF candidates are clustered using the
anti-kt algorithm where the distance parameter R is set to R = 0.8. Hence we will refer to these
candidates as AK8 PFPUPPI jets. The aforementioned jets are required to pass the tight jet ID.
Also, an algorithm runs with purpose to identify subjets of distance parameter R = 0.4 within
the AKS8 jets. Regarding the reconstructed AKS8 jet mass, the soft drop technique is used for its
calculation. For all the aforementioned algorithms, our group has used the default definitions in
the CMS software and the default collections in the MINIAOD data and Monte Carlo samples.

The selection of the AKS jets originating from the top (anti-top) decay relies on the identification
of at least one b-jet within the respective large-R jet. For this purpose, we use the DeepCSV b-
tagging algorithm that is applied on the AK4 subjets of each AKS8 jet. More specifically, we use the
medium working point, which requires the value of the tagger to be greater than: 0.6001, 0.5847,
0.4506, 0.4168 for 2016_preVFP, 2016_postVFP, 2017 and 2018 respectively.

Since leptons are also reconstructed as jets, we perform a cross cleaning by removing each
identified lepton from the jet collection with geometrical matching in the n — ¢ space: if a jet

has AR = 1/(An)? + (A¢)* < 0.4 from any accepted lepton candidate it is removed from the jet
collection.

5.4.2 Selection

The baseline selection, summarized in Table 5.10, is common for all regions used in the analysis.
It requires at least two large-R jets (R = 0.8) in the event with leading jet pr >450 GeV and
second leading jet with pp >400 GeV and softDrop mass values within the range (50, 300) GeV.
Furthermore, a veto on the leptons is applied in order to minimze the probability to select leptonic
top decays. On top of the baseline selection, we define four specific regions based on the output
of our BDT (Boosted Decision Tree) that discriminates ttbar signal from QCD background, the
jets’ softDrop masses and the number of the b-tagged subjets in each jet, that serve different
analysis purposes. The signal region (S R) is where we perform the differential measurements and
it requires both jets to have a b-tagged subjet and a tighter selection of the jet mass softDrop
value 120 — 220 GeV. The pure QCD control region (C'R) has the same selection criteria with the
aforementioned Signal Region, with the only difference being that the b-tagging requirement is
inverted (the jets must not contain a b-tagged subjet). This region is used to receive the shape
of the QCD background from the data (data driven method) for each variable of interest. Finally,
the signal region A (SR ,) is defined. This is the region where the fit is performed and is used to
determine the normalization of the QCD background. The SR, is a superset of the signal region
having exactly the same cuts but a looser mass cut [50 — 300 GeV ]
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Table 5.10: Baseline Selection Criteria

Observable | Requirement
Niets >1
Nleptons =0
pr it > 450 GeV
o 12 > 400 GeV
let a17*?| <24
52| (50,300) Gev
Myt > 1000 GeV

Table 5.11: Selection requirements per analysis region for 2016 pre and post VFP

Region | Trigger Offline Purpose
SR Signal | Baseline+BDT > 0.2+2btag+quelt)1’2 € (120,220) Gev Signal Region
SR, Signal Baseline+BDT > 0.2+2btags QCD fit region
CR | Control | Baseline+BDT > 0.2+Obtag+mg%l’2 € (120, 220) GeV | QCD control region
CR, | Control Baseline+B DT > 0.2+0btags

QCD extended CR

Table 5.12: Selection requirements per analysis region for 2017 (Control and Signal triggers are

the same)
Region | Trigger Offline Purpose
SR Signal | Baseline+BDT > 0.0+2btag+m‘geg’2 € (120, 220) Gev Signal Region
SR, Signal Baseline+BDT > 0.0+2btags QCD fit region
CR Signal | Baseline+BDT > 0.O+0btag+mg%1’2 € (120, 220) GeV | QCD control region
CR, | Control Baseline+BDT > 0.0+0btags

QCD extended CR

Table 5.13: Selection requirements per analysis region for 2017 (Control and Signal triggers are

the same)
Region | Trigger Offline Purpose
SR Signal | Baseline+BDT > 0.1+2btag+mf;g’2 € (120, 220) Gev Signal Region
SR, Signal Baseline+B DT > 0.1+2btags QCD fit region
CR Signal | Baseline+BDT > 0.1+0b75ag+mgelt)1’2 € (120,220) GeV | QCD control region
CR, | Control Baseline+BDT > 0.1+0btags

QCD extended CR
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Figure 5.5: Graphical representation of the analysis region in the BDT-output vs jet softDrop mass.
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5.4.3 Multivariate Discriminant

In order to discriminate between events that come from tt decays and QCD multijet production, we
rely on variables that reveal the substructure of the jet. In particular, we use the "N-subjetiness" 7y
as well as the "Energy Correlation Functions" ECFB(N, ). The aforementioned "N-subjetiness"
is defined as:

1
TN = =<
YopriR

where N denotes the reconstructed candidate subjets and k runs over the constituent particles in

the jet. The variable AR, j, = \/ (Ayi’k)g + (Agbiyk)Q is the angular distance between the candidate
subjet ¢ and the particle k. The variable R is the characteristic jet radius (R = 0.8).

As for the Energy Correlation Functions they are based on the energies and pair-wise angles of
particles within a jet, with (N+1)-point correlators sensitive to N-prong substructure. For hadron
colliders, these functions are defined better as a function of the transverse momentum. They are
defined as:

ZPT,k min{ARy , ARy p, ... ARn 1, (5.1)
%

N N—-1 N
ECF(N.B) = > (]er(II I] B’ (5.2)
i1<i2"‘<iN€J a=1 b=1 c=b+1

where R;; is the Euclidean distance between ¢ and j in the rapidity-azimuth angle plane, R?j =

(y; — yj)2 +(¢; — gi)j)z, with y; = % In gi—;? . In this analysis we only use the ECFB1N2, ECFB1N3,
ECFB2N2, ECFB2N3. The developed BDT discriminates the jets within each event based on the
jet’s 7y 53, ECF(N, (), the mass of the subjets within the jet (AK4 jets) and the fraction of the jet
pr to the sum of the pr’s of all the jets in the event. As a result our Multivariate Discriminant
Analysis requires 10 variables to decide whether a jet is a top (antitop) or not. In comparison with
previous analysis [102] which discriminates a top-antitop pair from QCD multijets, the developed
top tagger decides whether a jet is a top jet candidate or not.

As a baseline we consider a simple Fisher discriminant, which is a linear combination of the
variables. We also deploy a Boosted Decision Tree composed of 500 trees and trained with the
Gradient Boost method with a shrinkage parameter equal to 0.1. The training performed here is a
categorical training. The jets are trained based on their pr. There are 4 categories: (400,600) GeV,
(600,800) GeV (800,1200) GeV and (1200,Inf) GeV. The distribution of the response of the developed
BDT can be seen in 5.6. In Appendix the distribution of the variables that were used for the training
of the Boosted Decision Trees are depicted. The training is performed using tt MC samples for the
signal and QCD samples for the background. The signals are split in half using the first part for
the training and the second for the testing of the response of the BDT.
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Figure 5.6: BDT response for all years starting from the top: 2016 preVFP, 2016 postVFP, 2017
and 2018 in bottom).
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5.4.4 Parton level

The partonic phase space to which reconstructed level data is unfolded to is constrained by the
same kinematic requirements of the ficucial level region. Specifically, the top (antitop) partons
must fullfil the following requirements:

Leading Parton with pr > 450 GeV, second leading Parton with pr > 400 GeV and both can-
didates with |n| < 2.4, while the invariant mass of the tt system must be greater than 1000 GeV
in order to avoid extreme events with high top (antitop) pr and very low m ;. The aforementioned
selection criteria are summarized in Table 5.14.

Table 5.14: Definition of parton-level phase space.

Observable Requirement

t

Leading Parton p b > 450 GeV

Second leading Parton p BT S 400 Gev
In") <24

Myt > 1000 GeV

5.4.5 Particle level

The particle level represents the state that consists of stable particles originating from the proton-
proton collisions after the hadronization process and just before the interaction of these particles
with the detector. We study these variables because the observables computed from the particles’
momenta are thought to be better defined compared to the ones computed from parton information
and are accompaned by smaller theoretical uncertainties. Also the associated phase space is
closer to the fiducial phase space of the measurement at detector-level. In this analysis, particle
jets are reconstructed from stable particles (excluding neutrinos) using the anti-kt algorithm with
a distance parameter R = 0.8, same as the detector-level reconstruction. Here we should indicate
that only jets originating from the primary interaction are selected. For that reason, jets that are
geometrically matched within AR < 0.4 in 17 — ¢ phase space from generated leptons are removed
from the particle-jet collection. The two particle jets with the highest pr are considered the particle-
level top quark candidates for our analysis. The particle level kinematic requirements are chosen
with respect to the parton phase space requirements. These requirements are summarized in
Table 5.15.

Table 5.15: Definition of particle-level phase space.

Observable Requirement
]Vjets >1
Leading particle jet pr Jetd > 450 GeV
Second Leading particle jetpr jet2 > 400 GeV
|2 <24
jet1,2
mgp (120, 220) Gev
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5.5 Signal Extraction

The dominant background in this analyis is the QCD multijet production. There is a finite probabil-
ity that ordinary jets, originating from single parton radiation, mimic the topological substructure
of a top jet. The QCD multijet production is suppressed significantly using the developed BDT,
which uses jet substructure information to distinguish signal from background. Also, the b-tagging
requirements play a huge role in suppresing the QCD multijet production. In order to estimate the
remaining contribution of the QCD multijet production we employ a data-driven technique based
on the assumption that if we revert the b-tagging requirement (asking for O btagged subjets in the
event) we a) get a pure QCD multijet sample and b) the jet kinematic properties are not affected.
Our CR works as a phase space, where (theoretically) only QCD multijets exist. In reality, the
CR consists of QCD multijet production events but also from tt and subdominant backgrounds
events (W+jets, etc). The subdominant background contribution can be as high as 10%, Figure
5.8. For that reason, subdominant background contributions are removed from the CR before the
QCD multijet estimation.
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Figure 5.8: Contamination of the theoretically "pure" QCD Control Region. We present the con-
tamination of the CR from tt and subdominant backgrounds as a function of the SoftDropMass
of the leading pr jet. On the top (left)for 2016 preVFP, and top (right)2016 postVFP and in the
bottom (left)for 2017 and (right)for 2018. On top we present the expected yields for each process
in the Control Region. The ratio of the plots shows the percentage of contamination in the CR with
respect to the present QCD in the CR for each year.

5.5.1 Inclusive cross section

Before attempting to extract the differential cross sections, it is first mandatory to measure the
inclusive, fiducial cross section. This is done in an extension of our SR, SR ,, which contains a
QCD dominated sideband in the top candidate mass (SoftDrop mass of the leading jet) and allows
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a simultaneous fit for the tt signal and the QCD background yields. The fit that we employ is
described by the equation below:

DSRA (mt) = Nth(mt; kscalev kres) + ]\']’ch(1 + kslopemt)QCRA (mt) + kagB(mt)a (5.3)

The shapes (templates) T'(m'), B(m') of the signal and subdominant backgrounds, are taken
from simulation respectively. The shape Q(mt) of the QCD is taken from the control sample in
data (CR,). The templates of various components are shown in Figs. 5.18, 5.19, 5.20, 5.21. To
account for any differences observed in the closure test of QCD for the m! variable (Fig. 5.22), we
introduce the linear modification factor (1 -+ k:slopemt) inspired by the simulation, but with the slope
parameter ko left free in the fit. The normalization factors Ny, Ngcp and Ny, are also left free.
We finally introduce two more nuisance parameters in the tt simulation. These two nuisances are
kgcale and k.., which account for possible differences between data and simulation in the scale and
resolution of the m’ parameter. The fit model is imported to the RooFit package [103] and the fit
result is shown in Fig. 5.30, 5.31, 5.32, 5.33 for all years ('16,’17,’18). The fitted parameters are
summarized in Tables. 5.17, 5.18, 5.19, 5.20. We observe for all the years, that the fitted tt yield is
significatly lower than the expectation. This implies that the fiducial cross section is ~ 35% lower
compared to the nominal MC (Powheg + Pythia8) predictions. We also define the tt signal strength
as a measure of agreement between the expected yield from simulation and the data.

N,
R (5.4)

simulation

The respective values of the tt signal strength are given in Table 5.16:

Table 5.16: Results of the tt signal strength for each year.

Year Value | Error

2016 preVFP | 0.691 | 0.028
2016 postVFP | 0.640 | 0.029
2017 0.665 | 0.018
2018 0.675 | 0.016

Table 5.17: Results of the fit in SR, for 2016 preVFP.

Parameter Value Error
Kres 1.032 0.045
kgcale 0.987 3.36e-03
Ksiope 6.91e-02 0.14
Npkg 108 183
Nyca 1321 212
N 2543 104

5.5.2 Differential cross sections

In this analysis, the tt cross section is also reported differentially in the fiducial detector phase
space, in the signal region (SR) as a function of several variables. The results are presented with
respect to the following variables: the leading and second leading top jet candidate pt and |y|, the
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Table 5.18: Results of the fit in SR, for 2016 postVFP.

Parameter | Value Error
Kres 0.976 0.049
kecate 0.979 | 3.61e-03
Estope 0.185 0.136
Nikg 10 848
Nyca 951 639
N 1977 92

Table 5.19: Results of the fit in SR 4 for 2017.

Parameter | Value Error
Eres 1.03 0.03
kecate 1.025 | 2.74e-03
Estope 0.2 0.07
Nikg 526 159
Nyca 2514 210
N 6008 160

tt system mass, pp and rapidity (y). Also part of this analysis deals with the y dijet as a variable
of interest as well as the |cos() 1, the angle between the two leading jets in the Zero Momentum
Frame (ZMF). The variable x is computed by measuring the difference of the rapidities of the two
leading jets such as the corresponding rapidity in the ZMF is :

., 1

y = §(y1 — Yo) (5.5)

where y; 5 denote the rapidity of the leading and subleading selected jets respectively. Variable x
is defined as:

X = 6‘2?/*‘ — €|yl_92‘. (5.6)

In order to derive the differential cross sections, the background contributions are subtracted
from the data:

S(z) = D(z) — Ryje1aNgea®@(2) — B(z) (5.7)
£1,2

where x = p;’”, ™2, m", pt* 4", S(z) is the signal, D(z) is the measured distribution in data
in SR, Q(z) is the QCD shape (taken from the data control region), B(x) is the subdominant
backgrounds’ contribution (both the shape and normalization are taken from simulation). Ry;cq
is the yield ratio of the signal region (SR) and the fit region (SR ,4) and works as a transfer factor
from the fit region (SR 4) to the signal region, where the measurement is performed. The Nycq is
the fitted number of QCD events in SR 4.

In order to apply and use the previously mentioned equation, two elements are needed. The
first is the shape Q(z) of the QCD background as a function of an observable of interest z.
This is taken from the QCD control sample by applying the singal region selection and reverting
the b-tagging requirement (none of the selected jets is allowed to contain a b-tagged subjet).
Figures 5.22, 5.23, 5.25, 5.27, 5.28, 5.29 show the closure test in MC as a function of jet and tt
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Table 5.20: Results of the fit in SR, for 2018.

Parameter | Value Error

Kres 1.01 0.026

Kecale 0.992 0.002
Estope 5e-02 | 3.24e-03

Nig 479.3 | 222
Noed 3900 251

Ng 7664 177

system variables. One can observe that within statistical precision of the simulation, the shapes
are compatible, regardless the b-tagging requirement.

The other element needed for the differential cross section meausurement is the QCD back-
ground normalization. This element is determined from the fit to the data in SR 4. However, since
ithe fit region(SR,) is an extension of the signal region, a transfer factor Ry;eq = 1\]7\; SRR is needed
in order to transfer the variable of intereset (QCD normalization) to the signal region. 4
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Figure 5.18: Templates of QCD ((left)), taken from data, of the subdominant backgrounds (center),
taken from the simulation and templates of the tt ((right)) taken from simulation for 2016 preVFP.
The different lines show the individual components (frozen in the fit) used to describe the shapes.
The QCD shape is composed of a smooth polynomial and a Gaussian, while the shape of the
subdominant backgrounds contains a smooth polynomial and two Gaussians (one describes the
W resonance from the single top and WJets processes and the other describes the broader peak
from the kinematic selections). On the (right), template of the tt signal taken from the simulation.
The different lines show the individual components (frozen in the fit) used to describe the shape.
The shape consists of a smooth polynomial and two Gaussians (one describes the W resonance
from unmerged top decays and the other describes the fully merged top resonance).
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Figure 5.19: Templates of QCD ((left)), taken from data, of the subdominant backgrounds (center),
taken from the simulation and templates of the tt ((right)) taken from simulation for 2016 postVFP.
The different lines show the individual components (frozen in the fit) used to describe the shapes.
The QCD shape is composed of a smooth polynomial and a Gaussian, while the shape of the
subdominant backgrounds contains a smooth polynomial and two Gaussians (one describes the
W resonance from the single top and WJets processes and the other describes the broader peak
from the kinematic selections). On the (right), template of the tt signal taken from the simulation.
The different lines show the individual components (frozen in the fit) used to describe the shape.
The shape consists of a smooth polynomial and two Gaussians (one describes the W resonance
from unmerged top decays and the other describes the fully merged top resonance).
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Figure 5.20: Templates of QCD ((left)), taken from data, of the subdominant backgrounds (center),
taken from the simulation and templates of the tt ((right)) taken from simulation for 2017. The
different lines show the individual components (frozen in the fit) used to describe the shapes.
The QCD shape is composed of a smooth polynomial and a Gaussian, while the shape of the
subdominant backgrounds contains a smooth polynomial and two Gaussians (one describes the
W resonance from the single top and WJets processes and the other describes the broader peak
from the kinematic selections). On the (right), template of the tt signal taken from the simulation.
The different lines show the individual components (frozen in the fit) used to describe the shape.
The shape consists of a smooth polynomial and two Gaussians (one describes the W resonance
from unmerged top decays and the other describes the fully merged top resonance).
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Figure 5.21: Templates of QCD ((left)), taken from data, of the subdominant backgrounds (center),
taken from the simulation and templates of the tt ((right)) taken from simulation for 2018. The
different lines show the individual components (frozen in the fit) used to describe the shapes.
The QCD shape is composed of a smooth polynomial and a Gaussian, while the shape of the
subdominant backgrounds contains a smooth polynomial and two Gaussians (one describes the
W resonance from the single top and WJets processes and the other describes the broader peak
from the kinematic selections). On the (right), template of the tt signal taken from the simulation.
The different lines show the individual components (frozen in the fit) used to describe the shape.
The shape consists of a smooth polynomial and two Gaussians (one describes the W resonance
from unmerged top decays and the other describes the fully merged top resonance).
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Figure 5.22: Closure test in the QCD simulation for the shape of the leading (left)jand second
leading (right)pr variable in the two possible b-tagging requirements (none, or both jets contain
a b-tagged subjet). All shapes have been corrected with a fit taken from the ratio of the QCD
simulation in the different phase spaces.
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Figure 5.23: Closure test in the QCD simulation for the shape of leading pr variable in the two
possible b-tagging requirements (none, or both jets contain a b-tagged subjet). All shapes have
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Figure 5.25: Closure test in the QCD simulation for the shape of the leading absolute rapidity |Y|
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Figure 5.27: Closure test in the QCD simulation for the shape of the dijet pt.JJ variable in the two
possible b-tagging requirements (none, or both jets contain a b-tagged subjet). All shapes have
been corrected with a fit taken from the ratio of the QCD simulation in the different phase spaces.
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Figure 5.28: Closure test in the QCD simulation for the shape of the dijet tt mass m.J.J variable in
the two possible b-tagging requirements (none, or both jets contain a b-tagged subjet). All shapes
have been corrected with a fit taken from the ratio of the QCD simulation in the different phase
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Figure 5.29: Closure test in the QCD simulation for the shape of the dijet tt rapidity y.JJ variable
in the two possible b-tagging requirements (none, or both jets contain a b-tagged subjet). All
shapes have been corrected with a fit taken from the ratio of the QCD simulation in the different
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Figure 5.30: Result of the template fit on data for 2016 preVFP. The red line shows the tt contri-
bution, the green line shows the QCD, and the brown line shows the subdominant backgrounds.
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Figure 5.31: Result of the template fit on data for 2016. The red line shows the tt contribution,

the green line shows the QCD, and the brown line shows the subdominant backgrounds.
95



41.5 fb* (13 TeV)

Hadronic tt decay

CHAPTER 5. BOOSTED tt DIFFERENTIAL MEASUREMENTS

CMS work In Progress

£87sWBIOMIad
_SI40OMIAd

—] sdegrdolusapssonewaishs

4SPaIS00q_S3r
ySpalsooq S3p
004 3¢
SYIUSPaIS00q_SAC

tt

o —_———————— Gdg, TdowiSaIsoneWalSAS
" O~ | strerdonsarsomeersts
o ™ Sdg; Tdow
3 B — e — dggTdojui Sl sonewaISAS
> —_———— umog rsac
uroq 00g"S3r
c [} r 215000” 30
I sac
> O] I rsac
(7)) o N—r y &l 0q_S3C
- = I sar
- | ——1 dnzgaispayuspaisooq S
= =< m sac
—
Q
= dnzoISpayIuSpaIsooy_S3r
> ®© umogpaIea
o o sac
m uoqgoiSpa 00g S0
I 0q_S3¢
o vnlb % sac
e SUSPRISO0_SIC
O = sac
!
1 1
L} 1

—— Fit model

—a— Data

I O S

o .
—_——————————
| o —_————————
1 N [ ——
T - —
L
1
[ 0
= dnzispayuspaisooq 3
: e —— UMOQSZOISPAYIUSPaIS00q_S3C
E UMOQOTOISPAUIUSPaIS00q S
umoqT 04 530
1 o I sar
s re) —_—————————— dnpToISpayIuSpalsooq s3It
— X

}:fif::f:fjfjf:*;:*_jﬁ;*;fjff:?fj?j?ffjfj?f:f?jffﬁjﬂifﬁiu

(~edimlomigimymime=y=

| [
I
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Figure 5.33: Result of the template fit on data for 2018. The red line shows the tt contribution,

the green line shows the QCD, and the brown line shows the subdominant backgrounds.
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5.6 Data vs Monte Carlo

In this section we present a comparison between data and Monte Carlo for various observables.
It should be noted that the tt normalization is scaled by a factor 0.69 for 2016 preVFP, 0.64 for
2016 postVFP 0.64 for 2017 and 0.65 for 2018, consistent with the findings of Section 5.5. The
QCD background yield is adjusted such that the total Monte Carlo events are equal to the events
in data. Table 5.21 shows the event yields for the various processes after applying the baseline
selection plus the requirement that both AKS8 jets contain a b-tagged subjet. Table 5.21 shows the
expected and observed event yields in the signal region for all analyzed years. Also, a Data vs MC

comparison is provided in Figures 5.34-5.43.

Table 5.21: Expected and observed event yields in the signal region for all analyzed years.

Process Yield 2016 preVFP | Yield 2016 postVFP | Yield 2017 | 2018

tt 2252 1952 5358 | 6840

QCD 434 329 1182 | 1280
Subdominant

(WHjets, Z+jets, Single Top) 10 8 38 47

Data 2187 1654 4818 | 6205
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5.7 Fiducial Measurement

The fiducial differential cross section is derived per bin ¢ of the variable of interest = from the signal
yield S; as follows:

do}® S,
dv — L-Ax;’
where L is the total integrated luminosity for the full Run II and Az; is the width of the i-th bin of

the observable x. We also calculate and present the normalized differential cross section. This is
calculated using the following equation:

(5.8)

1do® 1 S;

A de 3,8, LAz
The normalized differential cross section is used to confront the modelling of the differential

cross section regardless of the overall normalization. In order to estimate the uncertainty of the
measurement, the whole procedure is repeated for every source of uncertainty.

(5.9
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Figure 5.44: Fiducial differential cross section, absolute (leftjand normalized (right), as a function
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The systematic uncertainties considered in this analysis are devided in two categories: experi-
mental and theoretical. The former includes all the uncertainties related to the differences in the
object performance between data and simulation. The latter are related to the simulation itself
and affect primarily the unfolded results through the acceptance, efficiency, and migration matrix.
The list below describes briefly these uncertainties and the way they have been handled here.
It should be noted that for each systematic variation the differential cross sections (fiducial and
unfolded) are re-measured and the difference with respect to the nominal result is taken as the
effect of this variation to the measurement. It is worth mentioning that the same procedure used
for applying the systematic uncertainties to the calculated cross section values are also applied to
the theoretical values. This is true only for the Theoretical uncertainties described below.

1. Experimental Uncertainties

e QCD background prediction: we use the fitted QCD yield uncertainty. The shape uncer-
tainties due to the closure test in the simulation and the different pileup profiles in the
control and signal regions are very small, at the 1% level.

e Top Tagging Efficiency: The uncertainty related to the identification of jets originating
from top quarks candidates using the in-house developed top tagger. The missmatch in
the performace of the tagger in data and simulation samples is corrected with the use of
a scale factor. The uncertainty in the calculation of the scale factor is used to calculate
the effect of the use of the scale factor in the cross section measurement. The scale
factor as well as the uncertainty are calculated with the method described in detail in
Appendix A. Using this method, an up and a down variation are calculated. Since the
uncertainty is pp dependent it leads to an effect of 5 — 25% based on the jets present in
the event. This is a leadiung experimental uncertainty.

e Jet energy scale (JES): this is the uncertainty on the energy scale of each reconstructed
jet and it is a leading experimental uncertainty. Following the recommendations of the
JME group, we have considered 30 independent JES sources [104] as follows: for each
variation a new jet collection is created and the event interpretation is repeated. This
results not only in variations of the pp scale itself, but may also lead to different top
candidates. The JES uncertainty, per jet, is of the order 1 — 2%, pt and 1 dependent.
The effect on the measured cross section is typically of the order 10% but it can be much
larger at very high jet pr.

e Jet energy resolution: The impact on the measurement due to the jet energy resolution
(JER) is determined by smearing the jets according to the JER uncertainty. The effect
on the cross section is relatively small, at the level of 2%.

e Subjet b tagging efficiency (hadronic): The uncertainty in the identification of b-subjets
within the large-R jets (estimated in [105]) is a leading experimental in the hadronic
channel. The effect on the cross sections is of the order of 7% relatively flat in all
the observables. Unlike the uncertainty associated with the JES, the b-subjet tagging
uncertainty therefore largely cancels in the normalized cross sections.

e Pileup: The uncertainty related to the modeling of additional pileup interactions is a sub-
dominant uncertainty. The impact on the measurement is estimated by varying the total
inelastic cross section used to weight the simulated events (69.2 mb) by +4.6% [106].
The effect on the cross sections is negligible (below 1%).

e Trigger: this accounts for the difference between the simulated and observed trigger
efficiency. Based on Figure 5.2, 5.3, 5.4 the uncertainty is well below 1% in the phase
space of this analysis.

e Luminosity: The uncertainty in the measurement per year is 1.2%, 2.3% and 2.5% for
2016, 2017 and 2018 respectively. The uncertainty in the measurement of the total
integrated luminosity is 1.6% [107, 108, 109, 110].
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2. Theoretical Uncertainties
The theoretical uncertainties are divided into two sub-categories: the ones related to the
matrix element of the hard process and the ones related to the modelling of the parton
shower and the underlying event. Practically, the first category (consisting of the first three
sources below) is evaluated by variations of LHE event weights stored in the nominal MC
simulation, while the second category is evaluated with dedicated, alternative MC samples.

e Parton distribution functions: The uncertainty due to parton distribution functions
(PDFs) is estimated by applying event weights corresponding to the 100 replicas of
the NNPDF set [94]. For each observable we compute its standard deviation from the
100 variations.

e Renormalization and factorization scales: The uncertainty in the choice of renormaliza-
tion and factorization scale is assessed by separate and simultaneous variations of the
renormalization and factorization scales. The unphysical anticorrelated variations are
discarded, yielding a total of 6 combinations of the renormalization and factorization
scales. The event weight is determined for each variation and the envelope is taken as
the scale uncertainty, according to the prescription in [ntps://indico.cern.ch/event/459797 /contributions/ 1961581/attachments/ 1181
reb15-2016.pdf]. These variations are applied using the event weights provided in the LHEEventInfo

[https: //twiki.cern.ch/twiki/bin/viewauth/CMS/LHEReaderCMSSW] .

e Strong coupling constant (cg): The uncertainty associated with the ag is estimated by
applying event weights corresponding to higher and lower values of ag for the matrix
element using the variations of the NNPDF set [95].

e [nitial and Final state radiation (ISR, FSR): these uncertainties are used to evaluate the
impact of the string coupling constant ag in the parton shower simulation. This is
done by varrying the OééSR, a§SR parameters by a factor of 2 or 0.5. The variations are

applied using LHE weights provided in the samples.

e Matrix element - parton shower matching: In the POWHEG matrix element to parton shower
(ME-PS) matching scheme, the resummation damping factor hg,,, is used to regulate

high-pt radiation. Uncertainties in hg,,, are parameterized by considering alternative

simulated samples with hg,,, varied by hgy,n,, = m and hq,p,, = 1.379i8;§3§2mt.

e Underlying event tune: This uncertainty is estimated from alternative Monte Carlo sam-
ples with the tune CP5 parameters varied by +1o.
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5.8 Combination of different years

The goal of this analysis is to combine the measurements of each individual year to a single
("combined") measurement. The combination is done in the following way. For each year the
signal extraction, yield, is computed separately. At the same time for each source of uncertainty
the yield is also computed. At this point we have for each year one central (nominal) value for the
yield and one value for the yield of each uncertainty source. We then combine the yearly values for
each source. This way we end up with one nominal value which is the sum of the four individual
cental values and one value for each uncertainty which is also the sum of the four individual
values for each uncertainty source. During the addition of the uncertainty sources the correlation

between the yearly measurements are taken into account as shown in Table 5.22.

Table 5.22: Correlations for systematic uncertainties between the various years

Source

2016_pre-2016_post

2016_pre-2017

2016_pre-2018

2016_post-2017

2016_post-2018

2017-2018

pile - up

100%

100%

100%

100%

100%

100%

b-Tagging Unc.

See [111]

Parton Shower Unc.

100%

100%

100%

100%

100%

100%

CP5 Tune Unc.

100%

100%

100%

100%

100%

100%

hDamp Samples Unc.

100%

100%

100%

100%

100%

100%

JES

See [112]

Scale Unc.

100%

100%

100%

100%

100%

100%

PDF Unc.

100%

100%

100%

100%

100%

100%

Luminosity

30%

30%

30%

30%

30%

30%

To compute the differential cross section (Eq.

10.1) a combined response matrix needs to

be computed and also a combined fraction f1 and f2. For the response matrix the four individual
response matrices are scaled to their respective luminosities and then added. During the unfolding
procedure the matrix is normalized to unity so the luminosity of each year acts as a weight, where
the years with more luminosity contribute more to the final response matrix. This is done for each
source of unceratinty as well as the nominal value. For the fractions f1 and f2 we follow the same
approach as for the signal yield. The numerators denominators for each year are added. From
the common numerator and denominator the combined fraction is calculated. The procedure is
repeated for each systematic uncertainty.
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5.9 Unfolded Measurement

The fiducial measurement at detector level is unfoled and reported to the parton and particle phase
spaces. The unfolded differential cross section is defined as:

doi _ 11 R} S;) 5.10

iz _E-Afci'ﬁ,z’.zj:(ij'“fl’j' i) (5.10)
where L is the total integrated luminosity of all years and Az; is the width of the i-th bin of the
respective observable x. The quantity f; j» is the fraction of reconstructed events in the j-th bin
that have an equivalent event at the unfolded level (parton or particle), whereas the quantity f, ;, is
defined as the fraction of events at the unfolded level that have an equivalent reconstructed event.
Figures 5.62 and 5.63 show the previously defined fractions. The quantity Ri_jl is the inverse
of the migration matrix between the i-th and j-th bins of the unfolded (parton or particle) and
reconstructed level respectively. The migration matrix is non-diagonal, due to the finite resolution
of the detector as depicted in Figures 5.64 and 5.65. Thus, an unfolding procedure is necessary.
The binning of the various observables has been chosen in such way so that the purity (fraction
of reconstructed events that the true value of the observable lies in the same bin) and stability
(fraction of true events that the reconstructed observable lies in the same bin) are well above 50%
The choice of this binning results in highly diagonal migration matrices, as shown in Figs. 5.64
and 5.65. In order to avoid any biases introduced by the various unfolding techniques with some
type of regularization, the simple migration matrix inversion method has been used, as written in
Eq. 10.1. The price we pay is that we have a moderate increase of the statistical uncertainty.

The results also include comparison with the theoretical models. Two theoretical models are
used, POWHEG with pYTHIA 8 as well as aMC@NLO[FxFx] with pyTHIA 8. The comparison is presented
in the form of X2 values calculated using the covariance matrix. Using the X2 values and the
number of degrees of freedom (NDOF) p-values are also calculated. It is also worth mentioning
here that systematic uncertainties are applied in the calculation of the theoretical values for the
absolute cross section. The uncertainties are also taken into to account in the calculation of the
X2 values as they are incorporated in the covariance matrix. The X2 values are calculated using

2 T  ~-1
X = VNb . CNb . VNb (5.11)
where Vy, is the vector of differences between the measured values and the corresponding theo-

retical predictions and Vj\j;b its transpose. N, is the length of the vector and corresponds to the
number of bins for each measurement. C;;bl is the inverse of the covariance matrix. The covariance

matrix is calculated using the following formula
C = Csar + Csyst (5.12)

where Cy;,; is the covariance matrix for the statistical uncertainties and Cj,; is the covariance
matrix for the systematic. The covariance matrix for the systematic uncertainties is calculated as

1

t . .

covt =y N CiniCippy 1SISN, 1<F<N, (5.13)
k,l

where C; ;. ; is the systematic uncertainty in the i-th bin of the 1-th variation of the k-th source and
N, is the number of variations for the source k. The sum runs over all the sources of systematic
uncertainties and their variations.

5.9.1 Parton Level

The results of the unfolded measurement at parton level are shown in Figs. 5.68- 5.76. The
comparison with the theory predictions follows the trends observed in the fiducial measurement.
That is, there is an 20 — 40% lower inclusive cross section, while the shapes of the differential
distributions are reasonably reproduced by all models.
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Table 5.24: Xw Values of Normalized differential cross sections at Parton level.

Variable NDOF Xm Theory Xm Theory AMC@NLO Xm Theory Powheg+Herwig | P-value Theory | P-value AMC@NLO | P-value Powheg+Herwig

Leading Parton p 5 2.8 2.2 2.7 0.73 0.82 0.74
Second Leading Parton p 6 1 1.1 0.96 0.98 0.98 0.99
Parton y,¢ 7 12 12 12 0.1 0.09 0.094

Parton p & 5 4.8 1.3 5.1 0.44 0.93 0.4

Parton m,¢ 7 1.1 1.1 0.86 0.99 0.99 1

Leading Parton |Y| 9 1.9 1.7 2 0.99 1 0.99
Second Leading Parton |Y'| 9 12 12 12 0.23 0.22 0.24

Parton x 10 2.3 1.8 2. 0.99 1. 1.

Parton |cos(0”)] 8 1.3 0.98 1.1 1 1. 1.
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5.9.2 Particle Level

The results of the unfolded measurement at particle level are shown in Figs. 5.77- 5.85. The
comparison with the theory predictions follows the trends observed in the fiducial measurement.
That is, there is an 20 — 40% lower inclusive cross section, while the shapes of the differential
distributions are reasonably reproduced by all models.
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Table 5.25: XM Values of the Absolute differential cross sections at Particle level.

Variable NDOF Xm Theory Xm Theory AMC@NLO Xm Theory Powheg+Herwig | P-value Theory | P-value AMC@NLO | P-value Powheg+Herwig
Leading Particle pp 6 4.7 8.4 6.1 0.59 0.21 0.41
Second Leading Particle pp 7 4.7 4.9 5.5 0.7 0.67 0.59
Particle y¢ 8 11 6.2 19 0.18 0.62 0.017
Particle pp & 6 3 6.8 4.3 0.81 0.34 0.63
Particle m, ¢ 8 4.5 5.4 4.8 0.81 0.71 0.78
Leading Particle |Y'| 10 5.3 6 6.8 0.87 0.81 0.74
Second Leading Particle |Y| 10 14 10 17 0.19 0.41 0.079
Particle x 11 4.31 5.1 5.93 0.96 0.98 0.88
Particle _nomg*: 9 3.66 2.55 4.28 0.93 0.98 0.89
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Figure 5.62: Acceptance and efficiency for the parton-level selection as a function of the various
observables.
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Figure 5.63: Acceptance and efficiency for the particle-level selection as a function of the various
observables.
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Figure 5.64: Simulated migration matrices at parton level.
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Figure 5.65: Simulated migration matrices at particle level.

139



CHAPTER 5. BOOSTED tt DIFFERENTIAL MEASUREMENTS

CMSwork In Progress ~ 137.1 fo'(13 TeV) 1Cl\/ISWork In Progress  137.1 fb(13 TeV)
0sE 0sb
0.8 0.8—
o‘e;_\=‘:\:‘:,=':‘:|: "3
05; 0.5?2
04; 0.4;
03F- — purity 03F- — purity
02 — stability 02 — stability
0‘1; 0,1;
OG0 000 12001400 1800 805 2000 Qo5 Boo "m0 oo 200 4o a0
Leading parton Pt (GeV) Subleading parton Pt (GeV)
CMS work In Progress ~ 137.1 fo''(13 TeV) 1CMS Work In Progress ~ 137.1 fb™(13 TeV)
09; 0.9;
0.8; O.B;
ot 071%\::'::,,:
0»‘3; 0.6;
05; 0.5;
04 0af-
03; 0.3;
02; 0.2;
01f 01
Bin Number Bin Number
CMS work In Progress ~ 137.1 fo(13 TeV) CMS Work In Progress ~ 137.1 fo(13 TeV)
09; 0.9;
08E 08 —
0.7; 0.7; ’—'7
0.6; o.si ‘
0 E 05; 4
0.4fE- 0.4;
0.3; mJJ 0.3; ptJ
E — Purity E — Purity
02E — Stability 02 — Stability
01 01F
Bin Number Bin Number
1CMS Work In Progress ~ 137.1 fb™(13 TeV) 1CMS Work In Progress ~ 137.1 fb™(13 TeV)
0.9} { 0.9;
08; 0.8;
0.7; 0.7;
06; 0.6;
0.5; 0.5;
0.4; 0.4;
03; yJJ 0.3; chi
= — Purity = — Purity
02t — Stability o2 — Stability
0.1~ 0.1
Bin Number Bin Number

CMS work In Progress ~ 137.1 fo™(13 TeV)

0.

i

0.

@

0.

3

0.

>

0.

o

0.

»

cosTheta_0
0.

w

— Purity
— Stability

0.

N

o
o

=)
o

Bin Number
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Figure 5.68: Differential cross section unfolded to parton level, absolute (top part) and normalized
(bottom part), as a function of leading jet pr. The bottom panel shows the ratio (theory - data)/data.
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Figure 5.71: Differential cross section unfolded to parton level, absolute (top part) and normalized
(bottom part), as a function of absolute second leading jet rapidity. The bottom panel shows the
ratio (theory - data)/data.
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Figure 5.80: Differential cross section unfolded to particle level, absolute (top part) and normalized
(bottom part), as a function of absolute second leading jet rapidity. The bottom panel shows the
ratio (theory - data)/data.
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Figure 5.81: Differential cross section unfolded to particle level, absolute (top part) and normalized
(bottom part), as a function of the dijet tt mass. The bottom panel shows the ratio (theory -
data)/data.
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Figure 5.84: Differential cross section unfolded to particle level, absolute (top part) and normalized

(bottom part), as a function of the dijet angular Xtt. The bottom panel shows the ratio (theory -
data)/data.
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Chapter 6
Search for top-antitop resonances in the
all-hadronic final state using the full Run Il
proton-proton collision data at sqri(s) = 13 TeV

In this chapter, we present a combination of searches for heavy resonances decaying to top quark-
antiquark pairs, using the full set of proton-proton collision data collected at a center of-mass
energy of \/s = 13 TeV in the Full Run II, corresponding to an integrated luminosity of 137 L.
The combination includes contributions from the fully hadronic final state top and antitop quarks
that have a high transverse momentum (p). The results presented here further increase the mass
exclusion limits for several models of new physics.

6.1 Introduction to the analysis

The top quark completes the third generation of quarks in the standard model (SM), and the precise
knowledge of its properties is critical for the overall understanding of the theory. Measurements
of the top-anti-top quark pair (tt) production cross section confront the predictions from quantum
chromodynamics (QCD) and have the potential to constrain the QCD parameters, while being
sensitive to physics beyond the SM. Also, the tt production process is a dominant SM background
to searches for new physics phenomena and therefore its precise knowledge is essential for new
discoveries.

Numerous extensions of the standard model (SM) predict the existence of new interactions with
enhanced couplings to third-generation quarks, especially the top quark. The associated massive
new particle contained in these theories could be observed as a tt resonance in experiments at
LHC. Examples of such resonances are massive color-singlet Z-like bosons (Z’) in extended gauge
theories [113, 114], colorons [115] and axigluons [116] in models with extended strong interaction
sectors, heavier Higgs siblings in models with extended Higgs sectors and Kaluza-Klein (KK) exci-
tations of gluons [117], electroweak gauge bosons [118], and gravitons in various extensions of the
Randall-Sundrum (RS) model [119]. These models predict the existence of TeV-scale resonances
with production cross sections of a few picobarns at y/s = 13 TeV. In all of these examples, reso-
nant tt production could be observable in the exponent of the absolute rapidity difference between
the two leading jets, named Y.

The CMS experiment has produced several public results of searches for heavy resonances
decaying into tt pairs using datasets collected in 2016 preVFP, 2017 and 2018 for the full Run
II analysis which amount to a total integrated luminosity of 19.5 b, 415 " and 59.7fb "
respectively. These searches probe the same physics models, including generic Z’ resonances
having widths of 1% of the Z’ mass [?, ?]. In each of these models, the heavy particle [Z/) decays
into a tt pair. Due to the high mass regime probed (0.5-4.5 TeV), the top quarks are expected to
be highly boosted, requiring special reconstruction techniques. The search to be presented in this
result includes the search probing the all-hadronic analysis, in which both top products decay
into hadrons using top-tagging in conjunction with subjet b-tagging.

This analysis note will not describe in detail the aforementioned channel, but instead will
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focus on the strategy and preliminary results mentioned above. Further details on the individual
analysis can be found in the documentation of the all-hadronic channel chapter.

6.2 Simulated events

The simulation of Z’ resonances is performed with the leading-order MADGRAPH v5.2.2.2 [126]
Monte Carlo (MC) program using SM values for the left- and right-handed Z’ couplings to top
quarks. The simulation is performed for a range of Z’ masses between 0.5 and 4.0 TeV, and for
one relative width hypothesis of 1%. Higher-order QCD multijet processes for up to three extra
partons are simulated at tree level. The Z’ boson is required to decay into a tt pair in all generated
events. The parton showering and hadronization is modeled with PYTHIA 8.205 [120, 121], and
the MLM algorithm [122] is used to match the parton shower to the matrix element calculation
with a merging scale of 35 GeV.

Background events from tt production via QCD interactions and electroweak production of
single top quarks in the tW channel are simulated with the next-to-leading order (NLO) generator
POWHEG (v2) [123, 124, 125]. The s- and t-channel processes of single top quark production are
simulated with MADGRAPH5 aMC@NLO v5.2.2.2. All events are interfaced with PYTHIA for the
description of fragmentation and hadronization.

The associated production of W or Z boson and jets is simulated using MADGRAPH. The MLM
matching scheme is applied to match the showers generated with PYTHIA. Up to four additional
partons in the matrix element calculations are included. The tt, W/Z+jets, and singletop-quark
samples are normalized to the theoretical predictions described in Refs. [127, 128]. Diboson
processes (VV = WW, WZ, and ZZ) are simulated with PYTHIA for both the matrix element and
parton showering calculations. The event rates are normalized to the NLO crosssections from Ref.
[129].

For this analysis, only 2016 preVFP, 2017 AND 2018 files were available ranging the Z’ masses
between 0.5 and 4.0 TeV, for one relative mass width hypothesis of 1%.

Table 6.1: Monte Carlo simulated 2016 Z’ samples.

Sample Events o (pb)

ZprimeToTT_M1200_W12_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 497321 1.73

ZprimeToTT_M1400_W1l4_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 560171 9.095e-01
ZprimeToTT_M1600_W16_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 548012 | 5.002e-01
ZprimeToTT_M1800_W18_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 533048 | 2.833e-01
ZprimeToTT_M2000_W20_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 527279 1.662e-01
ZprimeToTT_M2500_W25_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 508484 | 4.749e-02
ZprimeToTT_M3000_W30_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM -pythia8 490008 1.494e-02
ZprimeToTT_M3500_W35_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 473382 5.105e-03
ZprimeToTT_M4000_W40_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM -pythia8 460416 1.900e-03

6.3 Analysis Strategy

The baseline selection, summarized in Table 6.4 is common for all regions used in the analysis. It
requires at least two large-R jets (R = 0.8) in the event with pp >400 GeV and softDrop mass values
within the range (50, 300) GeV. Furthermore, a veto on the leptons is applied in order to minimize
the probability to select leptonic top decays. On top of the baseline selection, we define four specific
regions (Table 6.4) based on the output of our BDT (Boosted Decision Tree) that discriminates tt
signal from QCD background, the jets’ softDrop masses and the number of the b-tagged subjets
in each jet, that serve different analysis purposes. The signal region (S R) is where we perform the
differential measurements and it required both jets to have a b-tagged subjet, a tighter selection
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Table 6.2: Monte Carlo Simulated 2017 Z’ samples.

Sample Events o (pb)

ZprimeToTT_M1200_W12_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 195613 1.73

ZprimeToTT_M1400_W14_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 208708 | 9.095e-01
ZprimeToTT_M1600_W1l6_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 219802 5.002e-01
ZprimeToTT_M1800_W18_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 197407 | 2.833e-01
ZprimeToTT_M2000_W20_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 211425 1.662e-01
ZprimeToTT_M2500_W25_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 203518 | 4.749e-02
ZprimeToTT_M3000_W30_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM -pythia8 192535 1.494e-02
ZprimeToTT_M3500_W35_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 189565 | 5.105e-03
ZprimeToTT_M4000_W40_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM -pythia8 184083 1.900e-03

ZprimeToTT_M4500_W45_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 174039 7.613e-04

Table 6.3: Monte Carlo Simulated 2018 Z’ samples.

Sample Events o (pb)

ZprimeToTT_M1200_W12_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 198217 1.73

ZprimeToTT_M1400_W14_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 217763 | 9.095e-01
ZprimeToTT_M1600_W16_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 207930 5.002e-01
ZprimeToTT_M1800_W18_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 203473 | 2.833e-01
ZprimeToTT_M2000_W20_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 196868 1.662e-01
ZprimeToTT_M2500_W25_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 201970 | 4.749e-02
ZprimeToTT_M3000_W30_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM -pythia8 194745 1.494e-02
ZprimeToTT_M3500_W35_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 187591 5.105e-03
ZprimeToTT_M4000_W40_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM -pythia8 184021 1.900e-03
ZprimeToTT_M4500_W45_TuneCP2_PSweights_13TeV-madgraph-pythiaMLM-pythia8 179341 7.613e-04

of the jet mass softDrop value 120 — 220 GeV. The pure QCD control region (C'R) has the same
selection criteria with the aforementioned Signal Region, with the only difference being that the
b-tagging requirement is reverted (the jets must not contain a b-tagged subjet). This region is
used to get the QCD shape of the QCD background from the data (data driven method) for each
variable of interest. Then, we employ the signal region A (SR 4), which is used to determine the
normalization of the QCD background, and finally the signal region B (SRpg), which is used to
constrain some of the signal modelling uncertainties.

The dominant background in the analysis is the QCD multijet production. There is a finite
probability that ordinary jets, originating from single parton radiation, mimic the topological sub-
structure of a top jet. The QCD multijet production is suppressed significantly using the aforemen-
tioned developed Boosted Decision Tree, which uses jet substructure information to distinguish
signal from background. Also, the b-tagging requirements play a huge role in suppressing the
QCD multijet production. In order to estimate the remaining contribution of the QCD multijet pro-
duction we employ a data-driven technique based on the assumption that if we revert the b-tagging
requirement (asking for O btagged subjets in the event) we a) get a pure QCD multijet sample and
b) the jet kinematic properties are not affected. Our Control Region works as a phase space, where
(theoretically) only QCD multijets exists. In contrast, our CR consists not only from QCD multijet
production contribution but also from tt and Subdominant backgrounds contribution (W+jets, etc)
to a factor of 10%. For that reason, we remove these contributions from the CR before we continue
with QCD multijet estimation data-driven method. In this way we are able to extract the remaining
signal in our SR.

The variable of interest for this search is the y dijet variable. We choose this variable because
its distributions associated with the final states produced via QCD interactions are relatively flat
compared to the distributions of the BSM models or new particles, which typically peak at low
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Table 6.4: Baseline Selection Criteria

Observable | Requirement
Niets >1
Nieptons Y
Pt > 450 GeV
e > 400 GeV
let a1 72| <24
mlsn? | (50,300) GeV
myg > 1000 GeV

Table 6.5: Selection requirements per analysis region for 2016 pre and post VFP.

Region | Trigger Offline Purpose

SR Signal | Baseline+BDT > 0.2+2b75ag+m]b'~6]gl’2 € (120, 220) Gev Signal Region
SR 4 Signal Baseline+B DT > 0.2 + 2btags QCD fit region

CR | Control | Baseline+tBDT > 0.2 +Obtag+mé%1’2 € (120,220) GeV | QCD control region

Region A: Mass Fit
(extraction of bkg yield)

Selected WP
(per year)

Signal Region

BDT Response

50 120 220 300
Jet SoftDrop Mass (GeV)

Figure 6.1: Graphical representation of the analysis region in the BDT-output vs jet softDrop mass.

values of . The choice of this variable, stems from the fact that the dijet mass of the tt pair suffers
from Energy Scale uncertainties while the angular dijet variable Y is not affected.
The variable is computed by measuring the difference of the rapidities of the two leading jets
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Table 6.6: Selection requirements per analysis region for 2017.

Region | Trigger Offline Purpose
SR Signal | Baseline+BDT > 0.0+2btag+mé€g’2 € (120, 220) Gev Signal Region
SR4 Signal Baseline+B DT > 0.0 + 2btags QCD fit region
CR | Control | Baseline+BDT > 0.0 +Obtag+mjé‘%1’2 € (120,220) GeV | QCD control region
Table 6.7: Selection requirements per analysis region for 2018.
Region | Trigger Offline Purpose
SR Signal | Baseline+BDT > O.1+2btag+mgelt)1’2 € (120,220) Gev Signal Region
SR 4 Signal Baseline+BDT > 0.1 + 2btags QCD fit region
CR | Control | Baseline+BDT > 0.1 +0btag+m§e§’2 € (120, 220) GeV | QCD control region

such as the corresponding rapidity in the Zero Momentum Frame is :

« 1

y =5 — )

5 (6.1)

where y; 5 denote the rapidity of the leading and subleading selected jets respectively. Variable x
is defined as:

2 —y2
— ol ly1—y2|

Y I _ ¢ (6.2)

In order to further enhance the existance of the Z’ signal within the proposed signal region,
different sets of dijet mass cuts were applied for every Z’ mass respectively. We have observed
that in lower masses, the angular distribution of ) is more comptetitive than the dijet mass m ;
distribution. To quantify the optimal dijet mass cut, we calculate the significance per Z’ mass. We
define siginificance as the following ratio:

Signal
/Bkg+Signal

The following figures ( 6.6-6.10) show the Significance for each dijet mass (m ;) cut. From this
plot, the cut that maximizes the Significance for each year is derived, for each Z’ (mass, width).
Based on the m;; cuts that result into maximum significance, the following dijet mass cut are
imposed as shown in Table 6.8:

Siginificance = (6.3)
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Figure 6.2: Significance for all years (top left 2016 preVFP, 2017 bottom left and 2018 bottom
right) for the Z’ with mass 1.2TeV and 1 % width.

Mass (GeV)

Width (1%) (GeV)

myy Cut (GeV)

1200
1400
1600
1800
2000
2500
3000
3500
4000
4500

12
14
16
18
20
25
30
35
40
45

1000
1200
1600
1600
1600
2000
2000
2000
2000
2000

Table 6.8: Sliding m ;; cut for all Z’ masses. Same cut is applied for all years.
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Figure 6.3: Significance for all years (top left 2016 preVFP, 2017 bottom left and 2018 bottom
right) for the Z’ with mass 1.4TeV and 1 % width.
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Figure 6.4: Significance for all years (top left 2016 preVFP, 2017 bottom left and 2018 bottom
right) for the Z’ with mass 1.6TeV and 1 % width.
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Figure 6.5: Significance for all years (top left 2016 preVFP, 2017 bottom left and 2018 bottom
right) for the Z’ with mass 1.8TeV and 1 % width.
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right) for the Z’ with mass 2TeV and 1 % width.
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right) for the Z’ with mass 2.5TeV and 1 % width.
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right) for the Z’ with mass 3TeV and 1 % width.
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Figure 6.9: Significance for all years (top left 2016 preVFP, 2017 bottom left and 2018 bottom
right) for the Z’ with mass 4TeV and 1 % width.
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Figure 6.10: Significance for all years (2017 left and 2018 right) for the Z’ with mass 4.5TeV and
1 % width.
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6.4 Sensitivity Analysis

In this section, a sensitivity analysis is performed in order to detect shape differences between the
tt and the Z’ x distributions. Both files are derived from MC generated events.

Sensitivity: tt vs Z', for 2016_preVFP Sensitivity: tt vs Z', for 2017
0.8 F
E TTbar 08f TTbar
0.7— £
B + Zprime 07f- -+ Zprime
0.6 — £
B 0.6/,
05— C
E 0.5/
0.4 E
= 0.4
0.3? 0.3;
02 o2b
0-1; 0.1;
ok el e e b oE e el e L
chi chi

Sensitivity: tt vs Z', for 2018
0.8

TThar
+ Zprime

0.7

0.6

0.5

0.4

0.3

0.2

0.

e

TTTT‘TTTT‘TTTT‘TTTT‘HH‘HH HH‘HH

S T S Y A T SR
8 10 12 14
chi

Figure 6.11: Sensitivity for all years (top left 2016 preVFP, top right 2017 and bottom 2018) for
the Z’ with mass 1.2TeV and 1 % width.
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Sensitivity: tt vs Z', for 2016_preVFP Sensitivity: tt vs Z', for 2017

0.6 0.6

C TTbar : TThar
oS + Zprime oS + Zprime
04— 0.4~
03 03[
02 0.2
0.1~ 01—

0: P I I S R 0: ool il

2 4 6 8 10 12 14 cr}ie 2 4 6 8 10 12 14 cr;liﬁ

Sensitivity: tt vs Z', for 2018

0.67
F TTbar
05— .
. + Zprime
0.4—
03
0.2
01
07 L L P AT T T SR RIS
2 4 6 8 10 12 14 16
chi

Figure 6.12: Sensitivity for all years (top left 2016 preVFP, top right 2017 and bottom 2018) for
the Z’ with mass 1.4TeV and 1 % width.
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Sensitivity: tt vs Z', for 2016_preVFP Sensitivity: tt vs Z', for 2017
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Figure 6.13: Sensitivity for all years (top left 2016 preVFP, top right 2017 and bottom 2018) for
the Z’ with mass 1.6TeV and 1 % width.
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Figure 6.14: Sensitivity for all years (top left 2016 preVFP, top right 2017 and bottom 2018) for
the Z’ with mass 1.8TeV and 1 % width.
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Sensitivity: tt vs Z', for 2016_preVFP Sensitivity: tt vs Z', for 2017
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Figure 6.15: Sensitivity for all years (top left 2016 preVFP, top right 2017 and bottom 2018) for
the Z’ with mass 2TeV and 1 % width.
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Figure 6.16: Sensitivity for all years (top left 2016 preVFP, top right 2017 and bottom 2018) for
the Z’ with mass 2.5TeV and 1 % width.
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Figure 6.17: Sensitivity for all years (top left 2016 preVFP, top right 2017 and bottom 2018) for
the Z’ with mass 3TeV and 1 % width.
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Figure 6.18: Sensitivity for all years (top left 2016 preVFP, top right 2017 and bottom 2018) for
the Z’ with mass 3.5TeV and 1 % width.
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Figure 6.19: Sensitivity for all years (top left 2016 preVFP, top right 2017 and bottom 2018) for
the Z’ with mass 4TeV and 1 % width.
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Figure 6.20: Sensitivity for all years (top left 2016 preVFP, top right 2017 and bottom 2018) for
the Z’ with mass 4.5TeV and 1 % width.
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6.5 Signal Discrimination

Figures 6.21-6.30 show the distributions for the Y variable in the all-hadronic channel. In these
plots, the tt signal is scaled to the signal strength obtained in the previous section 6.3 while the
QCD is scaled to the data. The independent contributions seem to agree with the data, thus not
needing any scaling. The plots are also shown in the previous chapters based on the all hadronic
tt analysis. The x distributions show the Z’ contribution interpolated in the stack distribution.
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Figure 6.21: Data vs MC stack plots all years (top left 2016 preVFP, top right 2017 and bottom
2018) for the Z’ with mass 1.2TeV and 1 % width.
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Figure 6.22: Data vs MC stack plots all years (top left 2016 preVFP, top right 2017 and bottom
2018) for the Z’ with mass 1.4TeV and 1 % width.
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Figure 6.23: Data vs MC stack plots all years (top left 2016 preVFP, top right 2017 and bottom
2018) for the Z’ with mass 1.6TeV and 1 % width.
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Figure 6.24: Data vs MC stack plots all years (top left 2016 preVFP, top right 2017 and bottom
2018) for the Z’ with mass 1.8TeV and 1 % width.
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Figure 6.25: Data vs MC stack plots all years (top left 2016 preVFP, top right 2017 and bottom
2018) for the Z’ with mass 2TeV and 1 % width.
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Figure 6.26: Data vs MC stack plots all years (top left 2016 preVFP, top right 2017 and bottom
2018) for the Z’ with mass 2.5TeV and 1 % width.
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Figure 6.27: Data vs MC stack plots all years (top left 2016 preVFP, top right 2017 and bottom
2018) for the Z’ with mass 3TeV and 1 % width.
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Figure 6.28: Data vs MC stack plots all years (top left 2016 preVFP, top right 2017 and bottom
2018) for the Z’ with mass 3.5TeV and 1 % width.
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Figure 6.29: Data vs MC stack plots all years (top left 2016 preVFP, top right 2017 and bottom
2018) for the Z’ with mass 4TeV and 1 % width.

Data vs MC Data vs MC

o0 —e— Daa

o TTbar

. QcD

B Subdominant
- Zprime

B Subdominant
. Zprime

Number of Events
Number of Events

chi chi

Figure 6.30: Data vs MC stack plots all years (top left 2016 preVFP, top right 2017 and bottom
2018) for the Z’ with mass 4.5TeV and 1 % width.
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6.6 Resulis

In this section, the combined results are provided. The y-axis represents confidence levels for the
value of the ratio of the measured cross section over the standard model predicted value. The plots
in the y axis are representing confidence levels for the value of the ratio of measured cross section
over the standard model predictions.

The Asymptotic Limits method allows to compute quickly an estimate of the observed and
expected limits, which is fairly accurate when the event yields are not too small and the systematic
uncertainties don’t play a major role in the result. The limit calculation relies on an asymptotic
approximation of the distributions of the LHC test-statistic, which is based on a profile likelihood
ratio, under signal and background hypotheses to compute two p-values p,,, p, and thus CL, =
(111‘; L where C'L, is the asymptotic approximation of computing limits with frequentist toys.

For this analysis, the Combine Statistical Tool [130] provided by the CMS Statistics Committee
is used. This framework provides the user with the ability to run an analysis on Asymptotic limits.
The program prints out the limit on the signal strength r defined as (number of signal events /
number of expected signal events) e .g. Observed Limit: r < 1.6297 @ 95% CL , the median expected
limit Expected 50.0%: r < 2.3111 and edges of the 68% and 95% ranges for the expected limits. By
default, the limits are calculated using the CLs prescription, as noted in the output, which takes
the ratio of p-values under the signal plus background and background only hypothesis.

The analysis is proceeded as a first step per year. For each Z’ mass variation a datacard
is composed. The datacard includes all the information that the Combine tool requires for the
analysis such as a Data file, Signal files, background files as well as variations. In this analysis,
the Signal file is the Z’ MC generated events, while tt, QCD and subdominant (Single top, etc) are
defined as background. As for the variations, only the tt variations are taken into account while
they compose the largest background in this phase space.

A typical data card is shown in Figure 6.31:

Combination of ../2016_preVFP_test/datacard_chi_SR_mz_1200_12_cut_1000.txt ../2017_test/datacard_chi_SR_mz_1200_12_cut_1000.txt ../2018_test/datacard_chi_SR_nZ_1260_12_cut_1000. txt
imax 3 number of bins

jmax 3 number of processes minus 1

kmax 11 number of nuisance parameters

shapes * /2016_preVFP_test/ProcessesFile_1000.root h_chi_$PROCESS h_chi_$PROCESS_$SYSTEMATIC
shapes Zprime ++/2016_preVFP_test/ZprimeFile_1200_12_massCut1000.root h_chi_$PROCESS

shapes data_obs ../2016_preVFP_test/DataFile_1000.root h_Data

shapes * ../2017_test/ProcessesFile_1000.root h_chi_$PROCESS h_chi_$PROCESS_$SYSTEMATIC
shapes Zprime 2017_test/ZprimeFile_1200_12_massCut1000.root h_chi_$PROCESS

shapes data_obs 017_test/DataFile_1000.root h_Data

shapes * 018_test/ProcessesFile_1000.root h_chi_$PROCESS h_chi_$PROCESS_$SYSTEMATIC
shapes Zprime +./2018_test/ZprimeFile_1200_12_massCut1000.root h_chi_$PROCESS

shapes data_obs /2018_test/DataFile_1000.root h_Data

observation -1

ch3
process i Subdominant
process

Lumi_13TeV

pdf

scale

shifted

smeared
yield_Subdominant
yield_gcd

yield_ttbar

chl autoMCStats 10 1 1
ch2 autoMCStats 10 1 1
ch3 autoMCStats 10 1 1

Figure 6.31: Datacard used for the combination of the 3 analyses.

For Z’ mass variation the analysis is performed based on the selected mapped mass seen in
6.8. All of the results are combined into a graph. Each graph includes the observed and expected
upper limits including systematic variations.

In order to analyze the outcomes of multiple searches together, it is necessary to combine their
datacards into a single one. This is done by the combineCards.py script. The combined Brazilian
plots are shown in 6.36
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Figure 6.32: Observed and expected upper limits at 95% CL on the product of the production cross
section and branching fractions for the full combination of the analysis results, shown as function
of the resonance mass. Limits are set using one extensions to the SM a Z’ boson with I'/M of
1%. The corresponding theoretical prediction as a function of the resonance mass is shown as a
dot-dashed curve for 2016 preVFP.

193



CHAPTER 6. tt RESONANCES IN SEARCH FOR NEW PHYSICS

I I
- CMS L e Asymptollc CL Expected
. Wark in. PFOQrESS_Asymth“cGL ..... “sewed .......... ...........................

oc 10 = —
a0 = - + 1 std. deviation -
w0 — |+ 2 std. dgwallon N
D H H —
- 1

o

E

= 107"

a

a

3

2

0102

o2}

—3 1 1 1 1 | 1 | 1 | | | 1 r 1
10 1500 2000 2500 3000 3500 4000 4500
m, (GeV)

Figure 6.33: Observed and expected upper limits at 95% CL on the product of the production cross
section and branching fractions for the full combination of the analysis results, shown as function
of the resonance mass. Limits are set using one extensions to the SM a Z’ boson with I'/M of
1%. The corresponding theoretical prediction as a function of the resonance mass is shown as a
dot-dashed curve for 2017.
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Figure 6.34: Observed and expected upper limits at 95% CL on the product of the production cross
section and branching fractions for the full combination of the analysis results, shown as function
of the resonance mass. Limits are set using one extensions to the SM a Z’ boson with I'/M of
1%. The corresponding theoretical prediction as a function of the resonance mass is shown as a
dot-dashed curve for 2018.
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Figure 6.35: Yearly Asymptotic limits results with respect to 2018 results.
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Figure 6.36: Observed and expected upper limits at 95% CL on the product of the production cross
section and branching fractions for the full combination of the analysis results, shown as function
of the resonance mass. Limits are set using one extensions to the SM a Z’ boson with I'/M of
1%. The corresponding theoretical prediction as a function of the resonance mass is shown as a
dot-dashed curve for the combined 2016 preVPF, 2017 and 2018 analyses.
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Figure 6.37: Brazilian Plots for combined years with respect to 2018 results.
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Table 6.9: Expected and observed cross section limits at 95% CL, for the 1% width Z’ resonance
hypothesis for the 2016 preVFP analysis.

Mass [TeV] Observed [pb] Expected [pb]

-20 -lo Median +1lo +20
1.2 1.23 0.609 0.821 1.16 1.66 2.29
1.4 0.485 0.321 0.429 0.609 0.869 1.2
1.6 0.346 0.197 0.264 0.368 0.511 0.666
1.8 0.34 0.130 0.175 0.245 0.339 0.433
2.0 0.278 0.108 0.145 0.203 0.28 0.359
2.5 0.106 0.05 0.0659 0.0795 0.12 0.156
3.0 0.109 0.052  0.068 0.0923 0.125 0.161
3.5 0.212 0.0974 0.129 0.171 0.225 0.279
4.0 0.137 0.0692 0.0907 0.122 0.164 0.21

Table 6.10: Expected and observed cross section limits at 95% CL, for the 1% width Z’ resonance
hypothesis for the 2017 analysis.

Mass [TeV] Observed [pb] Expected [pb]
-20 -lo Median +lo +20
1.2 1.26 0.518 0.791 1.19 1.87 2.66
1.4 0.993 0.339 0475 0.7178 1.08 1.41
1.6 0.446 0.197 0.272 0.403 0.574 0.714
1.8 0.151 0.0957 0.128 0.178 0.248 0.329
2.0 0.147 0.0962 0.128 0.177 0.244 0.322
2.5 0.105 0.0444 0.0591 0.0813 0.111 0.142
3.0 0.132 0.0593 0.0787 0.107 0.141 0.179
3.5 0.172 0.0747 0.1. 0.137 0.184 0.234
4.0 0.244 0.109 0.144 0.195 0.259 0.328
4.5 0.366 0.175 0.228 0.301 0.388 0.477
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Table 6.11: Expected and observed cross section limits at 95% CL, for the 1% width Z’ resonance

hypothesis for the 2018 analysis.

Mass [TeV] Observed [pb]

Expected [pb]

-20 -lo Median +lo +20
1.2 0.923 0.329 0.439 0.61. 0.858 1.17
1.4 0.881 0.234 0.322 0.474 0.726 1.04
1.6 0.553 0.15 0.207 0.305 0.453 0.603
1.8 0.267 0.0862 0.115 0.156 0.214 0.285
2.0 0.241 0.0825 0.109 0.149 0.203 0.266
2.5 0.105 0.0392 0.0514 0.07 0.0928 0.117
3.0 0.115 0.0443 0.0582 0.0787 0.104 0.13
3.5 0.155 0.0573 0.0753 0.102 0.136 0.172
4.0 0.207 0.0847 0.111 0.148 0.193 0.234
4.5 0.259 0.118 0.153 0.2 0.254. 0.308

Table 6.12: Expected and observed cross section limits at 95% CL, for the 1% width Z’ resonance
hypothesis for the combined (2016preVFP, 2017, 2018) analysis.

Mass [TeV] Observed [pb]

Expected [pb]

-20 -lo Median +lo +20
1.2 0.57 0.249  0.337 0.475 0.675  0.927
1.4 0.784 0.193 0.266 0.393 0.609  0.942
1.6 0.283 0.0955 0.13 0.188 0.28 0.41
1.8 0.161 0.0569 0.0771 0.11 0.157 0.216
2.0 0.141 0.0527 0.0710 0.1 0.144  0.198
2.5 0.072 0.027 0.0362 0.0505 0.0706 0.0936
3.0. 0.0778 0.0309 0.0415 0.0581 0.0808 0.107
3.5 0.0461 0.0153 0.0204 0.0287 0.0407 0.0553
4.0 0.111 0.0456 0.0608 0.0846 0.117 0.155
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6.7 Conclusions

A model-independent search for the production of heavy spin-1 resonances decaying into tt final
states has been conducted. The data correspond to an integrated luminosity of 120.3 fb-1 collected
with the CMS detector in proton-proton collisions at /s = 13 TeV at the LHC.

The analysis is designed to have high sensitivity at resonance masses above 1 TeV, where final
state decay products become collimated because of the large Lorentz boosts of the top quarks. The
analysis method provides an in-situ measurement of the data-to-simulation scale factor for the
normalization of the main backgrounds. No evidence for massive resonances that decay to tt is
found. Limits at 95% CL are set on the production cross section of new spin-1 particles decaying to
tt with relative decay widths that are either narrow or wide compared with the detector resolution.

In addition, limits are set on the production of particles in benchmark models beyond the
standard model. Z’ bosons with relative widths I'/M of 1% are excluded for mass ranges of
1.0-4.0 TeV, respectively. This search presents limits on Z’ bosons as a function of the relative
width of the resonance in the range from 1%.
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Keparaio 7

Oecwpnnkn Eicaywyn

O 010X06 G OOUATISIAKTG PUOIKT|G £lvatl va £§nyT1)0€1 TO CUNIIAV ITOU ITApAtnPoue pe Baocika dopka
otoixeia katr depediwdelg ardnAermbdpdosig petagy toug. Ot @uoikoi €xouv avartudel pa Seswpia
[OU AIravid Ot MOAAA €PWIHATA OXETIKA € TV AVAITTUEH KAl TNV MAapAtnproijin KAataotaot Ttou
ovuprnaviog. Méxpt topa, 1o KabBiepopévo Moviedo tov otoixeiwdov copatidiov, eival n mo axkpBng
enaAnBeupévn Sewpia ot QuOokr). ZTig emOpeveg evotnteg, 9a rmapouctactel pia Pacikn el0aywyn
avutng ¢ dewpiag. Emiong, 161aitepn eotiaon oto oto1xe1wdeg ompatidlo mou maidet Tov rmo onpavilko
POAO Ot AUTH TNV AVAAUCT], TO TOIT KOUAPK.

7.1 To KaBiepwuévo Mpdruno

To Kabiepwpévo Moviédo (SM) g copatdlakng @Uokng sivat pia kBaviikn dewpia mediou mou
MePLypadel ta otoixendn copatidia kat tg addnlemdpdoeig 10ug, mapexoviag ouvageig eSlo0oeig
kivnong. IIpotdBnke amnod toug Glashow, Salam Weinberg ot exkaetia tou e§rvra [1], [2]. H opdda
ouppetpiag tou rieptypagetat ard SU(3)o @ SU(2);, @ U(1)y mou aviuripoo®IeUet To TpEXOV OVIEAO
10xUpev adAnAerudpdoenv péow ou SU(3) - kat v evoroinon tov NAEKIPONayvnTKGOV Kal aoDevev
aAAnAerudpdoenv péow tou SU(2);, x U(1)y.

'OAa ta copatidla ou nepiEyoviatl oe avtn ) dewpia €xouv avakalupBei kat Siadopa nelpapata
gxouv ermBeBaiwoet Tig IIPoBALWetg Tou SM pie oAU uYnAr) akpiBela. Ta otokeiddn ocopatidia tou SM
ratatdoooviat oe dUo Sepedindelg opdadeg, avadoya pe to ormv toug. Ta oopatidia Spin—% ovopadovtat
PEPPIOVIA EVO TA OROMPATIO PE aKEPALO oIV ovopadovral prodovia.

Ta geppidovia xopidovial mepattép® oe KOUAPK Katl Aemiovia. Eve ta koudpk ernpeadovial aro
Vv 10xUpn duvar, ta Asmovia Sev ennpeddoviat. Kat ot 0o autég opadeg amotedouvial anod Tpelg
yvevieg. KdBe yevia mepiexetl éva diummdo 1ooormv pe 6Uo oopatidia. Mia yevid Koudpk arotedeital
ano £€va KOUAPK Ave Kal KATE® TUTIOU IToU S1akpivetal and 10 NAEKIPOPAYVHTIKO TOUG POpPTio +%e Kat
—%e, avtiotoxa. 'a ta Aemmtovia, pa yevid dnpioupyeital arno éva copatidlo pe @optio —e kat eva
oudétepo verpivo. Ta Koudpk KAt ta AeTTovia amno v P Yevid eivat ta S0Kd ototxeia tov atopev
Kat €101 oxnpati¢ouv UAn mmou rapatnpoupe otn yi). ‘OAa ta aAda copatibia £xouv peyaAutepn pada
Kdl eMOPEVES Tenepacpévn) Sidpkela (wng. EmumAéov, kabe geppiovio €xel éva aviioopatidlo mou
€xel v 161a pada adAda avtibeto @optio.

Ta pmodovia eivatl @opeig 1ov pwv depediwdov duvapenv ou neptdapBavoviat oto SM . Ta
PATOVIA X®0P1g 1ada Kat ta yKAoUovid €lval o1 pOopeig TNG NAEKTPOPAYVNTIKEG KAt NG 10XUpng duvaung,
avtiotoxa. Ta prodovia W ka1 Z° petapépouv v aobevr) adAnienidpaon. Eve 0Aa ta ovopaldpeva
prodovia eivatl oopatidia ormv-1, 1o priodovio Higgs eivat Babpwtd. Eivatl ouvéneila tou niebiou Higgs ,
rou 6ivel ota otoixelwdn oopatidia ) pada toug. Kabe aAAnAenidpaon 6Uo copatidiov nmeptypadetat
anod éva Prodovio IMoU EKIEPIETAL Ao TO €va Kal aroppoddtat and éva daddo copatido. 'Etot,
€va prodovio aAdldadel evepyela Kat Oppr) €vOg AToppoPnTIKOU eKIepriopevou oopatidiou. 'a kabe
duvaun ewoayetat éva @optio. Moévo ta copatidia mou @EPOUV TO QOPTIO TOU ouvdéoviat pe pia
duvapn propouv va aAAnAerubpAacouy e 10 aviiotolXo Urodovio. Q¢ €K TOUTOU, 1] TTOCOTHTA (POPTIOU
Iou petapépetal anod éva oepatidlo eivat avadoyn pe v mbavotnta va eKIEPYEL 1) va aroppoproet
€va prodovio.

To &eutepo pépog meptdapBavet tig Sepedindelg aAAnierudpaoeig (I[Tivakag 1.3) ota oroia avrti-
oTo1X0UV ta prodovia pe spin-1. Ot duvapelg autég eivatl Siapopetikng spbedeiag kat duvapng. Ot
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Drei Generationen
der Materie (Fermionen)

Masse—{2,3 MeV

Ladung—| 25 %

Spin—44 u Y
up

Name—|

1,275 GeV 173,07 GeV
%

3

125,9 Gev
. H
0

Higgs

charm
Boson

4,8 MeV 95 MeV
“d s
1% 15

down strange

Quarks

<2 eV <0,19 MeV <18.2 MeV

Ve iV [ove [RZ°
wVe f[=Vp = Ve Ik

Elektron- Myon- Tau- Boson

Neutrino Neutrino Neutrino ‘

c

0,511 Mev 105,7 MeVv 1,777 Gev 80,4 GeV g
& 1 1 1 21 @
q - - - 2]
c <]
S |» e v » T 1 S
& | Elektron Myon Tau WBoson f|
- Ll

(POPELG TOUG €lvat: To YAOUOVIO Yia TtV 10XUpPL aAAnAemidpaon, 10 @®IOVIO Yid TV NAEKTPOPAYVITIKY),
ta 6uo W kat Z yia tv aoBevr) Kat 1o unoBetiko ykpabitovio ya ) faputnta.

To tpito pépog meptdapBavel tov punxaviopo Higgs mou eworjxOet and tov Englert-Brout-Higgs
(1964) kat emrpénel ota oUAtida va aroktouv pdada avaloya pe v enibpact| toug pe to nedio
Higgs . Ot paleg kabopiovial avadoya pe to 1oco oxupr] eivat np ouleudn (coupling) pe to medio
Higgs. To SM Higgs éxe1 pdada 125 GeV kat eivatl anotédeopa tou auboppntou omnacipatog g
nAexktpacbevoug ouppelpiag.

Me v avaxkdAuyrn tou pnodoviou Higgs to 2012 [;], [;], 0Aa ta copatidia tou SM €xouv ermt-
BeBaiwPel mepapatikd. Av kat 1 dswpia mmotevetat ot eivatl eAAunng enedr) Sev meptdapBavoviat
yvoota gatwvopeva (onog n Bapuinta kat n okotewvr] UAn), 1o Kabiepopévo Tlpoturo eivatl moAu emi-
TUXNHEVO POVIEAO TTOU TEPIYPAPEL TA AMOTEAECHRATA TOV MEPAPATOV PE TIOAU UPnlAn akpiBeia. Mua
o Aermropepng patid petd 1o [1] yua ug 1pelg depediwderg aAdndemdpaoceig diveral otig MapakAte
EVOTITES.

[Mivaxkag 1.1: Kouapkg

up (u) down (d)
[potn yevvia

charm (c) | strange (s)
AgUtepr yevvia

top (t) bottom (b)
Tpitn yevvia

[Mivaxkag 1.2: Aerttovia

electron (e) | electron neutrino (v,)
IMpotn yevwid

muon (u) muon netrino (1/#)
AgUteprn) yevvid

tau (7) tau neutrino (v,)
Tpitn yevvia

[Mivakag 1.3: Ogpedindeig aAAniermdbpaoeig
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Strength Theory Mediator boon | Charge
Interaction
Strong 1 Chromodynamics | 8 colored gluons | O
Electromagnetic 1072 Electrodynamics v10
Weak 1077 Flavordynamics W+, W ,Z | +1,-1,0
Gravitational 107 General Relativity Graviton | O

7.1.1 Quantum Eleciro Dynamics (QED)

Znv wotopia tou Kabiepopévou Moviédou, 1o QED rtav o mpodtog PnXaviopog Iou MEPIEYPAYE YVR-
otég adAnAemdpaoetg oe pa kBaviikn dewpia nediou. To poptio tou QED ovopdadetatl nAektpopayvn-
TIKO @opTio Kat SnAwvetal ouvrOwg o PNoVAdeg TOU OToXEIDNSOUG POoPTiou nAektpoviov e. O pnyavi-
OH0G Yla TNV KAtaoKeur) pag kBaviikng dewpiag rediou eivat va AngOei n mukvotnta Lagrange yua
14 PEPHIOVIA, TIOU MEPIypAPETAl amod toug omivopeg Dirac kat amattel tormkn avaloiewtn perpnon.
To QED arnattel n rmukvotnta Lagrange va eivat apetdBAntn otoug petacpatiopoug pag opadag
ouppetpiag U(1) . H e€iowon 1.1 deixvet v rukvotnua Lagrange g e€iowong Dirac .

L= Yir"0, 0 — mipyp — qy'vA,(z) (7.1)
~— S—~— | ——
KIVI|TIKOG 0pOG 6pog padag 6pog aAAnAeniSpaong

Eb¢ 10 Y unodnldwvet toug ortivopeg Dirac kat to m ) pada mou avuototkel otov orivopa Dirac

‘Eva 8tavuopa mvakev yappa v xpnoponoteital yia mv eyypagr g Aaypavdiavig oe pia
TeTpadlactatn) avanapaotaoct X®poxpovou. O Seiking (1 UTOSEIKVUEL €va aro 1a TE00EPA CUOTATIKA
€vog 1e00dpav Sravuopatog. O petacynpatiopog Y(1) eivar:

b — ) =% (7.2)

orou n mapdpetpog X apydtepa Sa rpoodiopiotel pe pia Suvapn ouleudng kat to o = () urodniovet
m @dorn, avdloya pe TS X®POXPOVIKEG ouvietaypéves. Eve o opog padag mar) eivat apetdBAntog
KAT® and évav petaoypatiopo P — w,, 1 TAPAY®YOg 8M1/1 Oev elvat. [Ipokepévou va kataorevaotel
Pla apetdBAntn mukvotnta Aaypavye, €10dyetatl €va véo diavuopatiko mnedio Au(x) Kat opidel pa
MapAy®yo CUPHETaBANTg Du:

Dy, =0, +iqA,(x) (7.3)
Me v ipéopata eloaxbeioa apdywyo cuppetaBAning, n mukvotnta Lagrange yivetat:
T - 1
L= Yo, —m)p — gp(WT Gy — 1Gw G (7.4)
— —

mass and kinetic term quarks quark-gluon interaction kinetic term gluons and gluon-gluon interaction

Anattevtag 1 rukvotnta Lagrange va eival OUpPETpIKY KAT® ano pertacxnpatiopoug U(1) , mpo-
BAérnetal éva véo Sravuopauko nedio A - AUTO 10 Blavuopauko nedio ouvdietal ot ouvexela pe To
pwtovio. Emedn dev unapyetl opog padag yia 1o nedio petoviov, avapeveral va gival xepig pada.
ErurmAéov, nepldapBavetat n ougeudn petalu geppioviov ¢ kat @etoviou A, pe duvann ouleudng x.

7.1.2 Quantum Chromo Dynamics (QCD)

H Sewpia iow and v QCD avantiooetat oe avadoyia pe v QED . To goptio otnv Sewpia tng QCD
ovopAdetal Xp®Ha Katl aroteAeital and Ipelg KATACOTACELS Yid Td odpatibia: KOKKIvo, IPActvo Kat
priAe. Erutdéov, kABe xpopa £X€1 T0 avilpOPTio TOU TIOU PeTtadEpeTal amo aviloopatidia. 'Etol, npénet
Kavelg va eGetdoet TG MEPIOTPOPEG OTOV TPIOO1A0TATO “XPWHATIKO  XMPO, O Or0i0g AVIIIPOORKITEVETAL
aro pla opdada SU(3) . Ot yevvniopeg 1, pe Aettoupyia aro 1 €og 8, xpnotporoovvial yla va
EKPPACOUV QUTEG TIG TIEPIOTPOPEG Kat TpETeL va AndOouv unoyr). I[Mapdopowa pe v Sepwia QED
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Ha ouppetaBAnt napdywyog opidetal yia v KAtaoKeUr) Jiag CUPHETIPIKNG Tukvotntag Lagrange .
H ouppetaBAnty) napayeyog ya to QCD eivar:

D, =0, +ig,T°G}, (7.5)

OTI0U 10 ¢, BrAdvel ) 0ULEUET TOV KOUAPK e TV 10Xupt) Suvaprn. AeUtepov, £10Ayovial OKI® véa
Stavuopatika rnedia ij, 1a oroia oyetidovral pe ta yKAouovid, ta prodovia g 1oxupng duvaung.
Emiong ermrpénietatl 06x1 povo n adAnlemnibpaorn petal KOUdpK Kal YKAouoviov aAdd kat n aAAnAe-
midpaorn ykAouoviou-yAouoviou. H enopevn ediowon deixvel nwg ouvdudletatl 1 adAndenidpaon tov
yAouovinv pe tov 0po g KIVNTIKIG toug evépyetag. H mAnpng nmukvotnta Lagrange tou QCD yivetat:

- - 1
_ . u o A~ o oy

L= B9 —mie  — g I TG — 160G 7.6

mass and kinetic term quarks quark-gluon interaction kinetic term gluons and gluon-gluon interaction

O1 aAAnAerudpdoeilg yAouoviou-yAouoviou 0dnyouv oe €va 101ko anotédeopa oty dewpia QCD .

1] EVEPYELOKI] TUKVOTNTA PeTtady §Uo goptinv (Xpopdtwv) audvetal pe tyv arnootaor) tous. ‘Etot, n

evépyela rmou arobnkevetatl oto redio petadv tov 8Uo goptiov Sa auvinbel eriong. e KArowo onpeio

N evépyela eival apKeTd Peyddn @ote va mapdayet goptiopéva (xpopa) copatidia. Ma 1o Adyo auto,

Ta Koudpk Sgv Pmopouv va urndpxouv eAeubepa aAld PIOVO O XPOUATIKEG 0UdETEpPeEG Heopeupéveg
KA1aotdaoelg, rou ovopadovrat adpovia.

7.1.3 AocBevng AUvaun - Weak Interaction

H tpitn §Uvapn nou nieprypadetatl oto SM eivat n acBevrg 6Uvapn. To goptio tng acBsvoug Suvapung
ovopddetal 1000ITV KAl PETAPEPETAL Ao ta Pro¢ovia W xat Z°. Ene1dr) 0Aa ta aoBevr) prnodovia
etvat padika, n acBevrg alAnAemnidpaon €xel MOAU Teploplopévo euposg. Emopéveg, n acBevrg ai-
AnAeniidpaon AapBavetl xopa povo oe PikpEG anootdcelg. H avtiotoixn opada oupperpiag eivat pa
ondda SU(2) . Eve ta proldvia Z° ouleuyvuouyv eriong oopatidla pe ta 6e€id, 1a w oxt. Aut 1)
acuppetpia ot Suvapn ouleudng npokaleital and napabiaocn g wotpiag. Méow twv W prolo-
vieov, ta @eppiovia priopouv va aAddfouv 1) yeuor) toug. Ta aplotepdotpopa KOUApPK KAl Ta AErmtovia
etvat dlatetaypéva oe Smdd 1000TvVIKA, eve ta Se§100TpoPa oOPATISIA AVIIIIPOOKITEVOVIAL HIE LOVI)PT).
Enedr) 6ev unidipxouv e€ioxeipa verpiva, 10 TepleXOpevo 1oV oORATSiov Ieptypadetal og:

s 5 ) ) ) yURy AR, CRySRYORY LR, ERy MRy TR .
d L s L v L \N¢/pL \F/ L \T/L

H Sewpia emutpénet povo Siadikaoieg addayrg yeuong péoa oe autd ta HirmAd, av Kat £Xouv mna-
patnpnBei nelpapatika Saomaoceslg ano ) pia yevid oty dAAn. H anavinon os autr) v avtigaon
elvatl 0Tl 01 YEUOTIKEG KATAOTACELS KAl Ol Kataotaoelg padag dev avagépoviat oty ida kartaotaor).
H aoBevrig aAAnAenidpaon aAAddet ) yeuorn, aAAd n rmapatnpoupevn Kataotaon padag eivatl pa u-
répBeon H1aPOPEUKOV YEUOTIKWV Kataotaoemv. EE opilopou, ot kataotdoelg yeuong Kat padag tov
KOUAQPK UI-TYIE €ivatl mavopowdtuneg. [a ta koudpk turou down , €loayetatl n prtpa Cabibbo-
Kobayash-Maskawa (CKM) [6] yia va An¢gBei uridyn n avapedn tov Kataotdoeomv.

(5 %) = (Vi Vi Vi Vau Voo Vo Via Vo Vas) (d50) 7.9

H mBavétnta éva kKoudpk TUTOU ¢ va HETATPATiEl 06 KOUAPK TUTIOU 9 0TaVv EKIMEUIEL £€va PIToovio
+ . . 2 . . . . . . ,

W™ unoAoyiletal péow ]Vij|. Ady® 10V Kataotdoeev avapeng, napatnpeitat Ot povo rnapabiaon

tootiag, aAdda kat mapaBiaon CP (charge and parity) .
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7.1.4 Electroweak Unification

I'a va katavorjooupe kKaAutepa tig duvapelg oto SM , Sa ntav peydln emruyia va odnynooupe tig
drapopetikeg Suvapelg iom ot Evav Jepediddn pnyaviopd. ‘Eva mpodto Bripa mpog v evonoinon Kat
TV P10V aAAnAemdpaocewv propet va ipaypatornown et pe ouvdéuaopo QED pe tnv aocBevr Suvapn.To
NAEKTPIKO QOpPTio Kal 1o aobeveg 1ooortiv ouvdualoviatl oto uriepdoptio Y:

Y =2(Q - L) (7.9)

Ma dAAn pa gopd, n ukvotnta Lagrange anartteitat va eivat apetdBAntn otoug petacXnpuatt-
opoUg tng urokeipevng opadag SU(2) x U(1). Auto éxet og arnotédeopa t€ooepa véa purodovia Xopig
paca: Wy, Wy, W3 xat B.

7.1.5 Mnxaviopdg Higgs kai au8dppunto ondoiuo cuppepiac

Ta progovia Wy, Wy, W3 kat B nou Bpébnkav raparndve oto 1.1.4 eivat 6Aa xwpig pada. e avtibeon,
o1 ndleg v prodoviov W kat Z perpoviat oe tpég 80 kat 91 GeV avtiotoiya. Qg ek toutou, ava-
mtuxOnke pa Sewpia mou AUvel Auto 1o POBANpa PEowm g auboppning H1aKoIG TG CUPHEIPIag.
Ewodyetat éva redio omou n nukvotnta Lagrange yia tormkég rapaldayég dev eival CUPHETPIKT] £V
n Lagrange tou 1610u 10U niediou givat. Auto odnyel oe 0poug pdadag yia niskrpoacdevr) prrodovia Kat
éva véo prodovio, to pro¢ovio Higgs . Metd aro aubopunto orndaotpo g ouppetpiag, ta Wy kat Wy
ouvbudlovtat yla va AdaBouv ta W= prodovia tov aobevov aAAnAemdpdosmv PEo® :

1
V2

Ta dMAa 8vo niedia W3 kat B avapetyvuovial KAt KAtaAryouv oto acbeveg Z 0 Hrodovio Kat oto
PRATOVI0 Y NG NAeKTpopayvntikng aAAnienidpaong:

wE (W, FiWs) (7.10)

cos sin 6 B
T = W W (7.11)
Z° —sinfy,  cos By, Wy

Edw etodyetat n aoBevrig yovia avapeidng by, n onoia oxetidetat ertiong pe ug padeg My, kat My
tov WE kat tov Z2° prodoviev PEo®
My,

My = (7.12)
cos Oy

TéAlog, 0g AUTOV TOV PNXAVIOPO PIoPOouV va cupneplAndOouv kat padeg geppoviov. Emopéveg,
gloayetal pa oueudn Yukawa pe to rniebio Higgs avaloyn pe ug padeg toug. Metd 1o ondoipo g
ouppetpiag, 10 SM g oopatdlakng UOKES propei va ypadrei o pa eiowon Lagrange . Ta auto,
n Lagrangian rukvotnta g QCD mpérnet va ouvbuaotel pe v mAnpn Lagrangian rukvotnta g
nAektpaocBbevoug aAAnAenibpaong peta 1o ornactpo g cuppetpiag. To tedeutaio mepiexel 6Aoug Toug
KWITIKOUG 0pOUG TRV PEPHIOVIRV, TOUG 0poUS 1alag T®V nAektpaobevev Prolovieov Kat 1o PIoldvio
Higgs , ig aAAnAerudpaocelg petadu nAekipaobevwv prodoviov kat to pro¢dvio Higgs kabag xkat tig
oudetelg Yukawa geppioviov oto niedio Higgs .

7.2 To Ton Kouapk

To 1o KOUdpK eival éva KOUApK up -TUTIOU ITOU AVIKEL OV TPitn yevid tou SM kat gpépet nAektpopa-
YVITIKO QopTio —i—% [9]. Me 1 pada tou va givatl riepirtou 173 GeV , 1o 1o Koudpk givat to Baputepo
oopatidio oto Kabiepopévo Moviého. Mia tpitn yevid Koudpk gixe ripoBlepbei 1o 1973 ya va e8n-
yfjoet v napatnpoupevn rapabiaocn CP mou ev propovoe va e€nynbel pe 1ig §U0 yvoOotEg yeviég
Koudpk. Metd v eUpeor) ToU MOAU eAaPpUTEPOU KOUAPK KATK POVO Alya Xpovia petd v npoBAeyr)
TOU, TO TOIT KOUAPK avaraAupOnke 1o 1995 anod ug ouvepyaoieg CDF kat DO oto Tevatron . Adywm
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g UYNANG padag tou, IpoodEpel LEYAAO X®WPO PAONS Yia aroouvOeon Kat £€xel pikpn Sidpkreia {ong
riepirou 5 X 10 %°s. Adyo g nikpng dapkelag {wig Tou, 1o oIt Koudpk dev oxnpatidel deopeupéveg
abpovikég kataotdoelg. 'Etot, eival Suvatég PETPH0e1g TOU KOUAPK, TTAPEXOVTAS AECT TIPO0BACT) OTIg
napaperpoug tou Kabiepopévou Moviédou. EmimAéov, 1o 1orm KOudpk €xet 18taitepo evilapépov yia
avagninoelg mg Puokng nEpa and 10 Kabiepopévo Moviédo, kabog sivatl ouxvda pépog ng TeAIKNG
Katdotaong 1 €va kupiapyo unoBabpo.

W+

b

Zxnua 7.1: H &idonaon tont Kouapk

7.2.1 MNapaywyn o€ emraxuviég adpovinv kai SiGonaon

£10Ug erTaxuVviég adpoviav, n napayeyr evog {euyoug tt AapBdavel xopa péon aAAndenidpaong ¢q 1
ouvingng ykAouoviov (PA.  7.2). Zto kévipo palag g evépyelag v 13 TeV , onwg erutuyxaverat
evtog tou LHC oto CERN,, 1) ouvingn ykAouoviou eivat pakpav n kupiapxn diadikacia. Ta tort Koudpk
HIopouv ermiong va napaxBouv oe arir) nmapayoyr], aAAd autd €xel oAU pikpotepn datoprn. Qg ek
TOUTOU, aUTh 1 avdAuor £0T1adel ota TOI KOUAPK IOV TApAyovIdal aro JEuydpld Kal aviPETRITi¢el TV
apAy®y! HEHOVOIEV®V ToTt g dradikacia urtoBaBpou. To top kKoudpxk draoratatl péo® g acdevoug
aAAnAenibpaong pe mbavotnta oxedov 100% oe éva KOUApK KAT® Kat éva prodovio W. Auti n
16101 Ta TIPOKUTITIEL Ao TNV Kataxwpnon otov nivaka CKM ormou |Vﬁ,| niepirtou 0,998. Evo 10 KAT®
KOUAPK rapatnpeital og ridaxkag otov avixveutr), 1o pro¢ovio W dlaomidtat epattépe oe €va euyog
qq 1) ot éva Aertovio (avit-Aentévio) Kat éva avit- verpivo (verpivo). EEstddoviag tnv napayeyn tt, autd
KataAnyetl oe Ipia mbava kavaia:

e Kal ta dv¥o prnodovia Q draoridvial og KOUdpK (MANP®g abpovika)
e ¢£va prnodovio Slaomdtatl adpovikd Kat 1o aAAo Aemtovikd (Aertovio + midaxeg)

e Kal ta du¥o pnoddvia Q Sraocnidviatl Aertovika (6iAertov)

Ta mAnpog adpovikd kavddila kat ta kavadia leptontjets eivat kuplapxa kat gpgpavidoviat oto
45,7% ka1 43,8% tou xpoévou avtiotorxa. To 10,5% 6Aev tov cupbaviev tt katadfyetl os 800 Asmtdvia
otnv teAkn Katdotaon. Autr) r avaduorn da emikevipeBel oto kKavait mAnpeg adpovikng Sidomnaong.
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Q |
-

=l |

g t 9 t g

Txnua 7.2: tt naip npodugtiov

7.3 QDUOIKN TWV CUYKPOUCEWV NPWTOVIOU-NPWTOVIOU

Te melpdpata cUYKPOUOoNG, 1 EVEPYELD TOU KEVIPOU nddag /s kabopilel tv evépyeia mou eivat da-
9¢oun yua 1 dSnuovpyia copatidiov kat v anodoor KivnTikhg evépyelag. Xto LHC |, 1o s opidetat
arno T PO TOV EI0EPXOPEVOV TTPRATOVIOV, OGS :

s=(p1+p2)> =P+ i+ 20100 = (By — 1°) + (By — 53°) + 2(E1 By — pip) (7.13)

OTI0U P; Kal Py €ival ot Tetpaoppiég SU0 IMP®IOVIEV ITOU oUyKpouovial e evépyeleg F katl Siavuopa
oppov p. Emeidn) ot dUo Séopeg éxouv v i61a evépyela aAdd kat avtitheteg Kateubuvoelg, 10XVEL 1|
unobeon ou By = By = B 10, KA1 pp = —Py. Aebopévou Ot 1) evépyela KEVIPOU Padag £xXetl T :

Vs =2Ep,o10n (7.14)
Ebdw, ta 7 Kat T9 unodeikvuouv 10 KAAoPA TG 0pHUNS IIPXTOVI®V TTOU @EPOUV Td HU0 OUYKPOU-
olakd rnaptovia. Emnedn autd 1o kAdopa dev gival yveoto, 1 evépyela tou KEvipou padag dev eivat
yvootr). Emopévag, yia v avaduon 6edopévev mpémnetl va Xpnotpononfouv petaBAntég mou dev
egaptvtal anod v apx1Kr 0PI rpog v Kateubuvorn tev raptoviov. Mia aAAn dlattepdtna otoug
EMITAXUVIEG adpovimv ivat r Xprjon ouvaptioe®v tukvotntag rtaptoviou (PDF ). Ta PDF smotpépouv
mv mbavointa va Bpebel éva ouykekpipévo raptéovio péoa oe Eva Sedopévo draoctnpa opurg o €va
patovio. Metpovial o nelpdpata okedaong NAeKIPoviav-p@Ioviov Kat eival {Otkng onpaociag ya
Vv POBAEY TV S1aTOPOV MAPAYEYNS 0 OCUYKPOUOELS TP®IOVIOU-TIP®IOVIoU.

7.3.1 Pile-Up

O vyndog pubuog ouykpouong oto LHC anatteitat yia ) ouAdoyr) peyddou 0ykou 6edopévav Kat tr)
duvatotnta napat)pnong akopun Kat moAu onaviev diepyactev. 'Opng 10 UPNAS ITOC00TO €XEl Kat

211



KE®DAAAIO 7. ©EQPHTIKH EIZAT'QI'H

éva pelovektpa. Aebopévou ot AapBavouv Xopa rmoAAArAég aAANAEMSPACELS TIPOTOVIOU-TIPOTOVIOU
avda Sactavpworn 8éopng, Oxt povo éva evdiagépov addd moAAd dadda yeyovota okEdaong, Kupimg
paAaxég dadikaoieg QCD , epgpavidovial tTautdxpova OToV aviXveutr). Auto 10 gawvopevo ovopadetat
ouconpeuor. Edv dev 610p0wBouv, o1 petprioeig evépyetag reptdapBavouyv nmavia ocopatidta rmouv dev
TIPOEPXOVTAL ATTO T OKANPY oKESAOT IOU evilapEépPel KATIO10G. aAANAembpaceg.

7.4 7' @uoIKn

Amo6 v avakdAuyr tou, 1o prodovio Z sival éva ano ta rmo eviiapépovia J€pata oto THNPA QUOIKAG
uynirng evépyelag. Ta pmoddvia Z eival ta oeopatidia mou pecodaBouv otnv acBevr) KAl ITUPNVIKY)
duvayrn kat Sraomidvial o OTIO1I06AITIOTE Ao TA YVOOTA KOUAPK KAl AETTTOVIA, EKTOG ATIO TO TOTT KOUAPK.
H eueAla toug eival aut nou odnyei peyada nepdapata orwg 1o CERN CMS kat 1o ATLAS va
diepeuvrioouv 10 paopa S1aPopPETIKOV PAIVOPEVRV QTIdYvoviag progovia Z.

'Evag rtapayoviag rmou dieyeipet 1o eviiadEpov tov puokov ivat onotadrjriote évéeidr) eav 1 moA-
AdrmAn yevid ToU Tapatnpeital 0 KOUAPK KAt AeTtovia epapiiodetal emiong o podovia mou diapieco-
AaBouv 1 6uvaprn. Méxpt ouyprg, kabéva amno ta ocopatidia mou gépouv duvaprn tou SM (prnodovia
W kat Z, pwtévia kat yKAouovia) @aivetatl va eivatl povadiko. Aev umdpXouv akoyn otoixeia rmou
va beixvouv akopn kat 1) dnpoupyia ota prodovia nou diapecoraBouv ) dUvaprn. Ao v alln
MAEUPA, UMAPXOUV APKETEG dempieg rou rpoBAEmouV Vv Urapsn Baputepwv PItodovioy TV PItodoviov
turnou W 1) Z. T¢towa oopartidia eivat ta W’ (W prime) kat Z’ (Z prime) .

To meipapa CMS éwade ) Sidonaon evég pnodoviou Z oe éva {euyog th. Autdg o ouykekpt-
1E€VOg TPOIIog artoouvOeong rmapouotddel peydlo svliapépov enedr) 1 mapay®yn Tor KOUAPK PEO®
g ouvnOopPEVNG PUOIKNAG TOU TUITIKOU POVIEAou eival pdAdov oravia, kablotoviag eUKoAdTepn v
AMOPOV®OOT] KAl TOV EVIOTIONO OUYKPOUCERDV OTI§ OTIOieg UIOPEel va €Xel Yivel éva Z, éva véo Bapu Z
prime . To &avuopatikéd pnodovio Sa eival rmbavotata €va arod 1a npwia oapmg 0patd orpata yia
1 VEd QUOIKT) TTOU da avixveubel amo £va rneipapa, otav Evag vEog EMITAXUVING EVEPYOTIOLEITAL KAl/T)
EMITUYXAVETAl UPNAOTEPO KEVIPO PALAG EVEPYELDV.

Ot Beyond Standard Model (BSM) eprmAoutidouv to SM aneikovi{ovtag éva véo prodovio, 10 Z
e ug ibieg Cevgelg pe 10 7" aAAd roAv uwnAotepn pada - mg tadng wv TeV . H undpyxouoa dopn
SM (SU(3)c x SU(2);, x U(1)y) npootiBetat pe pia smurmdéov ouppetpia U(1) . Zxeddv os 6Aa ta
egetadopeva poviéda, autd 1o véo purodovio rapspBaivel oto avtiotolxo tou SM odnywviag oe évav
ermrAéov Babpod amoxkAiong amnod v npoocdokia SM oto @dopa pdadag mou nponyeital g Kopudrg.
'Eva evBiagpépov anotédeopa 9a rtav 01 YOVIAKES KATAVOHEG TV YEYOVOT®V oto mAaioilo Collins-Soper
, oto oroio 1o {euyog tt, éxouv ion kat avtiBetn opur. ‘Etol, kabéva éxel v ibla yovia 0 pe my
Kateubuvon g deopung.
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To neipapa CMS or1o LHC

O aviyveutrig CMS (Compact Muon Solenoid) £xet oxediaotei yla va peAetd oUYKPOUOELS TTPOTOVIOU-
P®OTOVIoOU Kabwg Katl Bapilég ouykpouoelg 10viwv otov Meyddo Ermtayxuviy Adpoviev (LHC) . To
ouprnAeypa ermtayuvir) LHC , padi pe ta nelpdpata KaTaoKEUAOTNKE Y1a VA PEAETIOEL TI OUYKPOUOELS
oOPATSI®V O EVEPYELEG TTIOAU PEYAAUTEPEG ATIO AUTEG TTOU £X0UV erteuXOel €Y PL onpepa.

CERN's Accelerator Complex

LHC

TTI0
HiRadMat
N TT60
I
AD

™ 1999 (182 m)

North Area

LHCb

SPS
1976 (7 km)

T2

ATLAS

AWAKE™S
| 2016 |

East Area

PS
1959 (626 m)

|4 LINAC 2
e LEIR K
~ IAC 3
Lacs
p ion p neutrons P P (antiproton) B electron Eas s Jantiproton conversion
LHC Large Hadron Collider  SPS Super Proton Synchrotron  PS Proton Synchrotron
AD Antiproton Decelerator AWAKE Advanced WAKefield Experiment

LEIR Low Energy lonRing  LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight HiRadMat High-Radiation to Materials ©CEAN2013

Zxnpa 8.1: To ovprAeypa ermraxuviov LHC .

8.1 To cuUunAeyua enitaxuvi®v LHC

O LHC ecivat o vedtepog ermraxuving oopatdiov adpoviov. Bpiloketal péoa oe orjpayya rou eivat
100 pétpa kate amo 1) yn (avddoya pe v KAlon tou srmuddvela ou kupaivetat aro 50 éng 175
HETpa) Kat £xel mepipetpo 26,7 xldpetpa. Pdogeveital oy i61a ofjpayya mou Xpnoiono|0nKe
anod o ermutayuvirg LEP (Large Electron Positron) ermtayxuving amo to 1989 £€wg 1o 2000 ota ouvopa
EABetiag-TadAiag ot Feveur) - EABetia oto €va epyaotrjpilo rmou ovopdletat «Conseil Europeen pour
la Recherche Nuclaire» (Eupeomnaiko « ZupBouAio ITupnvikng Epsuvag), CERN . AroteAeital ano okto
108a Kat okt® gubeia Turpata Kat to rinedo tou eival kekApévo pe 1,4% xAion.

213



KE®AAAIO 8. TO ITEIPAMA CMS ~TO LHC

H &wadikaoia ermrayuvong xepiletal oe d1agopa otddia. 1o nmpoto otadio, ta rmpetdvia SEKIVoUV
anod v nnyr npotoviev, n oroia eivat pla anin @uiAn asgpiou udpoyovou. 'Eva nlexktpiko redio
BaAAetal yia va adaipéoet ta atopa udpoyovou amnd ta nAekipdvia toug Kat va dooet mpetovia. Ta
napayopeva mpeIovia emrayxuUvovial o€ £évav ypappiko ermrayxuviy 50 MeV (LINAC) . AkoAouBaviag
v aAvuoida ermtayxuvong, o evioxutis 1,4 GeV Proton Synchrotron (PS) akoAouBoupevog aro to 25
GeV PS napexet 6éopeg 1,15 X 10" petoviev pe stagpopd xpovou 50 ns petadu toug oto Super Proton
Synchrotron 6,9 km (SPS) . H evépyela tov Seopidnv péxpt auto 1o onpeio tng aivoidag srmtdyuvong
elvatl éwg kat 450GeV . Tédog, o1 Séopeg ewoépyovrat otov LHC , o oroiog eival uniéubuvog yla v
eotiaor, Vv TEALKY) EMITAXUVOT] KAl TEAKA TI§ CUYKPOUOELS ota onpeia aAAnAemidpaong tov smmpépoug
nelpapdrev pe pubpo diedevong 6éopung 40 MHz oe oxediaopévn evépyela 14 TeV .

H 6¢opn xveital péom tou ermtayxuvin xpnowponoloviag 9600 payvteg 81adopeTtikov MOKIAOV
Kat peyebav. Autoi nmepldapBavouv 1232 dimmodikoug payvrjteg pe pnkog 15 pérpa mou Auyidouv tig
béopieg Orwg @aivetal oto £x.2.2 kat 392 1e1panoAikoug payvteg, pnkoug 5-8 pétpev o kabévag, rmou
Xprotporolouvial yia v eotiaon g 6eopng kabwg kat ya 1g 610p0aoeig tng d¢opng. H emdayuvor
g 6¢oung AapBavetal pépava pe ) xpron kKoottov Padioouyvotntag (RF) 400 MHz.

Ot payvrjteg €xouv ninvia vioBiou-titaviou (Nb-Ti) rmou mapdayouv payvnuko nedio €ng 8,33 T pe
peupa oxedov 12 kKA. O payvhing Kat ot ypappeg déopng Ppiokovial otov 1610 Kpuootdtn KAl 10
ouotnua yuyxetat otoug 1,9 K xpnowornowwviag vrnieppeuotd ‘HAwo (He) . Aiyo mpwv aro ta onpeia
oUyKpOoUOoNgG, £€vag AAAog TUIOG HAYVI T XPNOIOMOLEITAl Y1a va «OUNITIECED Td oPATiO IT0 KOvd
petadu toug yia va audrjoet v rmbavotnta ouykpouong. O LHC eivat eriong tkavog va ermtayuvet
1a 16via poAuBdou (Pb) yla va rapéxet 1600 ouykpouoelg PoAuBdou-110AuBbou 600 Kal IP®Ioviou-
noAuB6ou. 'Exel téooepa onpeia adAnAenidpaong, pe 1o kabéva va @rlodevel éva meipapa QUOIKLG
oopatdiov. To ATLAS kat to CMS eival melpdpata yeviking xprnong oxediaopéva yla va peAetouv
éva €uply @Aopa @AvouEvey, cupnepliapBavopévng g akpBoug pEtpnong v 81adikaoiodv tou
Kabiepopévou Moviédou kal twv avalntiosmv ya otorxeia Neag duokrg. EruumAéov, untapyouv &uo,
o e&edikeupéva, nelpapata: LHCD pe esotiaon o b -guowkn kat ALICE , rou otoxevouv Kupiwg
OtV £€pEUVA TOU TTAAOPATOS KOUAPK-YAOUOVIOV 0g BaplEég OUYKPOUOELS 10VIMV.

Mia 1oAY Onpaviiki APAPETPOG £VOG ETITAXUVIL OOPATISioV eival 1 potevotntd tou. Ilapéxet
€va PETPO Y1ld TO MOOoEG OUYKPOUOoElS AapBavouv Xopa avd meploxr] Kal 0 deUtepo, EMOPEVRG, TTOCO
Kald sotiddetat ) 6éopn ota onpeia aAAndenidpaong. Yriodoyiletal og €§ng:

_ nN Ny f

dro,0,

(8.1)
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CMS Integrated Luminosity, pp, vVs= 7, 8, 13 TeV

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC

200 . 200

I LHC Delivered: 192.99 fb!
[ CMS Recorded: 178.16 !

150 |/ 150

100

100

50~ 50

Total Integrated Luminosity (fb ')

o \oo‘
Date

Zxnpa 8.2: Zopsutiki] apadobsioa KAl KATAYEYPAPHPEV] QOIEWVOTNTA OE OXEON HE 10 XPOVo yid
ta € 2010-2012 kat 2015-2018 (povo 6edopéva nmm). [Mapadobnke katl kataypapnke abpoloTikn
EATEWOTNTA Vid 6Aa ta Xpovia Katd ) Sidpkreia otabepwv SEOPOV yia CUYKPOUGCELS PP O OVOULAOTIKY)
evépyela KEVIpOU padag.

orou n urodnAcvetl tov appo v deopnideov otov ermtayxuvir), Ny kat Ny eivat o apibpog tev mpe-
toviov otg 6uo Séopeg mou cuykpouovial kat f eivat n ouyvomnta cuykpouong. O Tapovopactr|g
UnodNAGVEL TNV MeP10XT) Hratoprg 6mov ta o, Kat o, NePypAPouv v e§arieoon g déopung npeto-
viev ripog v kKateubuvon = kat y avtiototya. H oxediaotikn gpatetvotnta tou LHC eivat 1034em 257!
éxet 16n Eemepaotel and o 2016. TToAdardaciadoviag ) Slatopr) Mapaywyng Piag CUYKEKPIHIEVNS
diepyaoiag o pe myv potewvomta L evoopatopévn oto Xpovo 1ou anatteital yia ta dsdopéva, Aap-
Bavetatl pua extipnon ywa 1o iéca ouvpBavia N pag Sadikaociag npaypatonow)fnkav o pa repiodo
Afyng dedopévav,

Lint = / Ldt (8.2)

N = L;,0. (8.3)

8.2 O avixveumc¢ CMS

To neipapa CMS eivat évag aviyveutig moAAarmov xproewv oto LHC . 'Exet oxediaotet yia ) pétpn-
on g OPHING Kal NG eVEPYELAS IOV oopatdiov mou napdayovial otlg aAAnAermbpAdoelg np®Toviou-
npotoviou. Me ouvodiko Bapog 14000 T, n pada tou aviyveutr) CMS kuplapyeital and évav ya-
AUB61vOo UYO erOTPOPNG TTOU £ival EYKATECTHEVOG Yia va 08nyel 1o payvnTiko redio rmou npogpyetat
anod pa nAskrpopayvnuky BadBiba. O aviyveutrng £€xel KUAVOPIKO oxnpa e pnkog 28,7 pétpa Kat
drapetpo 15,0 pérpa. O avixveutng €ival KATAOKEUAGHEVOG OE OTP®ILATA UTIOAVIXVEUTOV OE OTPWOELS,
6nAadn tov tracker , Seppiboperpa, payviing Kat ouotnpa Poviey, e 61apopeTikoug OKOITOUG IToU
neptypdagovtat otig akodoubeg svotnteg. To yeyovog ot Sradopetikd oopatidia agrjvouv Sagpope-
TIKEG TPOYXIEG KAl UIOYPAMEG OTOV AVIXVEUTH] XPNOLHOIIOEITAl Yid TV avayveplon Kat 1aKpon tov
oopatdiov.
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CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m?* ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Zxnua 8.3: TTArpng rpoBoAr] tou aviyveutr) CMS . Baoikég 1810t1eg oniwg Bapog kat S1aotdoelg sivat
ouvoyidovtal og évav mivaka oTo aploTePO EMAVE® EPOG

EKTt0g arno ta ouotrpata aviXveutov, £va oAU onpaviiko oToiXeio eival to ouotnpa okavoaAiopou
(trigger), 10 omoio mapéxel yprnyopes armopacelg eav Eva cupBav aroppimntetal 1y eivat apketd svda-
@épov yia va anobnkeutel. 'Eva t€to1o ocuotmpa sivat anapaitto eneidr) ta Sedopéva dev propouv va
anoBnkeutouv pe tov 1810 pubpo mou oupBaivouv ot cuykpouoelg oto LHC . O oxediaopog tou CMS
emMAEXONKe yia va KAAUyel €éva eupy @ACUA TPOCEYYIOE®V QUOIKLG. Q0T000, EMNKEVIPOONKE OtV
avaxkdAuyrn tou prnodoviou Higgs , to omoio avakowveBnke to 2012 aro to ATLAS kat 1o CMS . Ta
eCaptipata, o oxedlaopdg KAl 1) YEVIKY] KATAOKEUT] Tou aviyveutr] CMS gaivovtat oto . 8.3 .

8.2.1 IUomua IuvieTayNévav

To cuUotnua CUVIETAYHEV@V TTOU ¥prjotporoteitatl oto nieipapa CMS Paociletal oe kapteoiaveg kat Oe-
S16otpodeg ouvietaypéveg. H apxr] tou opiletatl oto kévipo tou avixveutr]. Ta onpeia otabeporoinong
pubpidovial yia va opidouv v kateubuvor tov agovev. O dafovag x Seixvel ripog v Kateubuvorn tou
Kévipou tou Saxktudiou LHC , o afovag y Seixvel mpog ta mave kat o dafovag 2z opiletal nmapdAinia
pe tov afova g 6éopung. Emedr) o LHC eivat évag ermtayxuvirng adpoviov Kat 1 opprn z-opuig tou
OUOCTHATOG KEVIPOU Padag piag oUyKpouUong ival dyvaotn, £va S1apopeTiKO OUVOAO GUVIETAYHEVMV
Xpnowporoteitatl otg avadvoelg dedopévev. Mia potn PooEyylon eival 01 OPALPIKEG OUVIETAYHEVES
e TS ywvieg ¢ kat 0. H yavia ¢ opiletal og n yovia oto eminedo x — y mou petpdtatl ano tov agova .
H ywovia 0 ieptypdget i yovia ano éva 8ebopévo onpeio 1o didotnpa xyz mpog tov agova g Séopng
(z-a&ovag). H 6 sivat pia oAU xpriowan petaBAntr) yia t) WUETPNOr ArOCTACE®V OF TIEIPAPATA OTING
10 CMS . Enopévag, sloayetat pa véa petabAntr), n weudotaxunta 7, g oroiag ot diapopég eivat
apetdBAnteg os PetacXnuatiopoug Aopevid,

0
n=— ln[tan(§)]. (8.4)
H andotaon AR petadt 6uo avukeipévav (4, §) urodoyiletat xprnowponowwviag tig dapopeg Agp =
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¢; — <Z5j kat An = N — Nj» EMOPEVRDG

AR = \/A¢* + An? (8.5)

Emiong, katd tov unoAoyiopod g opung, 6ev eival Kat maAt MPAKTIKO va XProtponolouvidal otot-
Xela tou d§ova z. Emopévag, opidetal n eykdpoia oppr) pr 1) Oroia KataoKeUAeTal Xprolporolmviag
TIG OUVIOTOOEG T KAl Y TG OUVOAIKIG OPHNS £VOG AVIIKEIPEVOU (P, py) S

2 2
pr = \/Dx + Dy (8.6)

'Eva mAf)peg oUVOAO CUVIETAYHEVAV Yid TNV TIEPLypadr] TG OPHIG Kat TG Padag evog aviyveuoe-
vou copatdiou eivart 1) evépyela F, n eykdpoia opur| pr, 1 weudotaxutnta 1 Kat ) yovia ¢.

8.2.2 Ynepaywyiuoc IwAnvoeldng Mayvimng

O aviyveutrig CMS eival e50rmA1o€Vog Pe £vav UMEPAYOYIIO OOANVOEdT) Payvrt) Iou napdayet £va
Payvnuko nedio wwavo va KAPIEL TV TPOX1A NAEKTPOPAYVITIKAOV POPTIoREVROV oopaTidiov. MEow
NG aKTivag KapmuAotntag Kal g €viaong ToU Payvnuikou rnediou, propel kaveig va urodoyioet 1
POTIL) KAl TO0 QOPTIO TV PopTiopévey copatdiov. Emopévag, 1o CMS xpnowponolel évav unepayoyt-
HO payvitn oeAnvoeldoug yla va mapéxel eva payvnuko rnedio 3,8 T ota eowteplka orpipata tou
aviyveut. To owAnvoeldég €xel prkog 12,9 pétpa kat diaperpo 5,9 pérpa. O tracker kat ta Sep-
pbouetpa tornobetovvial eViog TOU PAYVITL, VO TO CUCTNHA HIOVIEOV £ival eyKATECTIEVO €50 ATTO
autdv. O OKOIog TOU Payvnukou rediou oto e€ntepiko, eivat va kapyet ) Siadpoyr) v pioviey e-
V106G TV depibopetpov poviov. H nAektpopayvnuikn Lopdn) T0U Pay vty EMAEYETAL EMEST) TTAPEXEL
otaBepry payvnuiky por) péoa oto ouotnpa rapakolovbnong.

8.2.3 Tracker

To ovotpua E0VTEPIKEG ITAPAKOA0UONoNG Tou aviyveutr) CMS aroteAeitatl aro 10 Mo £0MTEPIKO PEPOS
tou aviyveutr) CMS , rou riepiB8dAAet 1o onpeio aAAnAenidpaong. 'Exel oxeblaotel yla va napexet a-
KP18eig Kal AmoTeEAEOPATIKEG PETPHOELS TV TPOXIMV TOV POPTIOUREVEV ooPatidiev (nAektpovia, povia,
adpodvia) Kal va avakataokeuddel pe akpibela 11g Kopudeg mp@Ioyevoug Kal deutepevoucag adAnle-
niibpaong. Tevikd, o oKomoOg TOU £ival va PEIPTOEL TV 0P KAl T0 @optio Tov copatdiov. H 16éa
Yla VvV KAtaoKeun tou tracker npoépyxetat and ) SUvapn 1ou Aopevid IoU KANUIITEL TV TPOX1A TV
@opTIopévav ocopatdiov os éva payvnuko nedio. H axtiva kapyng eival avadloyn pe tyv oppr) oe
éva otabepod payvnuko nedio.

H 8opr) tou ouotrjpatog mapakoAoubnong gaivetat oto Zxnpa 8.4 omou gaivovial S1apopeTikeg
HOVABES TOU E0MTEPIKOU TPAGKEP :

e pixel

e inner barrel (TIB)
e outer barrel (TOB)
e inner disks (TID)

e endcaps (TEC)
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Zxnpa 8.4: Ixkitoo tou tracker . Eugaviovial 0Aa ta umoouotpata, CUYKEKPLHEVA O AVIXVEUTHS
EIKOVOOTOIXEI®V KA1 TAVIOV HE E0RTEPIKT Kavvn (TIB), e§wtepikn kavvr (TOB) kat e§OTEPIKA TepRATIKA
nopata (TEY). EmumAéov, 1o eupog ot 7, aktiva (r) kat kateuBuvorn ¢ propet va SaBaotet.

8.24 Oepuddperpa

[Tpoxkepévou va kaBopiotel évag TUog ocopattdiou, sivatl onpaviiko ot AviXVEUTEG va HIITOPOUV EMTIONG
va PETPTIO0UV TV evépyela evog oopatidiou. Emopéveg, 5o arod tov ixvnldd €xel eykataotadei éva
ouotnua deppidoperpiag pe Svo tinoug Seppidopétpav. H Baoikn apyxr) tewv epibopétpov eivat va
aAropPOoPoUV OAn TNV EVEPYELA TTOU PETAPEPEL £va 0OPNATIB0 EVE Kiveltal P€oA OTOV aVIXVEUTH KAl va
1) HETATPEMOUV Og PeTprjown noootnta. H evépyela mou evarotiBetat oto Seppidoperpo petacynpa-
tidetal oe PETEWO oA XPNOoIHoIoRvIag ormvOnplotikd VAlkd. H évtaor t1ou gatevou orjpatog ivat
avdloyn pe v evépyeta mou evarnotiBetat oto Yeppidoperpikd otokeio. Ta orpepata tou aviyxveutr
TIPETIEL VA €1val APKETA TTUKVA OOTE VA OTAPATIOEL EVIEA®S VA £10£PXOPEVO 0OPIATIH0 KAl va amotpa-
riel onowadnote Stappor). Qg P€Tpo yia 1o 1dxog tou Jepidopérpou, 1o prKog aktivoBoriag X yia
1a nAekIpovia, opidetatl wg n Siadponr| otV oroia £va NAEKTPOVIO XAVEL % NG APXIKNG TOU EVEPYELAG.
Me avdloyo tporo, e10ayeTal £va PrKog mupnviknig addnienibpaong A, yia ta adpovia, Aapbdavoviag
unoyn Vv KAlpaka pnkoug v alAdniembpdoenv otpoviov. Kat ot 6o tipég X kat A, e§aptoviat
aro 10 XPIOIPOITOI0UPEVO UAIKO KAl TV ITUKVOTNTA IOV OTPOUATOV aviXveutr). To tedsutaio Prpa
etvat ) oUuAAOyI) TOU QPXOTEWVOU ONPatog. AUto CUAAEyeTal KAl PeTpdtal Pe MTOAAATAACIA0TEG POTOVIRV
KA1 UIopet va petatpartet Eavd oe Petpoupevn) evepyelakr) tiur). Ot petprioelg anod Seppidopetpnég
ouvnBwg yivovtatl o akpiBeig eve 1) evépyela augavetat. 'Etot, mapgéxouv pia KaAr evalAakukr) pébo-
80 0€ MepPUTIWOELG OMOU 1] PETPNOL TOU CUCTNHATOS ITaparoAoudnong €xel xepotepewel. H avaduon
evog Yeppibopétpou divetal ano:

op « S b c
E[GeV — \/E[GeV E[GeV]’

Y& autov Tov turo, T0 % UTIOONAGVEL T OXETIKY EVEPYELAKT] avaduorn avdaloya pe v evépyela E,
1OV OTOXAOTIKO 0po «, Tov otabepd 0po [ mou meptdapBavel avopoloyeveleg Kat tov 0po Sopubou c ,
Tou Tiepiexel YopuBo amod NAEKIPOVIKA. Le UYPNAEG eVEPYELEG, O Opog B eival kupiapxog aidd propet
va pewwBet pe fabpovounon.

(8.7)

HAektpopayvntiké 8eppiddperpo - ECAL

To nAektpopayvnuro Seppidoperpo (ECAL ) tou aviyveutr) CMS mpoopidetatl yia ) PeTpnorn g evep-
VE1aG TOV NAEKTPOVIOV KAl ToV 9eToviav ot éva eUpog £ag 17| = 3. Eivat éva opotloyevig 9epuibopetpo
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avBektik6 oty akuvoBodia nou anotedeitat and kpuotdAdoug Bodgpapikou (PbWO,). Mropei va
PETPHOEL TV EVEPYELA TTIOU eVATTONETOUV T POPTIoHEVA onpatidia otoug kpuotdddoug ECAL .

H apyxn Aewoupyiag eivatr armdn. 'Eva @otovio ekkivel v napayoyr JEUYOUG NAEKIPOVIOV-
OQTPOVIEV eve £€va NAeKTpdvio Tekva oG aktivoBodia Bremsstrahlung . Kat ot 6Uo avarnttiococouv
&vav "Katappdktn” nNAeKtpovinv, moditpovioy Kal @ETOVIoV PEo® TV IpoavapepBiviav diepyaoiov.
[Tpokepévou va PeTprnBouv o1 EVEPYELEG POTOVIOV Kal NAEKTPOVIOV Pe UynAr avaduor), 1o ECAL armno-
tedeitatl and vAka nou eivat idavikd yia oruvOnpiopd. O BoAdppapikog poAuBdog eivat €évag avopyavog
oruvOnplotg kpuotdAdwv. Kabe kpuotaddog £xetl prikog 230 pp, rou avuotoiyel oe 25,8 X kat €xet
pmpootivy) ermgavela 22 mm X 22mm. Me autd, ta @etovia 1ou §ev @aivovidl OToV AVIVEXVEUTH)
UIIOPOUV Va avaKataoKeuaotouv pe peydAn akpibeia. To (PbWO,) éxet jia axtiva Moliére 1 oroia
opidetat wg n aktiva evog kKudivdpou rnou nepiéxet 90% twv evarnobioewv evépyelag, 6nAadr) povo 2,2
cm . Auto obnyet oe e€alpeukn avaiuon 9éong kat draxwpiopo petady twv showers . Autr i) 166t a
etvat 18laitepng onpaociag KabBoG ermrpenet ) H1AKP10N PPIOVIEV Ad ArIOPoVEEVA oudetepa movia
(7r0 — vy decays).

To ECAL 6ivet emtiong ) duvatdtnta rmapoxrg minpopopiev Iou oxXETidovial otevd pe 1o ouotnpa
evepyortoinong tou CMS kat fonbouv otnv avayvopilon ceopatidiov.

'‘Ocov agopa ) 6opun 9éong, 10 ECAL xwpidetal otnv KAVvI mOU KAAUTITEL €va €Upog Peudota-
xumtag 1| < 1,479 evo ta §vo akpa kadurouy v nieploxy oto 1,479 < |n| < 3,0. Ta e§aptipata
TOU TEAIKOU KAAUPHATOG TIEPAaPBAVOUV ETTIONG £vaV AVIXVEUTH IIPO VIOUG ITOU KAAUITIEL TNV IIEPLOXT)
1,65 < |n| < 2,6. To Exfjpa 8.5 anekovidet ) yeopetpia ECAL pe ta Siapopa otoixeia mg. To ECAL
, oxnuatidet éva otpopa petagly Tou avixveutr| Kat tov povadeov aviyveut) HCAL . To kuAwvbpiko «pa-
peA anoteleitat aro 61.200 kpuotdAAoug rou oxnpatidovral oe 36 «urteppovadegy, 1o kKabéva fuyidet
riepinou tpetg tovoug Kat repiexetl 1700 kpuotdAdoug. Ta enineda akpaia kartakia ECAL oppayilouv
Vv KAvvn oe KaBs akpo Kat artotedouviatl aro oxedov 15.000 erurAéov kpuotaAAoug.

Tapered crystals

i p-:unlmg = 3= from -.renen/
S Barral Endcap = Endcap
Supermadule Supercrystals Dee

Preshower .
detector

Zxnpa 8.5: Zxnpa yeoperpiag CMS ECAL mou deiyxvet drapopetikd ototyeia.

Adpoviké Oepuidduetpo - HCAL

Aedopévou o1l ta adpovia £XoUv PEYAAUTEPO PNKOG ATIopPOPnong, IIEPVOUV KUPIRG TO NAEKTpOay V-
TIKO Jep1OOPETPO KAl ATtoppoP@vtal Katl Perpavidl oto adpoviko deppidoustpo (HCAL ). Xpnowpo-
rotouvtal 6Uo evaAlAaooojieveg OTPWOELS H1aPOPeTIKAOV UAK®OV. To €éva aroppodd 10 PeyaAutepo PEPOS
G EVEPYELAG TIOU PETAPEPEL £va E10EPXOPEVO 0OIATIO0 Kal armotedeital amnd opetXAAKIVEG TTAGKEG.
To aAAo eival KAtaoKEUAOHEVO Ao MAAOTIKO OrvOnp1otr), TIou Asettoupyel g evepyo UAko. To HCAL
propel va mapéxel CUPMANPOUATIKEG Petprjoetg ota ouotnpata ECAL kat poviev. Ta kupla abpovia
TOU £X0UV apKetd peydldn Sidpkela {ong yia va diacyicouv 1o Seppidopetpo CMS eivat ta movia, ta
Kaovid, Td IPETOVIA KAl Ta VEIPOVId.

H evepyelakn akpiBeia tou HCAL ivetal ano:
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o 110%
E  VE

@ 9% (8.8)

H xopugaia cuveiopopd otnv evepyelakn avaduvon HCAL mpoépyxetat and ta anotedéopata aro
1 PN MAGPN OUYKPATNOon Tou adpovikou “vioug”, eved o 0pog otoxaotikou YopuBou S 110% xat
évag otabepog opog 9%. To oxrpa 8.6 deixvel pia anoyrn tou HCAL oto eminedo y — 2. To HCAL
artotedeital and éva e§dpmpa rkavvng (HB) kat teAdikou niopatog (HE), ta oroia reptéxovial Kat ta
800 péoa otov ndektpopayvrtn Kat o e§ntepiko (HO) xkat to eprnpog (HD), rmou Bpiokoviat 5o aro v
nAektpopayvnuky Badbida. To (HB) kaAurttet 1o eUpog |17| < 1,3 eved to HE kaAvruet 1, 3 < |n| < 3,0.
Adye tou mepropiopévou Srabéotpou xwpou yia to HCAL evidg tng nAexktpopayvnukng Badbidag, to
HO nepilapBavetal exktog g ndskipopayvnukrg PadBibag mpoxepévou va auinbei 1o ouvoAko
pnxog aAAnAenibpaong.

. . o FICAD- O S IRON=
- " O\ N NN AR '
T el e U MAG ET\ ‘Qo\u_ NN
. - . o N Voo b Y

S X

- ~, NN
- g 5
- . " h \

-~ .. R ™, ", \,

HCAL ~HEBE

HC AL
HE

) BEAM LINE

< 70 m >
< 11.15m

Zxfpa 8.6: I1poBoArn tou adpovikou Seppidopérpou CMS oto eninedo y-q.

To tunpa mg kavvng tou HCAL Eexivd oe amdéotaon r» = 1, 77m mpog 10 onpeio aAAnAenibpaong
Kat @ravel péxpt mv nlekrpopayvnuky Badbiba oe r = 2,95m radurmtoviag éva gupog |n] < 1, 3.
To mdxog avtiotolxei oe mepinou 6éka @opég 10 PHKog adpovikng adinlemnidpaong. Ta evdgartg
gykaBiotavtat yia va kadurouy éva eupog 1,3 < || < 3. Emuidéov, xprnopornoouviat Sepuidopetpa
P0G 1a €PUrpog oe arnootaon 11,1 p oty katevbuvon { ipog to onpeio adAnAemibpaong yla va
KaAuyouv 10 gupog v 3 < |n| < 5. 'Evag eruridéov e§otepirdg eppidopétpng eykabiotatat & ano
v nAektpopayvntiky BadBida yia va urodoyilel kat va petpdast ) diappon.

8.2.5 IUompua Avixveuonc Mioviwv

Adyw® g Suvatdtntag avakataoKeUHS HOVIoV e TIOAU UPnAr) akpiBela, énmai§av éva onpuaviko poAo
oto oxedlaopo tou CMS adou gppavidoviat eriong o éva onpaviiko kavdalt tou urnodoviou Higgs rou
draoratatl os 1éooepa Aertovia. 'Etol, autdg eivatl o Adyog mou eykabiotatatl éva 0AOKANPo ocuotnpa
Yla TOV EVIOITIOPO KAl T1] PETPNOT Ploviov pe 1étola akpiBela. T'evikd, n aviyveuon plovieov sivat éva
1OXUPO €PYAAEilo amod v AToWn TG avayvoplong unoypadev evdiapépouosg diepyaoieg oe upno
IT0000TO UTtoB8ABpou Tou avapévetal otig UPnAEG avoooror)oelg evtog tou LHC .

To ovotnua poviev eival 1o mo e§wiepko otoixeio tou aviyveutr) CMS |, rou Bpioketat 5o and
OV payvht owAnvoeidoug, nou anotedeital and pa xkavvn (|n] < 1,2) xat §vo teppaukd nopata
(0,9 < |n| < 2.4) nou anekovidoviat oto oxrpa 8.7.
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Zxnpa 8.7: IIpoBoAr diatopr|g evog tetaptnpiopiou tou avixveut) CMS oto (r, z) eminedo, mou deixvet
) 81atagn tou avixveutr| pioviov.

Qg avixveutng poviev diadopeg ekdooelg aepiav €xouv eykataotabel avixveutég. L1o Tpnpa g
KAVVNG, 00ANveS oAioBnong kat 9dAapotl makag aviiotaong eivatl evoauatapévol otov o1depévio Juyo
EMIOTPOPIIG TOU PAYVITI] OITOU Udp)el payvnuko nedio nepinou 2 T. ErumAéov, tonoBetouvral §uo
Teppatikd nopata pe Saddpoug mlakag aviiotaong oe ouvéuaopo pe Saddpoug taviag kabodou. H
ermdoyn oxedlaopou ogeidetal oInv avapevopevr por] Hloviov otig S1adopeg TIEPLOXES TOU AVIXVEUTI).
Evo 1a pidvia gpgavidovial ondvia oto TPNHA 10U KUAivdpou, mpoBAénetal ott Sa spdaviotovv oe
uYPnAd moocootd ota teAlkd nwpatd. Ot 6U0 aviXveutég agpimv PmopouVv €miong va MmapEXOUV ave-
Edputa mAnpogopieg evepyoroinong pe PAcn 10 Py TV Poviov pe Uyndr arodoorn Kat anoppiyr)
@ovtou. Ta PIIT eival eykateotnpéva 1000 oto PBapéAl 600 Kal otd TEAKA KAMAKIA TTOU KAAUITTIOUV
ma repoyy) || < 1,6. Emiong, mapéyouv éva yprjyopo Kat AKpeG TUNHATOMOUMEVO évauopa He
€va anotopo 6plo pr. Bonbouv emiong otnv emiAuon acAPei®v KATd Vv IIPOoTIAfe1d avVaKATAOKEUNS
KOPHATI®V arto TToAAEG emituyieg o pa aibouoa.

8.2.6 Trigger

Zta onpeia aAAnAemidpaong, ol 6Eojieg MP®WIOVIAV £pXovial oe oUuyKpouor Kabe 25 ns . Auto onpa-
tver 0Tt oxebov 8 x 108 aAAnAsmudpdoeig paypatonolovvral ava dsutepdderntto. 'Etot, eivatr aduvato
va anoBnKeuvtel autr) 1 ocotnta deSoPEvev e autov ToV pUBHO, EV® 1] CUVOAIKT| ATIAITOUHEVT] X®P1)-
TKotTa anobrkeuong eivatl peyddn. Ta mv akpiBn pérpnon tou oupBaviog ival anapaitnteg 0Aeg
o1 TIANPodopieg T®V CUCTNIATOV UIOAVIXVEUT®V. Oa xpeladdtav tepdotia oooTNTtd UITOAOYIOTIK®OV
TTUPV®OV Kal UTIOAOYIOTIKAG 10XU0G YEVIKOTEPA Yia va avadubouv autd ta debopéva. Ermumdéov, povo
€va P1KPO KAAoPa YEYOVOT®V eival evilapEpov yla avaduoelg guoikrg. Emopévag, o aviyveutig CMS
elvat e§onAiopévog e €éva oUoTn A EVEPYOITOINONG IOV AIALTEITAl TIPOKEIEVOU va Pe1wBel o pubpog
aroktnong edopévav katd Evav apdayovia g tding tev 10° e 100HZ . Autd ermruyyavetat oe 6Uo
otadia evepyoroinong:

1. Evepyonoinon erumnébou 1 Baoet vdikou (Level -1 trigger (L1) )

2. Evepyornoinon uyniou erunédou Bdaoet Aoyiopikou (High Level Trigger (HLT) )
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Leve L-1 Trigger

H okavddAn nipotou erunedou arotedeital anod npooappoopévo hardware kat xprnotponoiei onpavii-
KA ypnyopa debopéva mou mpogpyovial and T0Ug UTTOAVIXVEUTEG Poviou kat Seppidopetpou. Eivat
UTeUBUVOG Y1a TOV EVIOITIGHO KAl TV EMMAOYT] YEYOVOT®V ITOU PUITOPEL va TIEPIEXOUV 110ViA, NAEKTPOVIA,
@atovia 1 midakeg oe pubpod £wg 100 KHZ eviog 4us. H okavbadn mpwtou erurnédou Siaipeitat repat-
epw. Ot torukeg oravdaleg (Trigger Primitive Generator) mpoodiopiouv v evanobeon evépyelag oe
mupyoug evepyornoinong Seppidoperpniov Kat apakoloubel tpnpata 1 potiBa yrunnpdiov oe Sa-
Adpoug poviev. Ot torkoi evepyortointég kabopiouv tnyv katdatagn Kat tyv taSvonor) aVIKEIPEVOV
EVEPYOITOINONG, OTIOG £va NAEKTPOVIO 1] £€va UTIOWr P10 Povio, ouvduddoviag Tig MANPoPopieg Toug Kat
Xpnowpornowwviag avayveplon npotuniev. To Global Calorimeter (GCT) kat ot Global Muon Triggers
(GMT) xabopilouv ta avuxkeipeva deppibopérpou Kkat poviov uwndotepng KAtataing oe 0AOKANPO
10 meipapa Kat ta petadpEépouv otov KaboAko évauopa (GT) mou anodaocilel v anmoppiyn 1 v
arodox1) evOg YEYOVOTOG yia repattép® agloAoynorn aro to Yynidd Eninedo Trigger (HLT ).

[ Calorimeter Trigger ] [ Muon Trigger )
Inl<3 0O<lnl<5 Inl<1.6 0.9<n|<2.4 &_‘
Primitives Link Segment Segment
@ system finder finder
5 ¥
o Calorimeter Pattern Track
E- Trigger Comparator fﬂffﬂ‘ finder
E
| " N e Ze
o D
. 4
Global Muon Trigger
e, J, Ey, Hy, E,mss Hu
Global Trigger J
L1A] status
CMS [ TTC system ] [ TTS system J-L
experiment | o2 partiions |
[ Detector Frontend I'—"_‘

Zxnpa 8.8: H ap)lteKToviky ToU ouotrpatog evepyortoinong "ME Aegel-1 .

High Level Trigger (HLT)

To 6eUtepo eminedo yvooto Kat wg orkavédain uvynldou ermrédou (HLT), xpnowaomnotel éva Siapéplopa
TOU IMARPOUG MAAICIOU AVAKATAOKEUHS CUPBAVIOV Yia tnv enedepyaoia 6edopévav pe oAU ypryopo
1POI0 Ot pa @dppa eregepyactov. Eivat oe 9éon va enavaxpnoiponoir)ost tov pubuod oupBaviay £ng
xat 1kHZ. To HLT £xet1 mpooBaor ota mArjprn 8ebopéva avayveong Kal ©g €K TOUTOU UITOPEl va eKTe-
A€0ogl oUVOETOUG UTIOAOY10110UG TTAPOH010UG HE AUTOUg TTOU Yivovidl ard 10 AOYIOPIKO avAAUonG EKTOG
ouvbeong. ‘Onwg n okavdain erurédou-1, 1o HLT yopiletal mepattépw oe “Brjpata” ene§epyaoiag,
6nAabdn ota Prpata L-2 , L-2.5, L-3 . To Brjpa L-2 xpnotporoiei 10060 mou ripogpxetat aro 1o dep-
H180HETPO KAl TOUG AVIXVEUTEG P10VIRV, eve 10 L-2.5 xprotporolel mAnpodopieg Iou mpogpxovial amno
tracker , oniwg ytunfjpata pixel . To Brpa L-3 avagépetat o pia ermAoyr) mou prnopst va oupnept-
AdBet ta MANpwg avakatackevaopéva koppdatia otov tracker . To HLT eivatl o 9éon va enegepyadetat
Kat va AapBavetl anoddoesig oXetkd e evdladépovia dedopéva e o AroTeAEOHATIKO TPOTTO OE OXE0T
pe 1o évauvopa Erunédou-1. Mropei va rieptdapBavetl mAnpodopieg ano b-tagging , aAda kat avaka-
Taokeuaopévoug midakeg evépyelag. To emodpevo Prpa tev ernegepyacpévav Sedopévav nou rminpouv
1g artattoelg L-1 xat HLT eivat ) anoBnkeuorn avtdv tov 8e§opévav o pUOoIKEg PV HeS (OKAnpol
dlokol) yla v exktédeor) enegepyaoiag eKtog ouvdeong rou propei va dtapkéoet apkretd deutepodernta
avda oupBav Kat EKTEAEl Pid TTOAU TT10 EVIATIKY] UTTOAOY10TIKI] AVAKATAOKEUT] CUPBAVI®OV TTOU £ival otr)
ouvéyela Xpnotpornoteitat yia avdaiuorn dedopévav.
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Avakarakeun leyovotwv Kai MpocouoIRoEIC

Y& avixveutég oopatudiov yevikng xpnong, orwg to CMS |, to onpa £§66ou mpénet va petatpartet
0€ AVIIKEIPEVA € QUOIKO VONPa IIPOKEIEVOU va Mpaypatornonfouv peAéteg Kat va avaiubouv ta
ratayeypappéva debopéva. 'Etot, 1o meipapa CMS éxet avarttugetl évav apidpod aiyopibuwv yia tov
EVIOMMIONO, TNV AVAKATAOKEUT] Kal 11 pérpnon copatdieov. Ta copatidia ermotpepovral pe ) popor)
"KAtaAoyev’ nAeKIpoviev, Hloviov, @eIoviov kat mibakeg evépyelag. Ot umowrndiot yia kabe tumo
ompatdiou mpérnet va d1atnpouv oplopéva KPLTHpld yid va Katnyoplornotnfouv g t€tola. e auto 1o
KePAAaio, meptypddovial 1000 Ta KPrpla 600 Kat ot aAyopiOpiol Imou Xpnotplonotouvidl yia ) Anyn
AVIIKEIIEVOV Y1d aVAAUCELS QUOLKHG.

9.1 Particle Flow Algorithm

O avixveutrig CMS eivatl évag aviXveutg ITou anoteAeital and moAAd otpdpata aviXveutt] yUpe aro
tov dfova tng &éoung. Kdabe otpopa aviyveutr) rapéxel mAnPodopieg yia évav CUYKEKPTHEVO TUTTO
wrnou oopatdieov. To CMS xpnotponotet évav e181ko6 adyopiBpo, mou ovopddetat aiyopibpog “Por)
oopaudiov” Particle Flow algorithm (PF ) yia va ocuvéudoetl TAnpopopieg ou mpogpxovial aro Kabe
ouUoTINa aviyXveutr], akoAouBwvtag v mAnpn dtadpor) evog oopatidiou PECK EVOG AVIXVEUTH]. AUTOG
0 aAyop1Opog eivat oe 9€on va KAvel X101 TOV ATIOTUNIOHATOV S1apOpETIKOV 0PATISI®V [TOU TTIEPVOUV
arnod 61apopeTIKA OTPOPATA TOU avixveutr]. Ta pidovia aviyveuovial 1000 OToV E0MTEPIKO tracker 6co
Kat otoug SaAdpoug Pioviov, ta NAEKTpOvIa aviXveuovial 1000 OToV £0MTEPIKO tracker 000 kat otov
aviyveutr] ECAL , evo ta goptiopéva adpovia aprjvouv ixvn kat Bpéxoviat oto HCAL . Ta potovia
Katl ta oudétepa abpovia svarobEtouv v evépyeld toug povo oto ECAL kat oto HCAL avtictotya.
Mtua oxnpatikin oyn 0Aev 1oV ermmedmv avixveutr] @aivetat oo Zxnpa 9.1 . O aAyopiBpog PF eival
oe 9¢on va cuAAdBetl KAl va XP1O10IIOoel OAEG TG IpoavapepOeioeg ANPOPOPIEg TIPOKEEVOU v
AVTIOTO1Xi0E1 OAEG T1G VIOUG Ao @opTiopéva onpatidia otg 61adpojiég Toug, aprvoviag arapatrpnIeg
POVO TG EVEPYELAKEG EVATIONETELG TIOU IIPOEPYOVTAL ATTO PROTOVIA KAl 0UdEtepa adpovia

Ta xtunfjpata otov tracker kat 1o cuotnua ploviov cuvbuddoviat. Eav Bpebei éva 1xvog o€ 0AOKAN-
PO TOV AVIXVEUTH], TO AVIIKEIPEVO Oovopadetal umoPndlo Piovio Katl 0Ad ta XTUTATd TI0U AviKOUV
adaipouvvial anod v £i0060 tou alyopiBpou. Zin cuvéxeld, ol unodoirneg §1adpoiég anod nAekrpovia
Kadl QOpTIoPEVA adpovia TIPOEKTEIvVOVTAl ota ouotipata YepPibopETpnong Kal eEKX®pouvial og "vioug .
Ebw, n aktvoBodia gotoviov amod ta nAeKIpovia MPEMEL VA AVIIPEIOIOTE], KaB®g 1 evépyela amo
autd ta ETOVIA IIPEEL eTiong va ekXopnOel oto apykod nAektpovio. Télog, ot katarylopoi oto ECAL
kat 1o HCAL Sa mnpérnet va mpogpxovial and eetovia kat oudstepa adpodvia, aviiotoixa. 'a va sivat
duvatr) n xpron g porg copatdiov pe vPnir anodoor), Ta oucTHATA TTAPAKoA0UONoNg TPEMEL va
€XOUV KAAI] X®WPIKI] KAl EVEPYELAKT] avaAuor). 'OAeg autég ol anattroelg minpouviat oto CMS |, yeyo-
vog 10U Kafiotd tov adyopiBpo PF éva 1oxupod epyaldeio yia tv avayvoplorn Kat )V avaKAaTaoKeUT)
AVTIKETIEVDV.

9.2 AAyopiBuol Jet

O1 mibakeg eival avilkeipeva mou XPnotpoolouvial yid TV avaKAaTtaoKeUT Iaptoviov UPnAng oppung
IOV IapdyovIdl OTlG CUYKPOUOELS TTPOTOVIOU-TipeToviou. Ta Koudpk Kat ta yKAouovia dsv propouv va
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Zxnua 9.1: Avaxkataokeur| F'eyovotev otov aviyveutr) CMS .
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Unapxouv pepovepéva, addd "adpovidoviat” (hardonize ) oe évav Katappdktn XpOHATIKA 0USETEPQV
abpoviev. Enopéveg, xpetadetatl va abpototouv 0Aa ta adpdvia rmou pogpXoviatl aro 10 apX1Ko parton
yla va 10 avakataokeudooupe. Ma autoug toug tunoug oeopatidiev, xprnotporolouvial alyoptdpot
opadormoinong midaxka yia va ouvduacouv unoyndleg poeg onpatidiov.To mpwIo Kpltjplo onpaivet
etvat évag nidakag va pnv aAdadel otav ouprnieptdapBavetal 11 arokAgietatl  “padakrn” aktivoBoAia
(soft radiation), ev® 10 KPP0 CUYYPAPHIIKAS AOPAAEIAG AVIIPEIOITIEEL T OCUYYPAPHIKY SidoTaot)
oouatdiov os évav nibaka rou emniong 6ev mpéret va aAddaget tov ribaxa.

9.2.1 AAyépiBuog anti-k

Yto nieipapa CMS , o 1o ouvnB1011€Vog TPOIT0G OASOTION0NG TOV EVEYEIAK®V MOAK®V ATto Ta avi-
Xveupéva oopatidla sivat n xpnon enavaAnnukov alyopibpev nidaka. Auto onpaivel ot 1a uro-
yroa copatibia PF opabornolotviat Brjpa mpog Bripa pEXpt va ermteuxbel €va Kpiifjplo pataioong
Xpnowornoioviag pia opdda adyopibuev midaka rmou ovopdloviat ailyopibpot turou kA 0To MakETo
FastJet . O aAyopiBpog anti-kp Aettoupyei pe tov akddoubo tporo. Qg €icodo, xprowporotei pa
Alota pe 6Aa ta avakatacokeuaopéva avikeipeva PF amnoé tov aviyveutr). Metpd v anootaocr petadyu
evog urtoyndiou PF i kat tov yupe oopatdiov j oto eninedo tayutntag y kat yoviag ¢ . Lt ouvéxela,
0 aAyopiBpog urnodoyidet dUo noootnteg, dij Kat d; g yua kdOe {gUyog avukepévay i Katj :

2
AR},
R2

<2 2
dij = mln(pT,mPT,j) (9.1)

dip = pr; 9.2)
orou:
e AR opiletat ©g n andotaon dvo avukepévey 1,9 oto eminedo yoviag taxuintag ¢ kat sivati:
AR;; = (y; — ?Jj)2 + (¢ — ¢j)2
® pr; €lval n eykapola oppr) TOU AVIKEPEVOU {

e R eival pa otaBepr) mapdpeTpog mou opidel tnv aktiva tou nidaka mou rmpoKUITTEl

e d;p opiletal og n andotaon Géopung
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IMa kaBe oopatidilo, o alyopiduog unodoyietl tnv andotaon éopng d; g. H 6iadikaoia opadornoin-
ong ouvexiletal Bpiokovrag 1o eAAX10TO d,,,;, OAGV TV ATIOOTACE®V 0OUATISi0V dl-j KAl TG arootaong
6¢onng. Edav n pikpotepn anootacn rnouv Bpédnke yua 1o oopatidio i pe éva oopatidio j eivat d;j,
1a oepatidia ouvdudadovial yia va oxnpaticouv pia eviaia oviotta. Amo v dAAn mAeupd, £4v 1)
HKpoOTEPT ardotaot) Kavorotel d;p < min(dij), 10 owpatido i Sewpeital mibakag kat apatpeitat
ano ) Alota tev oviott®v. To poavagpepBev Pripa enavadapBavetatl pExpt 1o onpeio mou dev €xouv
peivelr aAda oopatidia. O adyopiBpog anti-kr £xel kaAutepn arodoorn arod napdpoloug alyopidpoug
OTwG ot aAyopibpot kp, Cambridge/Aachen kat emavaAnmuikou KOvVouU . Autdg o adyopiOpog eivat o
TUTTIKOG aAyop10110g opadomoinong evepyelakoVv MbAK®V Tou Xprotponoteitat oto nieipapa CMS kat
KataAnyel oe oopatidia pe uvyndo pr adou ta copatidia pe xapndo pr Sewpouvial vrooepatidota
€vog midaka.

H andotaon R emdéyetat pe fdorn tig eputtooelg xpnong g oulAoyng nidaka mou nmpoKuITieL.
H nposmuideypévn ouddoyr| midaka oto CMS arotedeital amo nidaxkeg pe pikpn axktiva R 0,4 kat a-
vagépetatl wg ouddoyn midaxka "AK4". Autol o1 TUITOl AVIIOTO1XOUV TUITIKA O £€va POVO KOUAPK 1) €va
YAouovio Tou Tpogpxetal amo 1 dadikaoia oxkAnpng okedaong. Ot cUAAOYEG aeplwBoUpevaVv TTOU
XPIO10TTIO10UV PeYaAutepeg aKtiveg, oniwg nidakeg 0,8 ((AK8») xpnotpomnolovviat yia v avacuotaor)
ocopatdieov rmou dacridvial pe "okAnpo” tpomno (hard scattering ) pe peydAn wbnon Lorentz , onwg
ta top xKoudpk pe vPndo pr. Ta mpoiodvia anocuvOeong copatdiov vPndou pyr pPropouv va gubu-
YPAHHLOTOUV Kat £101 PITOPOUV VA avakataokeuaotouv os midaka single-R kabiotoviag akopn o
OUOKOAT TV MepattEP® 61AKP10T TOV oOPatdi®v rou Ppiokovial eviog g PeyaAng aktivag midaxka
AKS.

9.2.2 Soft Drop

‘Otav opadorolovvial copatidia oe midaxkeg, ot aAyopiOpotl Hev Popouv va UroAoyicouv mArpng
arnod 1mou MPOoEPXETal éva éva ocopatibio. Ot texvikeg urtodoprg idaxka (Jet substructure techniques
) epappodovial MePAlTéP® Yia TV AroPAKpUvor) g HaAakng aktvoBoAiag (grooming ) ripoxketpiévou
va AngBel évag nibakag mou oty KAAUtepn MePinIoon neplAapBavel Povo evépyela and ocopatidia
g Sadikaoiag okAnpng okedaong. O PeyaAutepog aVIiKTUITIOG OTIS PETPNoElS 1adag £Xel 1) aktivoBo-
Ala eupeiag yoviag (wide angle radiation ) rou e§akolouBei va avakataokeudetat otov 1610 mibaxa.
AuUTo €xe1l wg anotédeopa emrAéov oopatidia onwg eAadpd KOUdpK 1] YKAOUOVIA TTOU OUYKEVIPOVO-
vial og €vav Imidaka Iou PIopel va MmPoEpXETat amnod 61aoraocr) top KOUAPK KAl @G CUVETIEL TIPOCOETEL
MEPLo0OTeEPn PAla 000 PEYAAUTEPD eival 1] AnoOotacr HeTtady top KOUdpK KAl evog eAadpou mapto-
viou/yAouoviou. To neipapa CMS xpnotponotet tov adyopiOpo SoftDrop yia va perplacetl auto to
arotédeopa. Autr) n péBodog avaipei 1o tedeutaio Pripia opadoroinong, ortadoviag tov teAko rmidaxka
oe 6Uo ouotatika. Metd amno kdbe Pripa aroopadornoinong, eAéyxetal to kptrjpto SoftDrop :

min(pr1, pra) (ARu )ﬁ
P11+ Pr2 Ry

Edv 1 ouvBrkn dev 10xUel, apalpeital o ouotatiko pe XapnAotepr yKApPOla OpL], Ve oc KABe
AAAn mepim®on o teAkog ribakag apapével apetabAntog. Ta pry, pre dnAdvouv v eykapoia oppn
v 8Uo ouctatkev eve 1 B9 Sndcovel v anootacr) Petady tov CUCTATK@V oto erminedo y — ¢. H
napapetpog R eivatl n aktiva tou tedikou mibaxka. M tpr) katwpAiou 2., 0e ouvbuaouid pe Evav
ekBén [ kabopidouv tn SUvaun tou kaAderopou. ‘Exouv yivel pedéteg anddoong oto nieipapa CMS
1€ anotédeopd THES 2,y = 0,1 ka1 5 = 0.

(9.3)

9.2.3 PUPPI

'Evag ermrmdéov mapdyoviag Imou HPIropet va POAUVEL TOUG AVAKATAOKEUAOHEVOUG Midakeg eivat 1
poaobetn evépyela ou arnodidetatl os mibAKeG MmoU mPogpxeTal anod g aAAndermdpdacelg mPOTOviou-
IPROTOVIOU €KTOG ard 10 oUpBAav OKANPNG okEdaong otV Kupla Kopudr) (primary vertex ). Autr) 1
poodetn evépyela ard autd ta oupBdavia ovopddetatl pileup xkat 1o CMS €xet avarttudetl 1oug S1koug
T0U aAyopiBpoug yia va v avriotabpiost. Eav éva goptiopévo abpovio avakataoKkeuaotel otov a-
VIXVEUTY] Kal avayvePlotel OTL TIPOEPXETAL Ao Pia Kopudpr) cucompeuong (pileup vertex ), apaipeitat
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anod 1 oUAAOYH OOMATISIOV TTOU XPNOTO0IIooUvVIdl yid T0 OXNHATIONO AVIIKEIPEVEOV QUOIKNG. Au-
) n Sadkacia Xpnotponoleital EUPEMS OV AVAKATAOKEUN IMibaKa Katl avadEpetal oty adaipeon
poptiopévou abpoviou (charged hadron subtraction - CSH) .

'Evag evaAAaKTKOg TPOI0g yla va perplactei 1 ouoowpeuon eivatl 1o pileup per particle identi-
Sfication yvwotd wg PUPPI . Ze auto 1o niedio epappoyng, oe KABe avakataoKeUAoPEvo oapnatidlo
epappodetal éva BAapog ou avapepetal oty mbavotnta auto 10 oEPATiOo va TIPoEPXETAl Ao aAAn-
Aerubpaoeig oroiBaing (pileup ). H rmbavounta Baociletal otnv 10Ky KATAVOHT EVEPYELAS YUP® ATTO
10 oopatidlo, g mMAnpodopieg mapakoroubnong Kat tig 1910teg cuoowpeuong oupBaviav. Xpnot-
POIotel aut)v Vv EKTIPNON Y1d va KATHAK®OOEL TNV TEIPAOPU] TRV Uroynoeieov copatdiov PF mpw
opadoronBet os évav mibaka.
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Kepdraio 10
MeAém Aiapopikou Evepyou Aiatounc
Napaywyng Zedyoug tt pe Tov avixveuri CMS

To top kKoudpk OAOKANPGOVEL TNV TPitn Yevid Koudpk oto Kabiepopévo Ipoturo (SM ) kat nj akpiBng
YVOOon IOV 18100V ToU €ival Kpiown yla tnv mAnen katavonon g dewpiag. Ot perproelg ng
S1apop1KAg EVEPYOU B1aTOPNG MAPAY®YHS ToU {eUyoUS KOUAPK Tor-avurorn (tt) avipetoniouv tig
npoBALYelg anod 1 kBavuko xpwpoduvapiky (QCD ) katl €xouv 1 duvatotnta va replopilouv tig
napapétpoug QCD , eve eivatl euaiodnrot otn @uoikn mépav tou SM . Emiong, n napayeyn tt sivat
éva kuplapyo uroBabpo SM yla v avadiinorn VEEV @AIVOPEVOV QUOIKNG KAl EMOPEVOS 1) akplBng
YV®Oor tng ivat anapaitntn yla vEeg avaraAUyerg.

H peydAn anédoon tt mou avapéveral o cUYKPOUOEIG TTp@TOViou-Tip@toviou (rim) oto CERN LHC
ETMTPETIEL TNV EKTEAECT] PETPHOE®V TOU pubpoU Mapaywyng tt oe éva peyddo @aociké xmpo, drago-
PIKA, @G CUVAPTNON TOV KIVNPATIKOV 1810t)tev tov tt. Titoleg petpriosig éxouv mpaypatonotnOet
arno o ATLAS [64, 65, 66, 67, 68, 69] ka1t CMS [137, 70, 71, 72, 73, 74, 75, 76] o1 ouvepyaoieg
emBeBaidvouv Ol eivatl ePIKTO va mpaypatornoinbovv akpiBeig S1apopikeg PEIPOEIS TS MAPAYOYNS
tt ka1 éxouv emiong &eifel evblapépouoeg anoxdioelg and ) dewpia. e autr 1o Kepddalo napou-
owadetal n pérpnon 81aPopikng evepyou Slatourg tou {euyoug tt otnv adpovikn tedikr] katdotaon,
XPTOHOMOIMVIAg OUYKPOUOElS pp o /s = 13T mou kataypagnkav pe tov aviyveutry CMS katd
mv Anpn ektédeon Il tou LHC 2016, 2017 kat 2018 kat aviiotoiyel oe ouvoAlky gatetvotnta 35,9
fb_l, 41, 5fb_1 Kkat H9, 7fb_1, aviioTotya Kat avilototyoUv o€ CUVOAKY @etetvotnta 137,1 fb_1 . Z10
Kavdaltl adpovikr|g Sidortaong, kdOe prodovio W nou rpoxuIttet anod 1o 1ot Koudpk dtacridtat os €va
{eUyog eAapp KOUdpK. Q¢ arotéAeoyid, 1) TeAIKT) Kataotaon anoteAeitat arod touddyiotov €61 maptovia
(meproodtepa eivat mbavd Adye g aktivoBoAiag apy1Kng Kat teAKng Kataotaong), 6Uo amo ta oroia
etvat b koudpk. Adym tng vyning wbnon (boost ) mou AapBavetat unoywn oe auty I pérpnon (Pr
>450GeV ), ta oI KOUApK avakataokeuadovial og rnidakeg peyaAng aktivag Kat 1) teAKr KAatdotaor)
aroteAsital arnod TOUAAX10ToV §U0 TETO10UG EVEPYIEAKOUG TTIOAKEG.

Emniong oto 1610 kepadailo apouoiaetal €vag ouvéuaopog avadninoemv ya Bapeig ouvioviopo-
UG mou Sraom®viat oe {eUyn TOM-AVIITONT KOUAPK, XPNOPOMOIWVIAS T0 MANPeg ouvolo Sedopévav
OUYKPOUONG MPGTOVIOU-TIP®TOVioU TIou cudAéyovtat ot evépyela Kévipou palag /s = 13 TeV oto Full
Run II , rou avtiotoixel oe pia oAoxkAnpwuévn eatewvotnta 137 fbl. O ocuvbuaopog nieptAapBavet
OUVEIOPOPEG A0 Ta TANPKOG aBPOVIKA KOUAPK TEAIKI)G KATAOTAONG TOIT-AVIITOIT ITOU £X0UV UYNAT)
eykdpotla oppn (pr >450 GeV ). Ta arotedéopata rmou napouotadovial edw augdvouv repattép® ta
0p1a PadikoU artoKAE1010U y1d TTOAAA HOVIEAA VEAG PUOIKIG.

10.1 AvdaAuon ZeUyouc Ton-aviron KOUapK

10.1.1 Itpamyikn AvéAuonc

H ermdoyr) Baoikng ypappng, ouvoyiletatl otov Ilivaka 6.4

elvatl Koy yia 0Aeg TIG TIEPLOYXEG TTOU XPINOLOITO0UVIAL OtV avaAuor. Amaltouvidl TOUAAX10TovV
8o nibaxeg peyddou P (R = 0, 8) oV nepirtworn pe tom midaka pp >450GeV kat Seutepo tom nidaka
pe pr >400GeV kat upég padag softdrop eviog tou eupoug (50, 300) GeV . Erurdéov, epappdletat Béto
ota Aertdvia MPOKEPEVOU va edayiotorotnBei ) rubavotnta erAedte Aertovikég 5100IA0Elg KOPUPTG.
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[Tave aro v ermAoyn ypappng Baong, opidoupie tE00EPIS CUYKEKPIIEVES TIEPIOXES HE BAorn Vv £§060
tou BDT (Boosted Decision Tree) rou diakpivet 1o orjpa ttbar and 1o @ovio QCD , 11 pdadeg softdrop
tev ribaka kat ov apOpo v pe etkéta b subjet oe k&Oe mibaka, rmou eSurnpetoUv H1APOPETIKOUG
okortoug avdAuong. H meproxr) onpatog (SR) eivatl orou exktedovpe TG 81aPpOPIKEG PETPNOEG KAl
artattel kat ta duo midakeg yla va €xouv €va subjet pe sukéta b kat pia mo mePloplopevn Aoy
g tprg softdrop padag nidaxka 120 — 220GeV. H kabapr neproxr) edéyxou QCD (C'R) éxet ta i6a
Kputrjpla emAoyrng pe myv mnpoavadepbeioa meploxr) orfpatog, He ) povrn dtapopd Ot ) amnaitnon
B-etikétag eivar aveotpappévo (o1 midareg 6ev mpérel va meplExouv subjet pe eukéta B). Auvtr 1)
TIEPLOXT] XPNOHOTIOELTAl Yid T AW TOU OXNatog Tou @oviou QCD amo ta 6edopiéva (j1€60dog Baoet
dedopévav) yia 1o kabéva petaBAnu) eviapépoviog. TéAog, opiletal i mepiloyn onpatog A (SR y).
Autr) eivatl n mePoy) OTOU eKteAeital 1] IIPOCAPHIOYT] KAl XPNOHOIolEital yia Tov IIpoodloplopo g
Kravovikoroinong tou @oviou QCD . To SR 4 eival éva uriepoUvolo Tng MEPIOXHS ONIATOG TIOU £XEL
arp18ag 11§ 161eg mepikortég aAdd mo yadapr pada [50 — 300]GeV .

10.1.2 tt EEaywyn Ifparog

To xupiapxo unoBabpo oe authv v avaduor eival 1 napaywnyr mdakev QCD . Yridpyet pia merme-
paopévn bavotnta ot o1 ouvnO1opEVOoL TIIBAKEG, TIOU TIPOEPYOVIAl ano aktivoBoAia evog aptoviou,
Hpouviat Vv ToToAOY1KY Urodopr) evog tor kouapk. H mapayeyry QCD multijet katactéAAetat
ONPaviika Xpnotpornoliwviag to avertuypevo Booosted Decision Tree , to omoio yxpnoipornoiet mAn-
podopieg urtodoprg mbAKeV yla va diakpivel 10 onua arno 1o uroBabpo. Emiong, ot anattroelg tou
b-tagging naidouv 1epdotio poAo otnv KATAoToAn g napayeyng @CD multijet .

[Tporeévou va ekupnOel n vroAewopevn ouvelopopd g napaynyng QCD multijet , xpnot-
poroloUpe pia TeXVIKY rou Baciletal otnv urnobeorn OTL AV AMIATTN|COUE OTO0 0UVOAO TV dedopévev
avdluong va untapyouv O b-tagged avuikeipeva, AapBavoupe éva kabapo deiypa xepis QCD multijet
. O @aowkog xwpog urtoBabpou Control Region (CR), orou undpyxouv povo QCD multijet anotele-
ttat ano dedopéva QCD multijet aAdd kat amno Atyotepo evepynuka unoBabpa onwg yla rapdadeiypa
ouvelopopa aro W+jets .

10.1.3 Iuompuarnkéc apepaidinreg

O1 ouotnpatikeég aBeBaldtnteg mou egetddovial oe autrv v avaluor xopidovial oe 6U0 Katnyopieg:
MEpapatikeég kat dewpntikég. Ot mpwteg meptdapBavouv oAeg 11g aBeBatdtnteg rmou oxetidovial pe
g Sagopég oty arodoorn Tou aviKelpévou petaiu dedopéveav kat rpooopoinong. O1 Sewpnuikég
oxetidovtat pe v 1d1a v mpooopoieon Kat ennpeddouv MPOTIOTOG TA TEAIKA AITOTEALOPATA OTOV
TIAPTOVIKO (PACIKO XMPO KUPiwg Ady® tou migration matrix . H mapakdte® Aiota meptypadet ev
ouvtopia autég tig aBeBaildotnieg KAl TOV TPOTIO HIE TOV OTI010 £X0UV AVIIPEIRITOTEL O€ AUTI TNV AvAAuoT).
Ba mpénel va onpelwdel 0Tt yia kabe cuotnpatiky PeETaBoAr] o1 S1aPOPIKEG H1ATONEG EMTAVAPETPOVTAL
Kat 1 61apopd ®g mpog 10 OVOPACTIKO ArtotéAeopa AapBAavetal g AmoTEAEoA AUTHG NG PETaBoALg
ot pérpnon. Agilet va onpewbei ot n id6a Sabikaoia nou xpnowpornoleital yua v epappoyn
1OV ouCTNPATIKGOV aBeBatotrtev otig urtodoydopieveg tip€g S1atopng epappodetal Kat otlg Se®pnTKEG
TIpEG. AUTO 1oXUEL P1OVO Via TG Oswpntikég aBeBaldtnteg ou meplypapovial ApaKATo.

IIepapatikég aBeBaidtnteg
e TIpoBAsywrn uroBabpou QCD

o Kiiuaxa aspiwdovucvov evépyeiag (JES )

AvaAvon evépyeiag mibaka

Amnotefleoparicdtnia mpoodnkng EUKETOV UTOKEEVOU b (adpouvikr))

Pileup

e Trigger
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o Pptewomia

Oewpntirig abeBarotnteg

O1 Sewpnuikég aBeBaiotnteg Xwpidovial oe HU0 UTIOKATNYOPIEG: O AUTEG ITOU OXETICOVIAL HE TO OTOLXEIO
H1NTIpag tng okAnpng 6iadikaciag Kat o autég Tou oxeti{ovial P ) POVIEAOITOINon TOU VIOUG TIapIov
KAl ToU UTokeipevou oupBaviog. Ilpakukd, n nmpotn Katnyopia (arnotedovpevn) ano g Ipeig mpoteg
Ny£g mapakamw) agodoyeital pe napaddayég v Bapwv cupBaviov LHE mou anobnkevoviat otnv
ovopaotiky) ripocopoiowon MC , eve 1) Seltepn katyopia alodoyeital pe arokA£10TKA, eVAAAAKTIKA
oetypata MC .

e Yuvaptnoeig dtavoung Ilaptov:

Kiiuaxeg emavakavovikonoinong Kat tapayovionoinong

o Ioyupn otadspa ouleuéng (og)

Axtwo6olia apyukric kat tefukng karaotaong (ISR, FSR)

Zroeio untpag - avtiotoixion parton shower

o ZUUTOVIOUOG UTIOKEIUEVOU OUUEAVTOG

10.1.4 Zuvduaopdg SIAPOPETIKOV ETOV

O o16x06 autr|g g avaiuong eival va cuvdudoet T1G PETPLOElS KAOs PEPOVOPEVOU £T0UG O H1a eviaia
«ouvbuaopévrp pétpnon. O ocuvduaoudg yiveral pe tov e§ng tporo: Ta kabe €tog kat yla kdbe
aBeBaiotnta, uroldoyiletal xwpilota 1o onpa (D(x) ). Tautoxpova umoAoyidoviat ot tipeg efficiency
Katl acceptance . Xt ouvéyelda, ouvdualoupe Tig etroleg THEG yia KaBe minyn. Me autdv 1ov 1poro
KATaAfjyoupe o€ Jia OVORAOTIKY TN IOV €ival 10 dOpolopd 1oV TE00APOV NEPOVAIEVOV KEVIPIKMV
TV Kat pia tun ya kéOe aBeBatdtnta mou eivat eriong 1o AOpolopa TV TE00AP®V PEPOVOHEVQV
tpov. Katda v npoodrkn tewv ninyov aBeBaidtnrag AapBdavetal unoyn 1 OUCXETON HETASU TV
ETNOLOV PETPNOERV Aoyaplaopo onwg @aivetat otov [ivaka 5.22.

10.1.5 Unfolding

H pétpnon petagépetatl péom g dadikaoiag tou unfolding anod tov gaciké X0Po TYPv avaKIiaoKeUd-
OPEVRV AVTIKEIPEVQOV, OTOUS PACIKOUSG XMPOUS TOV MAPTOVI®V KAl TV avixveutov. H "tebudopévn”
drapopikn evepyog dlatopn oe KABe PAOIKO XOPO aviiotolxa, opidetal og:

da?vq} 1 1 1

orou L gival ) ouvoAiKr] @TEWVOTHIA yia oAa ta €u) kat Ax; eival 1o mAdtog tou i-ou bin g
avtiotoixng petabAntg x. H noodtnta f; j» €lvatl 10 KAAoNa TV avaKataoKEUAOHEVROV YEYOVOT@V OTO
j-o bin mou éxouv éva koo oupBav oto Eedumepévo eninedo, eve n moodmta f 4, opiletal wg o
KAdopa 1ev yeyovotwv oto unfolded emimedo mou £€xouv éva Koo avakatackeuaopévo ocupBav. Ta
oxnuata 5.62 xkat 5.63 deiyxvouv ta KAdopata rou kabopiotnkav mponyoupéveag. H moocotnta Ri_jl
opiletal @g o avtiotpodog rivakag “peravacteung” 1] aAMog pypatiov patpts, 0 Oroiog areikovidet
10 OUVOAO TV YEYOVOT®V Ao U0 §1adopeTikoUs pacikoug Xopoug rmou oupBadi{ouv, kabng kat tov
aplBpo TV YEYOVOT®V TV OTOI®V I PETPNOT) OTOV ITAPTOVIKO 1] OTOV X®OPO TOV AVIXVEUTHV AVIIOTOTXEL
0t APKETA S1APOPETIKY TIHL OTOV XOPO AVAKATACOKEUNG yeyovotav. O mivakag eival pn dayoviog,
AOY® NG MEMEPATHEVIS AVAAUONS TOU AVIXVEUTH OM®§ Amnelkovidetal ota oxfpata 5.64 kat 5.65.

Ta anotedéopata neptdapBavouv emiong oUyKP1on He Ta dewpnuikd poviéda. Xpnotpomnotovuviat
800 Yewpnukd PoviéAd, T0 POWHEG Ji€ PYTHIA 8 kabwg kat to aMC@NLO[FxFx] pe 1o pyTHIA 8. H
OUYKP101] ITAPOUotAadetal pe 1) popon TPV X2 Iou uroAoyidovtal Xp1otorol)viag tov Iivaka ouv-
dlakupavong (covariance matrix ). Xpnotwponowwviag g Tipeg Y~ Kat t1ov apdpo Babpwv sAeubepiag
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(NDOF ) urtoAoyidovtat ertiong ta p-values . Ot aBeBaiotnteg AapBavovial emiong UOWn oTtov UTTOAO-
Y0P TV ROV X~ KaO®g evompatdvovidl otov mivaka cuvilakupavong. Ot Tipég X2 untoAoyidovrat
XP1O0ITIOI®VTAG

X2 =Wy, Cx, + Va, (10.2)

ornovu VNb elvat to Siavuopa v S1aPpopnv PETaiy TOV PETPOUHEVOV TIHGOV KAl TRV aviioTtolXov dew-
pNTKOV ripoBAiéwenv. To N, eivat 1o PrKog tou 51avuopatog Kat avilototyel otov aptbuo tev bins ya
Kabe pérpnon. To C]le etvat o avtiotpogog 1ou mivaka ocuvdlakupavong. O mivakag cuvdiakupavong
urtoAoyietal xprnoponoi®viag tov akoAoubo turo

C = Csar + Csyst (10.3)

omou Cg,y elval o mivakag ouvblaktpavong yla g otatotkég aBeBadtnreg katr Cg oy tvat o
niivakag ouvdlakupavong yia ta 9empntikda Kat ouotnpatka opdipata. O mivakag ouvdiakupavong
yla 1§ ouotnpatikég aBeBaidtnteg uroAoyidetal mg:

1
t z : . .
Cz]ys = 7Nk Cj,k’,lci,k‘,l’ 1 S (3 S ]\77 1 S ¥ S ]\]7 (104)
k,l

orou C; 1, eivat n ovotpaukn aBeBaidtna oto i bin g Imapaddayng g krmyng xkat Ny, eivat
0 ap1Bpog v napaddayev ya v rinyn k. To dBpolopa kaduriel 0Asg TG MINYEG CUCTNHATIK®OV
aBeBalotI®v KAt Tig apadAayeg toug.

10.1.6 TeAikd anoreAéopara

Ta aroteAéopata g sedumdwpévng pétpnong oe emninedo maptov @aivoviatl oto Ewk. 5.68- 5.76. H
OUYKP101] e TS dempnuikeég ipoBAeyelg akoAoubel 11§ TACEIS TIOU TAPATNPOUVIAL OTNV ITIOTOALITTIKY
pétpnon. Andadry, undpxet 20-40% xaundotepn oupnieptdapBavouévng Satopng, ve ta oxnpata
TV 51a(OPIKOV KATAVOH®V avaIriapdyovidl eUAoyad aro 0Ad ta PovVIEAd.

Ta arotedéopata g sebudopévng petpnong oe erminebo oopandiov @aivoviat oto Ewk. 5.77-
5.85. H ouykpion pe 1g Seopnuikég npoBAyelg akodoubel T TACEIS TIOU TAPATNPOUVIAL OV IIl-
otoAnmukr) pérpnon. Andadr), untdpyet 20-40% xaundotepn oupneptdapBavouévng datoung, evod ta
oXHpata 1@V 81apop1IKOV KATAVOP®V avarapdyovial eUAoyad ano oAd tda Poviédda.

102 7

To 1ot KOUudpK OAOKANPAOVEL TV TPity YeVid Koudpk oto Kabiepopévou poviédo (ZM) kat n akpiBng
YVOOn eV 1810t)tev 10U £ival Kpiown yla ) ouvoAlkn Katavonorn tg dewpiag. Ot petproelg g
dlatoung napaymyrg tou {EUyoug TOM-aviiton Koudpk (tt) emBeBaikvouv Tig mpoBAéyelg Tng KBavTiky
Xxpwpoduvapikng Sewpiag (X'A) kat €xouv ) duvatotnta va neplopicouv tig X'A mapap€rpoug, eve
TETO1EG PETPoEg elval guaioBnteg ot @uoky mépa anod to ZM. Emiong, n dadikacia napaywnyng
tt elvar éva kupiapxo uneBadpo M yia v avalitnon véav Qaivouévev QUOIKNG Kat ernopévag H
akp1B8g yvoor) eivatl anapaitntn yla véeg avakaAuyelg.

[ToAudp1Bpeg enexktdoelg tou Kabiepwpévou poviedou (EM) mpoBAériouv trv vrapgn adAnlert-
dpdoenv e KOUAPK TPING YeViAg, €181KkdA 1o Tom KoudpK. To oXeTKO vEo ompatidlo mou mepéyetat
oe autég g Yewpieg 9a propouvcs va napatnendsi wg cuviovionog Tou tt o melpdpata oto AH.
[Mapadeiypata 11010V OUVIOVIOU®OV glval £yxpopa povoxpopua prodovia turou Z (Z) oe extended
gauge dewpieg , colorons kat axigluons oe PoOvViEAd e EKTETAPEVOUG 10XUPOUG topeig aAAnAenidpa-
ong, Paputepa adéppra Higgs oe povieda pe exktetapévoug topeig Higgs kat dieyépoeig Kaluza-Klein
(KK) ykAouoviav , electroweak gauge bosons kat ykpaBitovia oe §1apopeg EMEKTACEI TOU HOVIEAOU
Randall-Sundrum (RS) . Autd ta poviéda npoBAénouv tnv Unapdn ouvioviop®wv kAipaxkag Te” pe
Slatopég mapaywyng pepikeov mgobapvg oe /s = 13 Te". e dAa autd ta napadeiypata, n napaywyn
ouvioviopou tt Sa prnopouoce va napatnpndei otov ekBtn g S1adopds andAutng taxvtntag petadu
TV 8U0 KopuPaimV TOTT KOUAPK, TNV KIVIIATIKA PetaBAnty X.
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H avdAuorn avty Bacidetal ota Kpirpla emAOyHG KAt TNV avaAuon Mou MEPLyPAPETAl OToO IPor-
youpevo repddao. Me Bdon ta mponyoupeva, oty avdAuorn auty Iou evilagépel yla autiyv v
avadninon sivat n petaBAnt x dijet . Emdéyoupe autr) ) petaBAntr) eneldn) ol KATAVOPESG TG OXE-
tidovtat pe 11g teA1KEG Kataotdoelg rmov rmapayovial péow aAAnAemdpdoenv X A eivatl oxetikd emninedeg
o€ OUYKP10I] € TI§ KAaTavopeg tov povieAov Beyond Standard Model (BSM) 1) tov véav oopatidiov,
oU ouvhBwg Kopupavovial oe XapniAég tipég x. H emdoyr auvtig tng petaBAnig, rnydadet ano to
yeyovég 61t ) pdada dijet Tou {euyoug tt urtodépet and aBeBaidtnteg tng Evepyelakng KAipakag, eve n
petaBAnt yoviakrng dijet x dev ennpeadetat.

H petaBAnty) vrodoyidetat pe ) pérpnon g dtadpopdg tov rapidities tov dUo tomt Koudpk oto

mAaiolo pndevikng opurng:
1
*

y = 5(91 —Ya) (10.5)

orou Y o eivat ot rapidities tou KUploU Kat Seutepetiovtog Tort KOuapk avtiototxa. H petaAnt)
X opiletal og:
— el

X = elvimv2l, (10.6)

10.2.1 ZIrpamyiki AvéAuong

[Tpoxeyévou va evioyxubel mepattép® n Urapdn tou oruatog Z eviog Tng MPOTEWVOUEVNG TIEPIOXAS
onpatog, epappootnkav Stapopetika ot ermAoyrg padag dijet yia kabe pada Z' avtiotoxa. Hapatn-
prioape ot oe XapnAotepeg PALES, N YOVIAKI] KATAVOUT TOU X £lval IO avIay®VIOTIKI] 08 OX€0T] 1€ TNV
dijet xatavopr) padag m ;. I'a va moootikorownBel n PéAtioty ermdoyr) padag dijet , urnoAoyidoupe
1 Significance ava Z' pada. Opidoupe wg Significance v akoAoubrn oxéon:

Signal

v/Bkg+Signal

Me Bdon v emmAoyn) Tou kKatdAAndou m ; ; cut mou kataAnyet os péyioto Significance,ermBaiAoviat
ot ieplopiopot dijet padag onwg @aivetrat otov [Mivaka 10.1:

Siginificance = (10.7)

Mass (GeV) | Width (1%) (GeV) | mj; Cut (GeV)
1200 12 1000
1400 14 1200
1600 16 1600
1800 18 1600
2000 20 1600
2500 25 2000
3000 30 2000
4000 40 2000
4500 45 2000

Mivakag 10.1: MetaBAnto m ;; cut yla oAeg TG pddeg tov Siadopnv Z.

10.2.2 AvdaAuon Euaieénoiag

Ze autv v evotnta, ekteAeital pla avaduon suawoBnoiag (Sensitivity Analysis ) poxkeipévou va
avixveubouv 51adopég oTo oxrua Petaiy TV Katavopav tt kat Z' o oxéon pe v petabAnt . Kat
ta U0 apyxeia mou areikovidovial oTig KATavopEg, IIPoEpXovIal aro cupBavia mou dnpoupyouviatl
arntd Movie KapAoo nipocopolndoetg.
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10.2.3 AnoreAéouara

Ze aut) wyv evotnta, rapéxovial ta ouvduaopéva arotedéopata. O afovag y avuripooerevst a
emineda eprmotooUvng yla v T ToU AOYOU NG HETPOUNEVNG S1aTopNG £vavtl TG MPOoBAETIOPEVNS
Tung rou rpoBAenietat amno 1o Kabiepopévo Ipoturo.

H 1¢6060g Asymptotic Limits emitpénet tov yprjyopo UIToAOy1opo Piag EKTIINONG T®V IIAPATnpo-
UHEVOV KAl AVAPEVOPEV®V 0pi®v, 1] ortoia €ival apKetd akpiBrg 0tav 1a OUVOAIKA yeyovota dev eival
TTOAU P1KPA KAl 01 ouoTnuatikeg aBeBaidinteg Sev mai{ouv onpaviiko podo oto anotédeopa. O unolo-
Y1010G ToU 0opiou Paciletal o€ Pla AOUPITIOTIKL [POCEYY10T T®V KATAVOU®V TG OTATIOTIKNG SOKING
LHC , n oroia Baoigetat otov urioAoyiopo 800 TPy p, p,,, P, KAl EMOPEVES CL, = (lp_“pb, orou C'L,
€lval 1 ACUPMIETIKY IIPOCEYYIOT TOV OPi®V UTTOAOY1oH0U.

Ma avtyv v avdduor, xpnowponoteitatl To otatotko epyadeio Combine [naparopri) £6w] mou
rapéxetat aro to CMS . Autd 1o mAaiolo rapéxel oto xprnotn ) duvatdtnta va tpéget pa avduon
0t AOUPITIEOTIKA Opta. To mpdypappa eKTUM@VEL TO OPLO OtV 10XV TOU ONatog P Iou opifetal wg
(ap1Opog oupBaviwv onpatog / apibpog avapevopevev ocupBaviov ofjpatog) .. I[lapatnpoupevo
opo: r < 1,6297,95%CL , 1o péoo avapevopevo opo Avapevopevo 50,0% : r < 2,3111 kat
axpa tou gupoug 68% kat 95% yia ta avapevopeva dpla. And mpoermAoyr), Ta dpla urodoyidovrat
Xpnoworowwvtag tn ouvtayr] CLs , n oroia maipvet tnv avaloyia tov TIHOV p KATO A1to trv umobeor)
onpatog ocupneplAapBavopévou tou unoBabpou kat povo cupneptiapBavopévou tou untoB8dbpou.

H avdAuon yivetat apxika Sexopilotd yia kabe étog. a kabe petaBodr) palag Z ocuvtibBetal pa
datacard . H datacard mepidapBavet oAeg 11g rAnpogopieg rmou xpetddetatl 1o epyaldeio Combine yia
v avaluor, onwg apxeio Sedopévav, apyeia onpatog, apxeia urnoBabpou kabwg Kal rapadAayeg
autov. e authv v avdduorn, 1o apxeio Signal avapépestat ota dedopéva Z, eve 1o tt, 0 QCD xat
10 Subdominant Bkg (Single top, tW+jets) opidovial g uniéBabpo. '‘Ocov agopd Tig mapadAayeg,
AapBavovratl undéyn povo ot tapaddayég tou tt kabog amotedouv 1o peyadutepo unoB8abpo os autdv
TOV (PAOIKO XWPO.

Ia kabe Swakupavon padag Z' n avdduon exktedeital pe PAon v €MAEYHEVI] AVIIOTOLXIOHUEVD
pada ou gpgavidetat oto 10.1. 'OAa ta anoteAéopata ouvdualovial o éva ypaenpa. Kabe ypapnpa
neplAapBavel ta apatnPOUPEVA KAl AVAPEVOPEVA AVATEPA 0Pld, CUNIEPIAAPBAVOPEVOV T®V OUoTn-
PATKOV TTapaiday®v.

[Tpokepévou va avaAubouv ta arotedéopata OAmv TV etov padi , eival anapaitnto va cuvdua-
otouv ot kapteg dedopévav (datacard ) toug oe pia eviaia. Auto yivetat AapBavoviag urroyn to apxeio
combineCards.py 1ou ermIpernetl 1ov ouvduaopo moddev datacards . Ot cuvbuaopéveg ypapikeg ma-
paotdoeig (Brazilian plots ) epgavidovrat oto ;;

10.3 Xupnepdouara

e auty) TV avaAuor mapouctdotKe fia avadftnon yia Vv apaynyr) fapéov cuvioviopov spin -1 1
spin -2 nou Saonioviat os tt wg tedikég Kataotdoelg. Ta dedopéva avtiotorouv ot patevotnta 137,1
b — 1 xat culAéyovrat pe tov aviyveuti CMS og OUYKPOUOELG MTPOTOVIOU-TIpOTOViou ot /s = 13 TeV
otov LHC .

H avaluon €xet oxedlaotei yia va €xel upndn suawobnoia oe pdadeg ouvtoviopou ave tou 1 TeV
, OIOU ta 1poidovia diaoriaong TeAKNG Kataotaong subuypappidoviatl Aoy 1oV PeydAov obrocwv
Lorentz tov tort Koudpk. Aev BpéOnkav yeyovota rmou deixvouv ouvioviopoug copatdiov pe pada
riou Sraonivtal ot tt. Ta dpla oto 95% “A opidovtal otn Satopr) Mapayeyng véev couatdiov spin
-1 nou Sraomevtat o tt pe oxetikd mAdtn Sidonacng mou sivat eite otevd eite peydda oe cUYKpPLON
€ TNV avaAuor) ToU aviXVveutH.

EmmA¢ov, tiBevial opla oty napayoyr copatdiov oe povieda avadpopdg nepa aro 1o Kabiepw-
pévo Ipoturo. Ta prodévia Z pe oxeuxd matm ['/M 1% g§aipovvtat yua evpn pdadag 1,0-4,0 TeV ,
avtiotolxa. Autr n avadninon mapouotadel opla ota prodovia Z' @g ouvAapTror) TOU OXETIKOU MTAATOUS
TOU OUVIOVIOPOU oto gUpog 10%.
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Appendix A

Top Tagger Efficiency

In this section we present the validation of the in-house developed top tagger for this analysis.
The top tagger is validated using the tag and probe method. To evaluate this methodology, we
further divide the phase space into sub-regions.

e Probe or SRp: Baseline selection + tigth Mass Cut (120, 220) GeV, no top-tagger selection

e Tight Region: Baseline selection + tigth Mass Cut (120, 220) GeV, tight top-tagger cut (0.8)

The top tagger has been developed for all years that are studied in this analysis. The calculated
values are presented for the UL files for all respective years (2016_preVFP, 2016_postVFP, 2017
and 2018).

We compute the efficiency as follows: We calculate the numerator, using jets that fulfill the
following requirements: [1 jet passing ALL SR requirements (+btagging) + Tight TopTagger Cut
(0.8)] & [1 jet passing ALL SR requirements (+btagging) with loose topTaggerCut (eg. >0.2 for
2016)] . The denominator is calculated as follows: [1 jet passing ALL SR requirements (+btagging)
+ Tight TopTagger Cut (0.8)] & [1 jet passing ALL SR requirements (+btagging)]. The equation of
the efficiency is the following:

Tight & SR (1 Jet pass Tight region + 1 Jet pass SR)

efficiency = =
Y = Tight & Probe (1 Tight + 1 Jet pass SRp)

(A.1)

In order to avoid any pp bias, we implement jet randomization. Also except from a inclusive
top-tagger efficiency Scale Factor, we calculate the efficiency of our top-tagger for each of the
divided pr regions to ensure that no p1 bias is imposed. Specifically:

e pr: [400, 600] GeV
e pr: [600, 800] GeV
e pp > 800 GeV

Moreover, to be aligned with typical JMAR tagging evaluation methodologies, we have also
devided the phase space into the pr regions:

e pp: [400, 500] GeV
e pp: [500, 600] GeV
e pp > 600 GeV

The Top Tagger Efficiency and SF results are provided in Figures A.9, A.11 and A.10, A.12
using JMAR proposed pr regions respectivelly.

For each defined analysis region, it is crucial that we estimate the QCD contribution. We extract
the QCD using a data-driven technique. For that reason, we perform a fit on the SoftDropMass in
both regions defined in the efficiency equation (Tight & SR, Tight & Probe). The shape of the QCD
distribution is estimated from the data distributions while inverting the b-tagging requirement as
performed in the analysis section. The number of the QCD events are calculated in each region
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from a fit performed on the SoftDropMass of the jet. To scale the tt signal obtained from simulation,
we calculate from the fit, the tt signal strength (r;; = J]:;"bsim;]. Finally, for the calculation of the

expecte

Signal distribution in each analysis region from data, we use the following equation:

Vregions : S(x) = D(z) — Ngcp X do(z) — B(x) (A.2)

where x=py "2, [y"12|, m" pt™, 4", S(z) is the signal, D(z) is the measured distribution in data in
each region, dy(x) is the QCD shape (taken from the data control region), B(x) is the subdominant
backgrounds’ contribution (both the shape and normalization are taken from simulation). The
Ngcp is the fitted number of QCD events in each region.

We have measured the fraction of events used in the cross section measurement that are
also used for the SF measurement to be of the order of 35% (due to phase-space differences and
randomization in the SF measurement). We consider that this fraction is reasonably small.

Table A.1: Top Tagger efficiency Values for 2016 preVFP.

Eff. Type Eff. Data (stat) Eff. tt (stat) Eff. tt (stat + systematic)
Inclusive 0.757 4+ 0.058 | 0.791 £ 0.009 0.791 4+ 0.01
prt [400, 600]GeV | 0.742 + 0.067 0.793 £+ 0.011 0.793 £+ 0.021
pr [600, 800]GeV | 0.774 + 0.134 0.79 + 0.016 0.79 4+ 0.025
pt > 800 GeV 0.824 4+ 0.198 0.777 £ 0.037 0.777 £ 0.047

Table A.2: Top Tagger efficiency Values for 2016 preVFP using JMAR proposed p| regions.

Eff. Type Eff. Data (stat) Eff. tt (stat) Eff. tt (stat + systematic)
Inclusive 0.757 4 0.058 0.791 £ 0.009 0.791 £ 0.01
pr [400, 500]GeV | 0.806 + 0.136 | 0.792 £ 0.021 0.792 £ 0.031
pr [500, 600]GeV 0.721 £+ 0.076 0.793 £+ 0.013 0.793 £ 0.022
pT > 600 GeV 0.785 + 0.114 0.787 = 0.014 0.787 £ 0.024

Table A.3: Top Tagger efficiency Values for 2016 postVFP.

Eff. Type Eff. Data (stat) Eff. tt (stat) Eff. tt (stat + systematic)
Inclusive 0.79 £ 0.052 0.786 + 0.008 0.786 £+ 0.011
pr [400, 600]GeV | 0.776 £ 0.061 0.79 £ 0.01 0.79 4+ 0.021
pr [600, 800]GeV 0.81 +£0.104 0.781 £+ 0.015 0.781 £ 0.024
pr > 800 GeV 0.861 + 0.259 0.77 + 0.035 0.77 4+ 0.046

In order to be sure that all statistical limitations are icluded in the p dependent Top Tagger
SF values, we are using the pr dependent error found in the Top Tagger SF values per pr region.
This is included only in the Data vs MC figures (A.1 - A.8), while we also provide the Top Tagger
pr inclusive values are provided in the following table.
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Table A.4: Top Tagger efficiency Values for 2016 postVFP using JMAR proposed pr regions.

Eff. Type Eff. Data (stat) Eff. tt (stat) Eff. tt (stat + systematic)
Inclusive 0.79 £+ 0.052 0.786 £ 0.008 0.786 = 0.011
pr [400, 500]GeV 0.782 £+ 0.1 0.773 = 0.018 0.773 £ 0.029
pr [600, 600]GeV | 0.774 + 0.076 0.8 £0.012 0.8 £+ 0.02
pr > 600 GeV 0.817 4 0.097 0.779 £ 0.013 0.779 £ 0.025

Table A.5: Top Tagger efficiency Values for 2017.

Eff. Type Eff. Data (stat) Eff. tt (stat) Eff. tt (stat + systematic)
Inclusive 0.814 4- 0.032 | 0.868 4 0.006 0.868 =+ 0.009
pr [400, 600]GeV 0.81 + 0.04 0.867 + 0.008 0.867 + 0.017
pr [600, 800]GeV | 0.827 4 0.063 | 0.871 + 0.012 0.871 + 0.021
pr > 800 GeV 0.793 + 0.132 | 0.869 + 0.029 0.869 =+ 0.037

Table A.6: Top Tagger efficiency Values for 2017 using JMAR proposed p regions.

Eff. Type Eff. Data (stat) Eff. tt (stat) Eff. tt (stat + systematic)
Inclusive 0.814 4+ 0.032 | 0.868 + 0.006 0.868 £+ 0.009
pr [400, 500]GeV | 0.808 £ 0.069 0.854 + 0.014 0.854 + 0.023
pr [500, 600]GeV 0.812 4 0.047 0.872 £ 0.009 0.872 £ 0.018
pT > 600 GeV 0.822 4 0.058 0.870 = 0.011 0.870 £ 0.019

Table A.7: Top Tagger efficiency Values for 2018.

Eff. Type Eff. Data (stat) Eff. tt (stat) Eff. tt (stat + systematic)
Inclusive 0.792 £+ 0.03 0.827 4+ 0.005 0.827 £ 0.008
pr [400, 600]GeV | 0.789 + 0.039 0.825 £ 0.006 0.825 £ 0.014
pr [600, 800]GeV | 0.805 4 0.051 0.833 + 0.01 0.833 £+ 0.02
pr > 800 GeV 0.752 4+ 0.104 0.822 + 0.024 0.822 + 0.037

Table A.8: Top Tagger efficiency Values for 2018 using JMAR proposed p1 regions.

Eff. Type Eff. Data (stat) Eff. tt (stat) Eff. tt (stat + systematic)
Inclusive 0.792 + 0.03 | 0.827 + 0.005 0.827 + 0.008
pr [400, 500]GeV | 0.739 4+ 0.074 | 0.811 + 0.011 0.811 £ 0.019
pr [500, 600]GeV | 0.807 4 0.045 | 0.832 + 0.007 0.832 + 0.018
pr > 600 GeV 0.797 4 0.046 | 0.832 + 0.009 0.832 + 0.021

Table A.9: Top Tagger SF Values for 2016 preVFP.

SF Type Value =+ error

Inclusive 0.957 £+ 0.074

pr [400, 600]GeV | 0.937 £ 0.085
pr [600, 800]GeV 0.981 £+ 0.17
pT > 800 GeV 1.06 4+ 0.26

SF Type Value = error
Inclusive 0.957 4+ 0.074

pr [400, 500]GeV 1.02 £ 0.173
pr [6500, 600]GeV 0.91 + 0.097
pt > 600 GeV 0.997 + 0.15
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Table A.11: Top Tagger SF Values for 2016 postVFP.

SF Type Value =+ error

Inclusive 1.01 £ 0.067

pr [400, 600]GeV | 0.983 £ 0.078

pr [600, 800]GeV 1.04 + 0.135

pr > 800 GeV 1.12 + 0.34

Table A.12: Top Tagger SF Values for 2016 postVFP using JMAR proposed p1 regions.

SF Type Value =+ error

Inclusive 1.01 £+ 0.067

pr [400, 500]GeV 1.01 £ 0.132

pr [600, 600]GeV | 0.971 £ 0.097

pr > 600 GeV 1.05 +0.13

Table A.13: Top Tagger SF Values for 2017.

SF Type Value =+ error

Inclusive 0.938 £+ 0.038

pr [400, 600]GeV | 0.935 4 0.046

pr [600, 800]GeV 0.95 + 0.059

pT > 800 GeV 0.912 £+ 0.155

Table A.14: Top Tagger SF Values for 2017 using JMAR proposed pr regions.

SF Type Value =+ error

Inclusive 0.938 + 0.038

pr [400, 500]GeV | 0.946 + 0.082

pr [500, 600]GeV | 0.931 + 0.055

pr > 600 GeV 0.945 4+ 0.068

Table A.15: Top Tagger SF Values for 2018.

SF Type Value =+ error

Inclusive 0.958 + 0.037

pr [400, 600]GeV | 0.956 + 0.048

pr [600, 800]GeV | 0.967 £ 0.062

pT > 800 GeV 0.914 £ 0.13

Table A.16: Top Tagger SF Values for 2018 using JMAR proposed p regions.

SF Type Value =+ error

Inclusive 0.958 £+ 0.037

pr [400, 500]GeV | 0.912 =+ 0.093

pr [600, 600]GeV | 0.971 + 0.055

pT > 600 GeV 0.959 + 0.056

Table A.17: Top Tagger SF Values for all years.

Inclusive SF Value *+ error

2016 preVFP 0.957 + 0.26

2016 postVFP 1.01 £ 0.3

2017 0.938 + 0.16

2018 0.958 + 0.13
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The following pictures (Fig: A.1 - A.8) show the distributions of the probe jet and the jets used
for the measurement in the related regions. The plots are normalized to the same area in order to
compare the distributions, while from the distributions it can be seen that the probed phase space
is very similar.
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Figure A.1: Distributions of the probe jet and the jets used for the measurement in the related
regions for 2016 preVFP using a random jet.

In the following figures, we present the Data vs MC plots with and without the top tagger SF
applied (Fig: A.13- A.21).
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Figure A.2: Distributions of the probe jet and the jets used for the measurement in the related
regions for 2016 preVFP using both jets.
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Figure A.3: Distributions of the probe jet and the jets used for the measurement in the related
regions for 2016 postVFP using a random jet.
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Figure A.4: Distributions of the probe jet and the jets used for the measurement in the related

regions for 2016 postVFP using both jets.
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Figure A.5: Distributions of the probe jet and the jets used for the measurement in the related
regions for 2017 using a random jet.
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Figure A.6: Distributions of the probe jet and the jets used for the measurement in the related
regions for 2017 using both jets.
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Figure A.7: Distributions of the probe jet and the jets used for the measurement in the related
regions for 2018 using a random jet.
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Figure A.8: Distributions of the probe jet and the jets used for the measurement in the related
regions for 2018 using both jets.
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Figure A.11: Extracted top tagger efficiency per year (2016 preVFP top left, 2016 postVFP top right,
2017 bottom left, 2018 bottom right) per pr region and inclusive with statistical and systematic
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Figure A.15: Leading jet rapidity distributions in the signal region for all years (left without Top
Tagger SF and right with Top Tagger SF applied. 2016 preVFP on 1st row, 2016 postVFP on 2nd
row, 2017 on 3rd row and 2018 on bottom row).
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Figure A.16: Second leading jet rapidity distributions in the signal region for all years (left without
Top Tagger SF and right with Top Tagger SF applied. 2016 preVFP on 1st row, 2016 postVFP on
2nd row, 2017 on 3rd row and 2018 on bottom row).
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Figure A.17: Dijet mass (mJJ) distributions in the signal region for all years (left without Top
Tagger SF and right with Top Tagger SF applied. 2016 preVFP on 1st row, 2016 postVFP on 2nd
row, 2017 on 3rd row and 2018 on bottom row).
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Figure A.18: Dijet rapidity (yJJ) distributions in the signal region for all years (left without Top
Tagger SF and right with Top Tagger SF applied. 2016 preVFP on 1st row, 2016 postVFP on 2nd
row, 2017 on 3rd row and 2018 on bottom row).
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Figure A.19: Dijet pr (ptJJ) distributions in the signal region for all years (left without Top Tagger
SF and right with Top Tagger SF applied. 2016 preVFP on 1st row, 2016 postVFP on 2nd row,
2017 on 3rd row and 2018 on bottom row).
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Figure A.20: Dijet chi () distributions in the signal region for all years (left without Top Tagger SF
and right with Top Tagger SF applied. 2016 preVFP on 1st row, 2016 postVFP on 2nd row, 2017
on 3rd row and 2018 on bottom row).
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Figure A.21: cos(#") distributions in the signal region for all years (left without Top Tagger SF and
right with Top Tagger SF applied. 2016 preVFP on 1st row, 2016 postVFP on 2nd row, 2017 on
3rd row and 2018 on bottom row).
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