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CHAPTER 1

Introduction

Particle physics is a science of fundamental particles. It studies the micro world at a scale
which is much much smaller than an atomic nuclei. Even though these particles are not
familiar in our daily life, understanding their interactions has a significant impact on our
universe. Particle physics is the study of the microscopic world and addresses topics for
example, how many types of fundamental particles and forces exist, how fundamental par-

ticles interact, and why matter has mass.

The Standard Model (SM) of particle physics is by now the best model to describe all the
elementary particles and fundamental forces. It was formulated in 1960s and 1970s based
on many observations of new particles. It is verified by many discoveries and precision
measurements, and predicted the existence of the Higgs boson which was later observed
in 2012. In the past decades, physicists built various particle colliders and detectors to
look for the unknown particles, to validate the complex theory models and to measure
the properties of existing known particles. The Large Hadron Collider (LHC) is the most
powerful particle accelerator in the world, located in Switzerland. The Compact Muon

Solenoid (CMS) is a multipurpose particle detector around LHC.

This dissertation focuses on the fundamental particle, the top quark (t) and its anti-particle.

It is the heaviest amongst quarks, and the most unstable. Investigations of the top quark
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properties give us an insight into the strong interactions and top decays lead us to verify
weak interactions. Since its discovery in 1995 [1], scientists have carried out many mea-
surement of its properties, including the cross sections of a variety of top quark production

processes, mass, couplings and decay branching ratios.

We discuss the Standard Model in Chapter 2, and give a overall introduction of different
types of particles and what we will see in the studies. Chapter 3, discusses the CMS ex-
periment. In this section we describe the structure of the detector and how the final state
particles are recognized. In chapter 4, we present the top quark mass and decay width
measurement. Chapter 5 shows a search for a rare process, four top quark production.

Appendix A, has a study on Delphes fast simulation validation.



CHAPTER 2

The Standard Model of Particle Physics

2.1. The Standard Model

2.1.1. History of Fundamental Particles

Elementary particle physics began with the the discovery of electron in 1897. Since then,
physicists gradually understood the nucleus and the structure of the atom. Around 1900, the
concept of photon came about, with the electromagnetic energy quantization. A quantized
electric field is an important step in the development of quantum theory. In this model, we
can say that a force is mediated by an exchange of particles or quanta of the field. In 1934,
Yukawa proposed the first critical theory for strong force to explain the origin that proton

and neutron are attracted to each other [2]. Yukawa theoretically predicted mesons.

In 1964, while physicists tried to classify all the discovered particles, Gell-Mann proposed
that hadrons are composed of elementary constituents, called quarks [3]. Initially, he pro-
posed three quark flavors, up, down and strange, which are distinguished by their charge
(Q) and strangeness (S). This is called quark model. In the same year, O.W.Greenberg
proposed that quarks carry colors. Naturally occurring particles are all colorless. In 1968,

Glashow, Weinberg and Salam predicted three intermediate vector bosons, W+ and Z. They
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were confirmed in experiments in CERN proton-antiproton collision in 1983.

All particles can be classified into two types according to their spin. Particles with half-
integer spin are fermions, such as leptons and quarks; particles with integer spin are bosons,

such as mesons and mediators.

2.1.2. The Standard Model Particles

There are four fundamental forces in nature: strong, weak, electromagnetic, and gravita-
tional. The physical theory that describes electromagnetic forces is electrodynamics, and
similarly, chromodynamics for strong forces, weak theory for weak forces. Einstein’s gen-

eral theory of relativity is the theory for gravity.

Since 1970s, physicists created the Standard Model (SM) of particle physics. It is a theory
that describes three of the four known fundamental forces in the universe, and classifies all

known elementary particles.

There are three types of elementary particles: leptons, quarks, and mediators. In total,
there are 12 leptons, including six leptons and six antileptons. Six leptons are classified
by their charge (Q), electron number (L.), muon number (L,) and tau number (L,) in
Table 1. They fall into three generations, e and v, as first generation, ; and v, in second
generation, 7 and v, in third generation. Typically, the stable and lightest particles are form
the first generation, and the heavier and unstable particles belong to the second or the third
generation. However, we do not have any measurements for neutrino mass by now. The
antileptons carry the opposite signs of their charge, electron number, muon number and tau

number.

There are six flavors of quarks, as shown in Table 2. Quarks are classified according to

charge (Q), strangeness (S), charm (C), beauty (B), truth (T). Also, they fall into three



Table 1: Leptons in SM.

I Q L. L, L,
e -1 1 0 0

v, 0 1 0 O
woo-1 0 1 0
v, 0 0 1 0
T -1 0 0 1
v. 0 0 0 1

generations, d and w« in first generation, s and ¢ in second generation, b and ¢ in the third
generation. The antiquarks carry the opposite signs. Quarks and antiquarks have three
colors, so in total, there are 36 different varieties.

Table 2: Quarks in SM.

q Q DUSTCTBT
d .13 -1 0 0 0 0 0
u 23 0 1 0 0 0 O
s 13 0 0 -1 0 0 0
c 23 0 0 0 1 0 0
b -1/3 0 0 0 0 -1 0
t 23 0 0 0 0 0 1

The photon is the mediator for the electromagnetic force, W and Z bosons are mediators
for the weak interaction. There are eight gluons as the mediators for strong force. A scalar
boson was brought into the Standard Model in order to resolve the mass of W and Z in
the Electroweak Symmetry Breaking mechanism [4]. The discovery of Higgs boson was

reported in 2012 by ATLAS and CMS collaborations with a mass of about 125 GeV [5, 6].

2.2. Elementary Particle Dynamics

2.2.1. Quantum Field Theory

Paul Dirac introduced the idea of second quantization in 1927, and this is considered to be

the start of quantum field theory (QFT). As an example, a simple problem is the quantized
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energy of harmonic oscillator. In this picture, the electromagnetic field is a system of
infinite harmonic oscillators. The definition of QFT is kind of complicated. It combines
classical field theory, quantum mechanics, and special relativity theory. QFT is a theory
to solve the problem of many relativistic particles. When the particle has a speed close to

light speed v/c ~ 1, the effect of Lorentz symmetry is maximized.

In field theory, we use Hamiltonian or Lagrangian densities to define a system. Although
in classical theory we find kinetic energy and potential energy, we use kinetic terms and
interactions in QFT. The kinetic terms have two factors, while interactions have three or
more factors. If the coefficients of interaction terms are small, we can do perturbation the-
ory. With given Lagrangian formulation and perturbation theory, we can derive Feynman
rules and diagrams. They are extremely useful ways to calculate physical results, for ex-
ample, determining the scattering amplitude and cross section of an interaction process.
In Feynman diagrams we will see infinite loops that result in divergent integrals. These
loops are common when calculating the matrix elements beyond the leading order in per-
turbation. Higher order loops are mathematically difficult to compute. However, theorists
are continuously improving techniques to compute the loops. In order to resolve this diffi-
culty, a regulating parameter is added into the integral to make it finite, and the regulator is

removed in the end. This process is called renormalization.

2.2.2. Quantum Electrodynamics

Quantum electrodynamics (QED) is the basic dynamical theory among all the theories for

fundamental forces. The other theories are built on it.

A QED process can be broken into a series of elementary process in Figure 1. An electron
enters, emits or absorbs a photon, then exits. The particle can be any lepton or a quark. This

particle cannot be a neutrino, because only charged particles experience an electromagnetic



Figure 1: QED fundamental vertex.

force.

In QFT, the lagrangian that describes photons interacting with electrons or positrons is in

the form .
L =(iy"D,, — m) — ZF“”F,W
) (2.1)
= —ZF“”FMV + iy O + ey P Ay — mapp.

Here e is the charge of electron in Heaviside-Lorentz units. In these units, the fine-structure
constant a = e?/4r = 1/137, and this is the coupling coefficient for QED. F*” is the
electromagnetic field, A, is the four-vector potential. D,, = 0, —ieA,, is the defined gauge

covariant derivative. " is Dirac gamma matrices, v = {7°, v, 7%, 73}

2.2.3. Quantum Chromodynamics

In quantum chromodynamics (QCD), the fundamental process is a vertex of interaction
between quarks and gluons, as in Figure 2. Just as in QED, color takes the position of
charge in QCD. However, there is only one kind of electric charge, while there are three
kinds of color charges (red, green and blue). Color is conserved in this ¢ — ¢ 4 g process.
The flavor on the quark holds, but the color may change. Gluons carry a positive unit of

color and a negative unit. In addition to the quark-gluon vertex, there are also gluon-gluon



q q

Figure 2: QCD fundamental vertex.

vertices.

Apart from color, a difference between QCD and QED is that the coupling constant a is

greater than 1, much bigger than QED coupling constant « at low momentum transfer case.

The lagrangian of QCD is given by [7]

_ 1 }
L= Z 77Z)q,a(l’yuau(sab - gsfyutachS - mq(sab)wq,b — ~FA R (2.2)

4"
q

4. are quark-field spinors for a quark of flavor ¢, color a and mass m,. Quarks come
in three colors, N, = 3. Ag are gluon fields, and C' runs from 1 to Nf - 1 = 8, which
means there are eight kinds of gluons. t$, correspond to eight 3 by 3 matrices and are the
generators of the SU(3) group. g, is the QCD coupling constant (a; = g). The field tensor
F/ﬁ, is given by

Fi = 0,A) — 9, A — g, fapc ABAS 03

[t4, 1] = i fapct®

where the f4pc are the structure constants of the SU(3) group.

In perturbative QCD, observable predictions are expressed in terms of a,(u%), the cou-

pling constant is a function of a re-normalization scale pgr [7]. The coupling follows a



(a) Neutral (b) Charged, leptons (c) Charged, quarks

Figure 3: Weak interaction fundamental vertices.
renormalization group equation

dovs
2 9% _ Blay) = —(boa? + bia® + beat + ) (2.4)
R

bo = (33 - 2ny)/(127) is the 1-loop B-function coefficient, 1 is the number of quark flavors.
Other coefficients can be found in this review article[7]. The minus sign in the equation
explains the phenomenon of asymptotic freedom, such that the strong force is weaker for

processes with larger energy transfer.

2.2.4. Weak Interaction and Electroweak Model

All leptons and quarks experience weak interactions. There are charged current weak inter-
action mediated by W bosons, and neutral current weak interactions mediated by Z boson.

Their fundamental processes can be described by diagrams in Figure 3.

The neutral current weak interaction is a process including leptons (or quarks) and a Z
boson, in Figure 3 (a). The charged current weak interaction is the only process in which
a particle’s flavor changes. As shown in Figure 3 (b), a negative lepton decays into a
neutrino and emits a W ~. This process connects lepton members of the same generation,

and it follows the conservation of electron number, muon number and tau number. A similar



process for quarks in Figure 3 (c). The quark flavor changed, but the outgoing quark carries

the same color.
There are other interactions between Ws and Z, and W couples to photon, too.

At high energies, the strength of weak interactions is measured by coupling constant ayyy =
gw /4m ~ 1/30, which means it is no longer weak. Glashow, Weinberg, Salam presented
a Electro-Weak theory in 1970s. Electromagnetism and weak force is unified under a

SU(2)xU(1) gauge group. The standard electro-weak lagrangian, breaking into two parts,
L= £symm + ﬁhiggs; (25)

L symm has interactions only between gauge bosons and fermions

1 - o
'Csymm - _ZW;VWZ#V - ZB/JJ/B#V + sz’yuDﬁﬂ/}L + 77Z)RZ’7#D;L¢R (26)

i=1, 2, 3, and here

B,, =0,B, — 8,B,
2.7)
Wi, =W, — 9,W;' — geapcWIWS

B, is the gauge field for U(1), and W,j‘ are three generators of SU(2). The generators of
SU(2) and U(1) are called weak isospin and hypercharge, respectively. €45 1s the group

structure constant for SU(2), which is the same as anti-symmetric Levi-Civita tensor.

Left-handed, right-handed fermion fields are

15
YL =0

(2.8)
- -1+
brp =2

vs5 1s another Dirac matrix. The standard model EW theory is a chiral theory, such that

v, and ©¥g behave differently under the gauge. Fermion masses will be brought in by
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symmetry breaking mechanism. The covariant derivatives are

ST ) . 1
D;ﬂ/)L,R = ((% + thL,RWu + (2% 5 L,RBM)@ZJL,R (29)

and here t"L’ r are the SU(2) generators and %YL, r are the U(1) generators in reducible

representations ¢y, r. The electric charge () is

1 1
Q:ti+§ L:t§+§YR, (2.10)

that means the Higgs and the electromagnetic field do not interact at tree level.

The physical mediators W, Z, and photon (A,, generators are defined as linear combina-

tions of the mentioned representations

wt :W1 FiW?
\/5 )
A, =cosbw B, + SinQWWff, (2.11)
Z, = — sintw B, + cos@WWj’.
Ow is called weak mixing angle.
The EW lagrangian related to Higgs field is given by
Lhiggs = (Du9)'(D"6) = V(9'¢) — 1l — YrI 1o (2.12)

¢ is a vector for all Higgs fields. I' is a matrix for coupling constants to make sure the

Yukawa couplings are invariant. V (¢'¢) is symmetric under SU(2)x U(1),

V(g'e) = —%;fwﬁ ¢+ iw* o). (2.13)
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Let the minimum of ¢, also called vacuum expectation value be v

(0]¢(x)[0) = v # 0. (2.14)

We can find the gauge-boson masses from the Ly, term (D, ¢)"(D*¢). Expand it as
i L
D¢ = (0, +igt'W, +ig §YL7RBH)¢ (2.15)
and then W+ mass is found by the quadratic terms
2 T —H AT 11— 1
my W W™ =g |%| W, W= (2.16)
For Z mass, use Equation 2.11,
l 2 nwo__ 3 o Z 2 “w
2mZZNZ = |(gcosOwt® — g'sinby, 5 wli*Z,zZ". (2.17)
Consider the condition that photon is massless, so

Qlv) = (£ + §)|v> = 0. (2.18)

For Higgs doublet, the field is in the form

¢" 0
¢ = U= , (2.19)
®o v
we can get
2,2
2 U
M =T
0 (2.20)
my =
2c0s20y,

The gauge bosons acquired masses from the Ly;,44s as the vacuum state is obtained with a
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non-vanishing ¢. This is the situation of spontaneous symmetry breaking, or referred as

Higgs Mechanism.
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CHAPTER 3

The Compact Muon Solenoid Experiment

3.1. Compact Muon Solenoid Experiment at CERN

The Large Hadron Collider (LHC) is the largest and most powerful particle accelerator in
the world. It accelerates proton beams in opposite directions, and the protons collide at
various locations around the LHC ring. The Compact Muon Solenoid (CMS) detector is

located at one of these sites.

A schematic map of LHC is in Figure 4. The LHC consists of a 27-kilometre ring of super-
conducting magnets and complicated accelerating structures. It is located at the European
Organization for Nuclear Research (CERN) accelerator complex, near Geneva, Switzer-
land. The proton beams inside LHC are accelerated and travel close to light speed. The
two beams travel in opposite direction in two separate pipes with high vacuum. The mag-
netic field guides them to move along a designed orientation. A low temperature of -271.3
°C is required to maintain the superconducting state of the electromagnets. Four large par-
ticle detectors are located around the LHC, and they are placed at the points where proton
beams collide. ATLAS and CMS are general purpose particle detectors. Two smaller ones,
A Large Ion Collider Experiment (ALICE) and LHCb (Large Hadron Collider beauty),

have more specific roles.
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Figure 4: LHC map [8]. CMS, ATLAS, ALICE and LHCb are particle detectors.

LHC is designed to understand physics up to a center-of-mass energy of 14 TeV. The num-
ber of events per second generated in the LHC collisions has the following relation with

event cross section o and machine luminosity:
Nevent = UeventL (31)

ATLAS and CMS proton-proton collision experiments which have an operational peak

luminosity of L ~ 10%* em 2571,

The CMS detector is a general-purpose particle detector. CMS measures particle collisions
from all directions at 40 million times per second. Most of the particles decay and then
transform to stable particles which can be detected by CMS. CMS collects the information
of their momenta, positions, and energies, and finally we can rebuild the image of the

collisions.

The CMS experiment had the first run (Run 1) between 2010 and 2012 when the proton-
proton collisions happened at center-of-mass energy of 7 TeV and 8 TeV. The discovery of
Higgs boson with a mass of around 125 GeV is a highlight of CMS results [6]. From year
2015 to 2018 (Run 2), LHC ran at a center-of-mass energy of 13 TeV.
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3.2. The CMS Detector

3.2.1. Introduction

CMS looks like a cylinder, and is 28.7 meters long with 15 meters in diameter. Its total

weight is 14000 tonne so it is quite compact. Looking from outside, the overall view of

CMS is as Figure 5.
CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

Overall diameter :15.0m Pixel (100x150 pm) ~1m?* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
A— _ Niobium titanium coil carrying ~18,000A

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

FORWARD CALORIMETER
4 Steel + Quartz fibres ~2,000 Channels

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

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

Figure 5: Sectional view of the CMS Detector [9].

CMS has one of the most powerful solenoid magnets ever built until now. The magnet
aims to bend charged particles when they fly out from the collision point. By bending
particles, one can find the charge and momentum of the particle. The solenoid magnet is
made by cylindrical coil of superconducting wires. The coil is cooled to -268.5 °C and it
can generate a magnetic field of about 4 Tesla [10]. The magnetic field is confined to the

inside of the detector by the steel return yoke which forms most part of the detector’s mass.
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Figure 6: Particle detection process in CMS [11].

CMS consists of several layers of detector material that measure the properties of various
types of particles. The path of a particle emerges from the collision through the detector
layers of CMS can be described in Figure 6. A particle first encounters the silicon tracker
which measures the position of charged particles. Charged particles create spiralling paths

in the CMS magnetic field, under Lorentz force ?,
F—quxB 3.2)

where ¢ is the particle’s charge, o s its velocity, § is magnetic field.

After the silicon tracker, the particle travels to two layers of calorimeters. Information
about the particles’ energies are collected by these two types of calorimeters in CMS. The
inner calorimeter, Electromagnetic Calorimeter (ECAL) measures the energy of electrons
and photons. The outer one, Hadron Calorimeter (HCAL) measures energy of hadrons,
namely particles made of quarks and gluons. Electrons, photons and jets (sprays of particles

produced by quarks) will then be absorbed by the calorimeters.

The only known particles that possibly pass the calorimeters are muons and weakly inter-
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Figure 7: Coordinate system used in CMS detector [12].

acting particles. Muons with high momentum have little interaction with calorimeters and
can reach the muon detector system. The paths of muons are measured also in muon cham-
ber detectors. They are built interspersed with the yoke of the solenoid to detect muons
and measure their momentum. While neutrinos, which are weakly interacting particles,
do not interact with tracker or calorimeters. Their momenta is then calculated from the

information of other detected particles.
The coordinate system used in CMS is shown in Figure 7.

The origin centered at the proton beam collision point. The x-axis points radially towards
the center of LHC. The y—axis points vertically upward. The z-axis points along the beam

direction.

The azimuthal angle ¢ is measured from the x-axis in the x-y plane. The radial coordinate
in this plane is denoted as r. The polar angle # is measured from the z-axis. Pseudorapidity
is defined as n = In tan(60/2). In later sections, we will talk about transverse momentum,
denoted by pr, respectively. It is computed from the x and y components of the momentum

p. When mass of a particle is close to zero, we can estimate the transverse energy Ep by

pr.
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Figure 8: CMS Tracker layers perpendicular to the beam [13].

3.2.2. Silicon Tracker

CMS first identifies the paths of particles by a silicon tracker. Figure 8 is a schematic of
tracker when looking at the travelling direction of the proton beam. The tracker is made of
about 75 million electronic sensors. A charged particle interacts electromagnetically with
the silicon when it flies trough the tracker layer, and then it creates a hit while ionization.
An array of hits from different layers of the tracker are associated with a charged particle
and then are to identify the charge and momentum of the particle. The measurement of the

tracks is accurate to 10 pum [13].

The tracker can reconstruct the paths of charged particles: muons, electrons and hadrons.

It also identifies tracks coming from the decay of very short-lived particles.

The tracker is the innermost layer of the CMS detector and it collects the largest amount of
particles. Therefore, the materials were chosen in order to avoid radiation damage. At the

end, the tracker is made entirely of silicon: the pixels, and the silicon micro-strip.
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The silicon pixel detector lies at the core of the detector, and it consists of 65 million pixels.
It includes cylindrical layers at 44, 73, and 102 mm to the beam pipe and disks at both ends.
Each layer contains segments of silicon sensors of 100 yum by 150 ym. At the end of year
2016, CMS pixel detector was upgraded, the new system, CMS Phase-1 pixel detector has
four layers, at radii of 29, 68, 109, and 160 mm [14].

When a charged particle passes through the pixel, the electrons in the silicon atoms are
ejected and electron-hole pairs are generated. An electric current is then created in the
pixel and a small electric signal is built. An electric silicon chip is attached to each pixel,

and it amplifies the signal.

The detector is made of 2D pixel structure, and it has a number of layers, so we can create

a three-dimensional picture.

After pixel layers going outwards, there are ten layers of silicon strip detectors. Figure 9
shows the structure of CMS tracker. The strip detector includes four inner barrel (TIB)
layers, two inner endcaps (TID), six outer barrel (TOB) layers and two endcaps (TEC).
This part of the tracker has 15200 sensitive modules, and each module has a set of sensors,

and the support structure and readout electronics.

A silicon strip detector works in the same way as pixel detector. When a charged particle
hits it, it creates an electric signal. On the microstrip, charges are amplified by an Ana-
log Pipeline Voltage chip. Such chips can monitor sensor temperature and provide time

information.

3.2.3. Electromagnetic Calorimeter

Electrons and photons are measured by Electromagnetic Calorimeter (ECAL). Special ma-

terials, lead tungstate crystals, are used in order to provide precise measurement in such a
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Figure 9: Schematic cross section through the CMS tracker. The beam goes along z-
direction [10]. The strip detector includes four inner barrel (TIB) layers, two inner endcaps
(TID), six outer barrel (TOB) layers and two endcaps (TEC).

high magnetic field, high radiation environment. This type of crystal produces light as a
measure of the particle’s energy. Photo detectors are attached on the back of the crystals,

and they can detect the scintillation light, produce an electrical signal and amplify it.

The ECAL consists of a cylindrical barrel section and two endcap sections. The barrel
section has 61200 crystals, which form 36 supermodules. Each endcap section has 7324
crystals. Figure 10 shows the structure of ECAL. There are Preshower detectors in front of

the endcaps which help the measurement of close photon pairs.

Lead tungstate (PbWO,) is a material that produces scintillation light in fast, small, well-
defined photon showers. It has high density (8.28 g/cm?), short radiation length (0.89 cm)
which results in a fine granularity and a compact calorimeter. For PbWW O, crystal, the yield
of light depends strongly on its temperature, and the heat from nearby electronic units will
cause a problem. A cooling system is built so that the temperature of crystals remains stable

within 0.1 °C.

The CMS Preshower detector is built to help identify neutral pions in the endcaps. Neutral
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Figure 10: Layout of the CMS electromagnetic calorimeter [10]. Modules and Supermod-
ules are assembled groups of crystals.

pions can decay into closely spaced photon pairs, and they form a small angle in the endcap
region which may cause a false signal of a one energetic photon. The Preshower with a
thickness of 20 cm is made of two layers, one of lead radiators creating electromagnetic
showers from incoming photons or electrons and the other, silicon strip sensors to measure

the deposited energy.

3.2.4. Hadron Calorimeter

The Hadron Calorimeter, also called HCAL, aims to measure the energy of hadrons. Hadrons
are particles made of quarks and gluons. HCAL works as a sampling calorimeter. When
particles passes through, its materials produce a light pulse, then photodetectors amplify
the signal. The light over a regional area is summed up and the particle’s position, time and

energy information can be found.

HCAL material is massive, and in order to fit it into CMS, it is distributed into four sections:

barrel (HB), outer (HO), endcap (HE) and forward (HF) sections. The layout is shown in
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Figure 11: Longitudinal view of the CMS detector, highlighting hadron calorimeter [10]:
barrel (HB), outer (HO), endcap (HE) and forward (HF) sections.

Figure 11. HB is in the radial region from the outer layer of ECAL to the inner layer of
magnet coild, corresponding to 1.77m < R < 2.95m. HO calorimeter is placed outside

the solenoid. HF covers the region 3 < |n| < 5.2.

The HB and HE sampling calorimeters are made of light absorber and plastic scintillator
alternating layers. A hadronic particle hits the absorber, and this interaction produces sec-
ondary particles. The secondary particles successively interact with other layers of absorber
and produce a shower of particles. This shower passes the active scintillation material and
cause them to emit light. The optical fibers absorb the light and carry the light into read-
out boxes. The optical signal goes through megatile layers before arrives at readout box.
Megatile layers are made such that each tile receives the same number of particles. There-
fore, the optical tower covers the path of the particle and can be a measure of the particle’s

energy.

23



n 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
6° 843> 78.6° 73.1° 67.7° 625° 57.5° 52.8° 48.4° 44.3° 40.4° 36.8° n o

R (m)

| Solenoid magnet |

tracker

Figure 12: CMS quarter-view, highlighting the muon system. The drift tube stations (DTs)
are labeled as MB (namely Muon Barrel) and the cathode strip chambers (CSCs) are labeled
as ME (namely Muon Endcap). Resistive plate chambers (RPCs) are mounted in both the
barrel and endcaps of CMS, where they are labeled RB and RE [15].

3.2.5. Muon System

The CMS is most powerful in the measurement of muons compared with other existing
particle detectors. Muons are not stopped by the ECAL and HCAL and reach the outermost
part in CMS. A muon hits the muon detectors, and its trajectory and momentum can be
measured from the curve of hits, combined with the information from the silicon tracker.
There are 1400 muon chambers in total, consisting 250 drift tubes (DTs), 540 cathode
strip chambers (CSCs) and 610 resistive plate chambers (RPCs). DTs and CSCs track the
particles’ positions and provide a trigger, and PRCs serves as a second trigger to decide

whether to keep the data. Figure 12 shows the structure of muon system.

The drift tubes are located in the barrel part of CMS. A drift tube is a wire like tube con-
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Figure 13: CMS Cathode strip chambers (CSCs) layout.

taining gas. A particle ejects electrons off the gas atoms when passing the gas volume. By

collecting the positions of the wire electrons, DT can find the position of the particle.

The cathode strip chamber are located in the endcap, and it consists of positively-charged
wires crossed and negatively-charged copper strips. Electrons ejected off the gas atoms
create an avalanche in wires, and positive ions move to the copper strips, which induce
a charge pulse. The strips and wires are perpendicular so we can get two-dimensional

position of a passing particle. Figure 13 is a layout of the CSC [10].

Resistive plate chambers are gaseous detectors to provide a muon trigger system. They are
mounted in the barrel and endcap as shown in Figure 12. RPCs have two parallel plates,
a positively-charged anode and a negatively-charged cathode. When a particle passes the
gas material, electrons will be knocked off and then an avalanche is created. The electronic
signal is collected by external metallic strips. The pattern of hits on strips gives a measure

of the particle’s momentum.
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Figure 14: CMS L1 trigger system schematics.

3.3. Trigger System

The LHC provides proton-proton collisions at a very high rate with a beam crossing fre-
quency of 40 MHz. It is impossible to store and process such a large amount of collision
data. Therefore, a trigger system is designed to select only the data that are useful to dis-
cover new physics. The trigger system reduces the event rate in two steps, Level-1 (L1)

Trigger and High-Level Trigger (HLT).

The structure of L1 Trigger is shown in Figure 14, and it consists of electronic units in
calorimeters and muon detectors. After L1 Trigger, the output event rate is 100 kHz.
L1 Trigger analyzes each crossing within 4 us [16]. L1 Trigger has local components
called Trigger Primitive Generators (TPGs). TPGs collect information of energy deposits
in calorimeter trigger tower, track segments or muon chamber hits. Then, the Regional
Calorimeter Trigger determines object candidates, like electron or photon, and transverse
energy in each calorimeter region. The Global Calorimeter Trigger determines jets, the
total transverse energy, the missing transverse energy, and other information about jets.

Details about jets will be discussed in later section.
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As we discussed in Section 3.2.5, drift tubes (DTs), cathode strip chambers (CSCs) and
resistive plate chambers (RPCs) all have the function of a trigger. The local triggers in
DTs provide track segments or hit patterns. The CSCs provide track segments. Regional
muon trigger is made of DT and CSC Track Finders, which can build complete tracks. RPC
triggers create their track candidates from the regional hit patterns. All the different local
triggers can also record the bunch crossing point of the collision. Finally, the Global Muon
Trigger combines information from the sub-detectors, and get better momentum resolution

and efficiency.

HLT is a software system. HLT consists of a processor farm called event filter farm. It
first builds each event from fragments of different parts of the detector. The builder units
send assembled events to filter units, and a filter unit unpacks the data and performs trigger
filtering. HLT processes data in various HLT path. A path is a set of algorithms that
reconstruct physics objects and make selections. The HLT selects less than 1000 events per

second. After HLT, the accepted events are sent to a storage process software.

3.4. Physics Object Reconstruction

3.4.1. Particle Flow Elements

The structure of the CMS detector has different advantages for measuring different objects
in each detector layer, which gives us capability to reconstruct physics object based on sig-
nals in a given detector layer. For example, we can build jets, which consist of hadrons
and photons, from the energy measured by calorimeters. We can build electrons and pho-
tons through ECAL information, and build muon primarily from information collected in
muon detectors. However, reconstruction performance can be improved significantly by
correlating all the basic elements in various detector layers. This approach is called Parti-

cle Flow (PF) reconstruction [17]. With that said, the object reconstruction has two main
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steps: detector reconstruction and combined reconstruction.

Detector reconstructions build particle flow elements: tracks from tracker and calorimeter
clusters from both ECAL and HCAL. Tracking aims to measure momentum of energetic
particles, and tracks are reconstructed based on Kalman Filtering (KF) [18]. The algorithm
finds a few hits as initial seeds, builds a trajectory, then does a fitting to a curve and to obtain
the origin, transverse momentum, and direction of a charged particle. The calorimeter
clustering is processed in ECAL barrel, ECAL endcap, HCAL barrel, HCAL endcap and
pre-shower layers separately. Cluster seed cells are selected if the energy is greater than a
threshold and if they are cells with highest energy in the local area. Topological cluster is

constructed by combining seed cells if they have a corner in common.

Muons can be classified as three types depending on how they are reconstructed. If a muon
is determined by DT, CSC, and RPC hits, it is called a “standalone muon”. If a standalone-
muon track is spatially matched to a track in the inner tracker, it is a “global muon”. If there
is an inner track with pr > 0.5 GeV, total momentum p > 2.5 GeV, after an extrapolation to
muon system, it matches at least one muon segment, it is called a “tracker muon”. Global-
muon reconstruction have better efficiency for muon with higher momentum that reaches
more than one muon detector layers. While for muons of pr less than 10 GeV, the tracker
muon reconstruction works better [19]. Charged hadrons may reach the muon detector
and are reconstructed as muons. The PF algorithm can improve the muon identification
performance by combining energy deposits in HCAL, ECAL, and outer hadron calorimeter

(HO) as well as tracks.

3.4.2. Particle Flow Algorithm

PF algorithm is used to reconstruct the following particles: muon, electron, photon and

hadrons. At first, a link algorithm is deployed in order to connect the elements in different
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detector layers that may come from the same particle. The link algorithm tries to connect a

pair of elements depending on the distance in (7, ¢) plane as well as their nature [17].

Since electrons often emit photons due to the material in tracker, and photons convert to
electrons, electron and photon reconstructions face similar difficulties. Isolated photon
is reconstructed together with electron by combining information from inner tracker and
calorimeters. For ECAL-based electron candidates (which uses ECAL seeds) and for pho-
ton candidates, it is required that the sum of the energies in the HCAL cells with a distance
AR < 0.15 to the supercluster position cannot exceed 10% of the supercluster energy.
Supercluster is a group of ECAL clusters in a 7, ¢ window. Electron candidates are then
selected by an identification process based on boosted-decision-tree (BDT) classification.
The ECAL superclusters suffer from overlapping deposits from other particles, so the ef-
ficiency is limited by strict isolation. Electrons in jets or low pr electrons might not be
reconstructed. A tracker-based method is developed for electrons, too. A photons is kept if
it is isolated from tracks and calorimeter clusters and if the ECAL energy pattern matches

the photon shower.

PF algorithm implements a series of selections for muon identification. Global muons
are considered as “isolated” by verifying additional inner tracks and calorimeter energy
deposits which have a distance AR < 0.3 to the muon direction. Non-isolated global
muons need to pass a tight selection [19]. If a muon has pr < 200 GeV, its momentum is
determined that of the inner track. Otherwise, its momentum is chosen to be the best fit by

x? among different track fits.

After the muons, electrons and isolated photons are removed, the remaining elements are

identified as hadrons which are from jet hadronization and fragmentation.
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3.4.3. Jets and Missing Transverse Momentum

The particles reconstructed from PF algorithm are used to build jets, and missing transverse
momentum p{’ﬁ“s. CMS uses anti-k7 algorithm (AK) to reconstruct jets [20]. If it clusters
all PF particles, we call them PF jets. If it only clusters the sum of the ECAL and HCAL
energies deposits, we call them Calo jets. The anti-k; algorithm iteratively finds two par-
ticles in the event which are closest in some distance measure R and combines them into

one jets. The AK4 jet algorithm uses a distance parameter R = 0.4.

There are particles that do not interact with detector material like neutrinos. They can be
measured by computing the missing transverse momentum p’***, the inverse vector sum of

momenta of all PF particles in the event,

Nparticles

Pigh=—>_ Pri- (3.3)
=1
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CHAPTER 4

Top Mass and Decay Width Measurement

in Di-lepton Final States

4.1. The Top Quark

The top quark has a charge of + 2/3. It is the heaviest among all types of quarks, and also
heavier than a W boson. Top quark decays predominantly semi-weakly into a W boson
and a b quark. It has a short lifetime of ~ 1072° s and it decays before hadronization.
The top quark Yukawa coupling strength is close to 1, which is due to the large value of
measured m,. Therefore, study of top quark is a test to the Standard Model, and it helps us

to constrain many beyond standard model theories.

In hadron collisions, the dominant process for production of top quarks is to top anti-
top (¢t ) pairs. At the Tevatron accelerator, where proton-proton beams collide at center
of mass energy of 1.96 TeV, about 85% of the top quarks are produced in quark anti-
quark annihilation. While at the LHC, when proton-proton collisions occur at 7 TeV, about
80% of tt production arises from gluon-gluon fusion [21] as in Figure 15. The LHC has

+6.1+11.5
9—8 6

measured the cross section of top quark pair production to be o;; = 252. 1= pb at

V5 =8TeV, and oy = 831.873551351 pb at \/s = 13 TeV [22] assuming a top quark mass
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of 172.5 GeV. Single top quark production is an electroweak mechanism: two processes
q§ — tband gb — ¢'t are mediated by virtual s-channel and t-channel W bosons, while
the process bg — W t, top is produced accompanied by a W boson.

g t

g t

Figure 15: Top antitop production via gluon-gluon fusion diagram.

The decay of top quark is dominated by the process ¢ — Wb. The decay width predicted
at NLO is [23]

3 2\ 2 2 2
rt:—GFmt (1—MV2V) (1+2MV2V) [1—% (ﬁ_?)] 4.1
812 mg ms 3m 3 2

which yields ['(=1.35 GeV for m=173.3 GeV, using ag= 0.118 . For m;=172.5 GeV, the

equation predictsI'y~ 1.33 GeV.

Top quark decays can be divided into three final states distinguished by the number of lep-
tons:

" _mny

all-hadronic: t — WHbIW=b— q3bg ¢ b (45.7%);

lepton+jets: t — WHbW b — q7 b0~ 7,0+ (+tubg G b (43.8%);

dilepton: t — WFbW b — (*ubl ~1yb (10.5%).

We will encounter these final states often in particle physics. As the quarks evolve through
strong interactions into “‘jets” in the detection or reconstruction stage, the all-hadronic chan-

nel is also known as all-jets channel. The branching fraction of these states is stated in the

parentheses.
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4.2. Introduction to Top Mass and Width Mea-

surement

This chapter provides a measurement of top quark mass and decay width. We use the ¢t di-
lepton final state from the proton-proton collision data at center-of-mass energy /s = 13
TeV. The data were taken during CMS Run 2 in 2016. The method for the measurement is

based on comparing data to expected simulation through a likelihood method.

To measure my, the idea is to either reconstruct the top quark mass or have a variable
which tracks the mass of the top quark. The top quark mass has been studied extensively
in the past, in lepton+ jets, dilepton or all jets channels in Tevatron and LHC experiments.
The most precise result was produced in the lepton plus jets channel, as there is only one
neutrino in this final state and we have large data statistics available. In this final state
the neutrino momentum can be solved by the known W mass constraint. The common
technique used for measuring m; is called “template method” [24]. The template method
compares simulated data at a variety of top quark mass to extract top quark mass from
the data. As this method is most sensitive to jets, a strategy has been developed to deal
with the systematic uncertainty of jet energy scale which makes use of lepton plus jets
channel, where jet energy can be controlled by a fit to W — jj. CMS most recent result
with such technique using /s = 13 TeV data gets my; = 172.26 + 0.07(stat. + JSF) £
0.61(syst.) [25]. JSF represents the uncertainty from jet energy scale. In dilepton channel,
the challenge is how to reconstruct the two neutrinos in the final state. To date, the most
precise measurement in this channel uses the variable m(¢b) which is the invariant mass of
lepton b-jet system. A previous CMS study [26] obtained a mass and JSF measurement by
simultaneously fitting m(¢b) and a transverse-mass-like variable My built from b and b
daughters of the ¢t system [27]. This analysis determined a total uncertainty of 0.54%. In

the all-jets channel, we face the problem that the QCD multijets events in the background

33



harm the data and simulation agreement. Background modeling and reducing irrelevant
events are the major complication. CMS paper [25] used an ideogram method, with a
simultaneous fit on m; and JSF. ATLAS did a template fit to the ratio of tri-jet mass and
di-jet mass, where tri-jet mass represents a top quark and di-jet mass represents a W boson

system [28].

The methods to measure the decay width of a fundamental particle can be classified into
two types, direct measurement or indirect measurement. Direct measurements make use of
the reconstructed top quark mass distribution or the shape of lepton b-jet combined mass.
The result presented [29] from ATLAS collaboration yields I'; = 1.76 + 0.33 073 GeV,
assuming m; = 172.5 GeV. A recent measurement, which is also the most precise to date,
is a result from ATLAS with 139 fb~lof data at /s = 13 TeV [30]. It uses a template fit
to the lepton b-quark invariant mass in dilepton final states. The resultis ['y = (1.9 4 0.5)
GeV. Indirect measurements take the result of the single top t-channel cross section and
combines it with the branching fraction B(t — Wb)/B(t — Wq) to measure [';. CMS
used this measure to determine Ty = 1.36 & 0.02(stat.)t11(syst.) GeV with data at \/5 = 8

TeV [31].

This analysis is a direct measurement of top quark decay width I';. The observable m(¢b),
mass of lepton b-jet pairs, is reconstructed from the final state products of the top quark
decay. We take two leptons and do not use the missing transverse energy or large num-
ber of jets in order to avoid the problem of poor resolution in reconstruction and higher
uncertainties. The Monte Carlo (MC) simulation samples consider only the leading order
(LO) of the top quark decay. In this case, the shape of the top mass distribution follow
a relativistic Breit-Wigner distribution. Since the matched parton shower calculations are
not available, the LO predictions would restrict our measurement to those kinematics for

which the next-to-leading-order effects are minimal.
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4.3. Data and Simulation Samples

The data and simulation samples for analysis are produced by the official CMS software,

CMSSW_9.4_11.

The data of 2016 have a total integrated luminosity of 35.9 & 2.5fb~!. Table 3 shows all

the data used in this analysis.

Table 3: Data samples used in this analysis.
PD = SingleMuon, SingleElectron, DoubleMuon, DoubleEG or MuonEG.

Data
/PD/Run2016B-17Jul2018_ver2-v1/MINIAOD
/PD/Run2016C-17Jul2018-v1/MINIAOD
/PD/Run2016D-17Jul2018-v1/MINIAOD
/PD/Run2016E-17Jul2018-v1/MINIAOD
/PD/Run2016F-17Jul2018-v1/MINIAOD
/PD/Run2016G-17Jul2018-v1/MINIAOD
/PD/Run2016H-17Jul2018-v1/MINIAOD

In the early stages of the analysis, we used the MC inclusive ¢t samples produced by CMS
official production, but we found the limited statistics raised some difficulties and limi-
tations. We proceed to generate private high statistics ¢ samples, designed to decay to
di-lepton final states. Private samples are generated by us for this analysis and are not pro-
duced by the CMS official MC production campaign. They follow the same configuration
as the official CMS MC production. In the ¢ simulation, it is assumed that m; = 172.5

GeV, and I'; = 1.31 GeV, which is considered as “nominal” scenario in this analysis.

There are many other Standard Model processes that produce similar dilepton final states,
namely Drell-Yan (DY), di-boson (WW,WZ,Z7) and single top process tW channel. These
processes all produce two leptons and two jets in the final state, from the leptonic decay
of W bosons. They are treated as background events in this analysis. The simulation
samples are summarized in Table 4. We have additional MC samples for some alterna-

tive ¢t , single top processes which are used for systematic uncertainty estimation, and
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they are listed in Table 5. All simulation samples are from RunlISummer16MiniAODv3-

PUMoriond17_94X_mcRun2_asymptotic_v3 production.

Table 4: MC simulation samples, samples marked with T have been privately produced.

Process Dataset Generator o [pb]

Signal
MC13TeV_2016_tt21_0p90T

tt MC13TeV_2016_tt21_1p317 powheg-pythia8 87.5
MC13TeV_2016_tt21_1p90T

Background

\\'V4 WZ pythia8 27.6

WW WW pythia8 75.8

77 77 pythia8 12.1

W-jets WletsToLNu madgraphMLM-pythia8 61527

W ST_tW _antitop_5f_NoFullyHadronicDecays powheg 19.5
ST_tW _top_5f NoFullyHadronicDecays powheg 19.5
DYlJetsToLL_M-10to50 amcatnloFXFX-pythia8 18610
DYToLL_0J amcatnloFXFX-pythia8 4757

Drell-Yan - 1o ror 1y amcatnloFXFX-pythia8 ~ 859.6
DYToLL_2J amcatnloFXFX-pythia8  340.5

Table 5: Simulation samples used for systematics.
Systematic uncertainty Dataset Generator

TT_TuneCUETP8M2T4up

Underlying event TT_TuneCUETPSM2T4down

powheg-pythia8
powheg-pythia8

. TT_hdampUP powheg-pythia8

R t hd
esummation (hdamp) TT_hdampDOWN powheg-pythia8
TT_TuneCUETP8M2T4 _erdON powheg-pythia8
color reconnection TT_TuneCUETP8M2T4_QCDbasedCRTune_erdON powheg-pythia8

TT_TuneCUETP8M2T4_GluonMoveCRTune

powheg-pythia8

TT_TuneCUETP8M2T4_mtop1695
TT_TuneCUETP8M2T4_mtopl715
TT_TuneCUETP8M2T4 _mtop1735
TT_TuneCUETP8M2T4_mtop1755

ST_tW _top_Sf_mtop1695_NoFullyHadronicDecays
ST_tW _antitop_5f_mtop1695_NoFullyHadronicDecays
ST_tW_top_Sf_mtop1755_NoFullyHadronicDecays
ST_tW_antitop_5f_mtop1755 _NoFullyHadronicDecays

Top mass

powheg-pythia8
powheg-pythia8
powheg-pythia8
powheg-pythia8
powheg-pythia8
powheg-pythia8
powheg-pythia8
powheg-pythia8

ST_tW_top_5f_DS_NoFullyHadronicDecays

tW/tt interf
fnterterence ST_tW_antitop_5f_DS_NoFullyHadronicDecays

powheg-pythia8
powheg-pythia8
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4.4. MC Corrections

Many corrections to MC samples are applied in order to better match the data taken from

the detector.

Pileup re-weighting Pileup are minimum-bias interactions to include the effects which are
not from collision of the primary vertices. We re-weighted the number of pileup in genera-
tor level to match the estimation in data, with a minimum-bias of 69.2 mb[32]. Also, a 5%
uncertainty for minimum-bias cross section is considered. Figure 16 shows the number of
primary vertices and the mean energy density reconstructed in the data and MC simulation

events after MC corrections.
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Figure 16: Distributions of the number of primary vertices (top) and p (bottom) in the ee
(left), pp (center) and ey (right) channels. The uncertainties are of statistical nature.

Trigger efficiency A scale factor to account for the difference in data and MC trigger
efficiencies is applied as a function of pr and 7. The scale factors are derived in a CMS

study [33].
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Lepton efficiencies Corrections to account for the difference in data and MC efficiencies
for lepton tracking, reconstruction, identification and isolation are applied as a pr, 1 de-

pendent factor. Extra corrections are applied for lepton resolution and scale.

Jet energy scale and resolution We applied jet energy scale correction
Summer16_07Aug2017_V11 following the recommendation [34]. Jet energy resolution is

corrected by a pr, 1 dependent factor, as the process described [35].

b-tagging efficiency A pr-dependent data-to-MC scale factor is applied to correct the per-
formance of the b-tagging algorithm in MC to match that of data. The method creates an
event-weight based on the expected flavor composition and the scale factors are derived

from a muon enriched QCD sample [36].

Generator level weights We want to normalize the simulation process to the effective

integrated luminosity. To calculate the number of events expected for a process is

Nsel Nge“

Nzﬁ-a-Zwi/Zwi 4.2)
i=1

=1

where L is the integrated luminosity, o is a theory prediction for cross section and w; are

the per-event generator level weights.

L1 prefire efficiency In 2016 data-taking era we found the L1 trigger has an inefficiency
for events in the endcap region. This effect would lead to a shift of the ECAL L1 trigger

timing. An additional weight based on the jet kinematics is applied [37].

MC-to-MC corrections This correction is a consideration for MC samples dedicated for
systematic uncertainty processes. The above mentioned b-tagging efficiency and jet en-
ergy scale factors are designed for our nominal ¢ samples listed in Table 4 and it has a
particular underlying events (UE) tune, TuneCUETP8M2T4. These systematic ¢ samples

have rather different UE settings, which are shown in Table 5. So we need to apply such
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MC-to-MC corrections so that the b-tagging efficiency and jet energy scale factor match

the corresponding configurations.

4.5. Event Selection

To select events for the final analysis, we require at least two leptons, where lepton can be

either muon or electron, two jets, and request that at least one of them is b-tagged jet.

A set of dilepton and single lepton triggers is applied as the first selection, shown in Table
6. If an event is found in both the single lepton and double lepton datasets, it is only
counted once. For example, ee events are extracted from double electron and single electron
datasets. When an event is found from the SingleElectron dataset, it should not have been

triggered by a double electron trigger.

Table 6: HLT triggers. The last column reports the dataset where the triggers are considered
to be valid.

Final state Triggers used PD

g HLT Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_v DoubleMuon
HLT Mul7_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ_v

p+X HLT IsoMu24_v or HLT IsoTkMu24_v SingleMuon

HLT Mu23_TrkIsoVVL_Ele12_CaloldL_TrackIdL IsoVL_v (except 2016H)
HLT Mu23 _TrkIsoVVL_Elel12 _CaloldL _TrackIdL IsoVL_DZ v
HLT Mu8 TrkIsoVVL Ele23 CaloldL TrackIdL IsoVL_v (except 2016H)

SH HLT Mu8_TrkIsoVVL_Ele23_CaloldL TrackIdL IsoVL DZ v MuonEG
HLT Mul2 TrkIsoVVL_Ele23 _CaloldL_TrackIdL IsoVL_v (run>278273)
HLT Mul2 TrklsoVVL_Ele23 _CaloldL_TrackIdL IsoVL_DZ_v (run>278273)
ee HLT _Ele23_Elel2_CaloldL_TrackIdL _IsoVL_DZ_v DoubleEG
e+X HLT Ele32_eta2pl _WPTight Gsf_v SingleElectron

The offline selections are described as follows.

We select tight electrons or muons, and their pr> 20 GeV, |n| < 2.5. Electrons recon-
structed in the ECAL barrel to endcap region are not considered. Two leptons need to be
with opposite charges. The pair of leptons with highest prsum is considered to be the can-

didates from a ¢t decay. We require that the leading lepton has a pr > 30 GeV and the

mass of the lepton pair m(¢,¢') > 20 GeV.
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Tight, medium, and loose are the commonly used identification quality levels (ID) for
leptons. There are different algorithms to define an ID, like MVA based ID, cut based
ID [38]. Tight working point(s) has lower signal efficiency, and loose working point has
higher signal efficiency. Figure 17 shows an example of muon ID efficiencies using 2015

data [39]. Efficiencies are determined by a tag-and-probe method described in the paper.
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Figure 17: Muon reconstruction and identification efficiencies for loose (left) and tight

(right).

Plots are from a dedicated muon reconstruction study [39].

In this analysis, we use AK4 CHS jets with pr > 30 GeV and |n| < 2.4. The distance
between jet and selected lepton meets the criterion that AR(¢, jet) > 0.4. DeepCSV
algorithm [40] medium working point, of 1% fake rate, is used for b-tagging. Figure 18
shows the expected b-tagging efficiency in ¢t events, and the b-tagging efficiency is around

80%. We keep the event if it has at least two jets and at least one of them is a b-tagged jet.

Here we show some control distributions after the event selection procedure. Figure 19
are kinematics of leptons, and Figure 20 shows the selected di-lepton kinematics. The
uncertainty shown in the figures does not include systematic uncertainties. The overall
agreement between data and MC is good, while the pr of leptons is slightly higher in MC.

Jet kinematics are shown in Figure 21 and jet, b-jet multiplicity in Figure 22.

Lepton b-jet pairs’ kinematics can be found in Figure 23. We observe that the pr of the

lep-b system is softer in data, coming from the same behavior of leptons and jets. We will
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Figure 19: Leading and sub-leading lepton kinematics in the ee (top), uu (center), and
ep (bottom) channels. From left to right, leading lepton pr, 7, sub-leading lepton pr, 7.
Uncertainties are statistical only.
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Figure 20: Dilepton kinematics in the ee (left), p1 (center), and ey (right) channels. The
top (bottom) plots correspond to the dilepton invariant mass (transverse momentum). Un-
certainties are statistical only.

discuss systematic uncertainties in Section 4.8 and they will cover the discrepancy between

MC and data.

4.6. Experimental Observable

4.6.1. m(fb) Variable Construction

The variable m(¢b) is used in this analysis to study the effect of m; and I';. It is constructed
from the mass of lepton b-jet (b-tagged jet) pairs in an event. We take the leading two (or
one) b-jet in an event. We select at most two lepton b-jet pairs in each event, depending on

the number of b-jets in the event.

The following ranking method is used in order to find the lepton b-jet pairs of the best
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Figure 21: Leading and sub-leading jet kinematics in the ee (top), pu (center), and ep
(bottom) channels. From left to right, leading jet pr, 7, sub-leading jet p, 1. Uncertainties
are statistical only.
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assignment and to avoid repeatedly using the same object. Best assignment means the pair
is likely to come from the same top quark decay. We first build all possible lepton b-jet
pairs, then rank them by pr (pr(¢b)). We choose two (one) pairs when the event has two
(one) b-jets. The distribution of pr(¢b) is shown in Figure 24. The MC modeled well

compared with data given the uncertainties.

After a study with generator level information, we confirmed that the higher pr(¢b) for a
lepton b-jet pair, the more likely that it comes from the same top quark decay. Although
this method tends to select boosted top quarks, it meets our aim of measuring m; and I';
precisely. In this way we reduce the systematic uncertainties and gain better purity. Figure
25 shows the correct assignment portion and m(¢b) resolution as a function of pr(¢b).
This study is on a set of ¢t events. We can observe as well that at higher pr(¢b) the correct
assignment fraction is higher. This gives a motivation on the event categorization that we

split the lepton b-jet pairs with respect to their pr.
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Figure 23: Lepton-b-jet kinematics in the ee (left), pu (center), and ey (right) channels. The
plots correspond to the AR(¢,b) (top), pr(¢b) (center) and m(¢b) (bottom) distributions.
Uncertainties are statistical only.
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Figure 24: pr(¢b) distribution for ¢¢ events with at least 1 b-tagged jet. The dashed band
superimposed to the distributions and ratios represents the systematic uncertainty from the
main sources, as described in the text.

CMS Work in progress 13 TeV

102

Percentage
T T \

—— e e e e e ]

10—

. —PDF (a.u.)
. — Am(lb)/m(Ib)
— correct assignments

1lIII|IIII|IIIIIIIIlllllllllllllllllllll

0 50 100 150 200 250 300 350 400
pT(Ib) [GeV]

Figure 25: Evolution of the fraction of correct assignments and pr(¢b) resolution, as func-
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imposed for reference. Note that all pr(¢b) and m(¢b) distribution plots in this analysis
have a divide by bin width procedure that the count of events in each bin of the histogram
is divided by the width of the bin.
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We finally categorize the pairs based on the di-lepton flavor (ee, ex and ppe) of the event,
pr(¢b) (“highpt” with pr > 100 and “lowpt” with pr < 100). In addition, we consider
events with two b-jets to define a “high purity” category of ¢t . Events with one b-jet have
tW enriched background, so we add this categorization by the number of b-jets. Thus, there

are 12 final categories.

4.6.2. Binning of m({b) Observable

The binning of the observable is constructed firstly based on the quantiles of the m(¢b)
distribution, in order to guarantee equal statistical distribution of the signal events in each
bin. After establishing the initial binning we check the average expected resolution by
comparing the reconstructed and generated m(¢b) variable for each pair. If a bin width
is smaller than the resolution we merge it with the next bin until its width is equal or
larger than the average resolution. This procedure is used to avoid over-fitting the details
of the distribution at reconstruction level. With the exception of few first and last bins,
the resolution is better than 10 GeV. This method leads to we get fourteen bins. In the
later studies we found the need to reduce statistical uncertainty, therefore, seven bins were
used in the final analysis. Figure 26 shows the final binning obtained with this procedure.
Again, the evolution of the fraction of correct assignments and the average resolution of
the quantity shown are superimposed. The pre-fit distributions of the m(¢b) observable are

compared to data in Figs. 27, 28, and 29. Overall the pre-fit agreement is good in shape.

4.6.3. mi and T’y Definitions at Generator Level

As we have limited MC full simulation samples, we need to produce the observable for
alternative my and I'y by re-weighting the distributions in generator level. We consider the

nominal ¢ sample assumes mgy; = 172.5 GeV and I'sy; = 1.31 GeV. We know that the
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Figure 26: Similar to Fig. 25 for the m(¢b) distribution after binning optimization.

generator level top mass distribution follow a relativistic Breit-Wigner shape

(s —m?)2 + miTD)\/m? + /m3(mZ + )

BW (s|my,Ty) = , 4.3)

s represent the mass of two top quarks in the event. We created mass points in the range

of 169.5 to 175.5 GeV and width points 0.5 to 4.0 GeV. Per-event weight is produced as

follows
BW (s1|m/,T") § BW (so|m/,T")
BW (s1|msa, save)  BW (salmsar, Isar)

4.4)

Figure 30 shows the top quark mass distribution in generator level for a series of (m,
I'y) combinations. Figure 31 demonstrates the reconstruction level m and I'; after this
re-weighting procedure, in the inclusive category. We observe that a shift of m; would
give rise to a horizontal translation of the m(¢b) spectrum, particular in the end point of
mas m(¢b). A shift in I'y would induce a broadening or narrowing effect on the m(¢b)
distribution. However, we note that the m(¢b) spectrum variation for the width changing

cases is rather small compared to that of mass changing cases. Shift in I'; does not cause
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any effect in the endpoint of m(¢b). This is related to the fact that around the endpoint
there are mainly wrong assignment lepton b-jet pairs. We assume that the effect of mass
and width can be disentangled when we have sufficiently large statistics. Figure 32 and 33

show this comparison for 12 split categories that we use in final fit.
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Figure 30: Generator-level distribution of the top mass before and after weighting to differ-

ent m and I'; scenarios, using Eq. 4.4. For each distribution the resulting fit to a relativistic
Breit-Wigner (Eq. 4.3) is superimposed.

We compared the full simulation ¢¢ sample and the re-weighted m(¢b) distributions for four
(mg, I't) configurations, shown in Figure 34. The statistical tests Kolmogorov-Smirnov test
and x? values are included. Within statistics the distributions are compatible with each

other.

Figure 35 showed a similar study comparing the private full simulation samples with the re-
weighted m(¢b) distributions for various I'; scenarios. We especially looked at the inclusive

high pr and low pr categories.
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Figure 35: Private samples. The top (bottom) plots correspond to a high (low) pr(¢b) cat-
egory. The leftmost plot shows the difference in the m(¢b) shape induced by re-weighting
the nominal ¢¢ sample to different width scenarios. From left to right follow the com-
parison between the re-weighted shape and the one obtained with dedicated samples with
['=0.9, 1.1, and 1.9 GeV.

4.7. Background Estimation

The Drell Yan (DY) background is estimated by a data driven method, unlike other back-
ground processes which use their simulation samples. This data driven method is called

Rin/ Ry method.

The Z — (/¢ control region is used to normalize the yields of the DY background. The
control region is defined such that 76 < my < 106 GeV, and we call it the “peak™. The

number of events outside the Z peak Ny, (out) is estimated by an extrapolation on 1y,
4 . 1 .
Ny(out) = Ry(out/in) - [Ne(in) — §Neu(m)kw] : 4.5)

A detailed description can be found [41]. Ny (in) is number of events in the peak region,
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and N, (in) is the events only in e samples. Ry (out/in) is estimated only in DY samples

NDY MC (Out)

Ry(out/in) = Npy o)

(4.6)

and ky is a factor in order to account for the different reconstruction in electron and muon.

Ngg(’in)

e 4.7
Ng/g/(in) ( )

kf@’ -

If we are to calculate the NV for ee channel, here kg stands for k. All the events count of

myy 1s based on the myy after our event selections in Section 4.5. For ee or pu channels, the

Neg(out)

scale factor is directly SFy = Nby o lout)’

and for ey channels,

SF,, =/SF.. - SF,, . (4.8)

Scale factors are summarized in Table 7.

Table 7: DY estimation for the categories of events used in our analysis. Uncertainties are
of statistical nature. The breakdown of the results obtained for the different channels is
given.

ee Jp ep
>1 b-tagged jet

Ry(out [in) 0.077 £0.005 0.076 +£0.004

Koo [670.9 £1.6] x 1073 1.491 4-0.004

Ny (in) 61096 135733

Nout [3.74 £0.25] x 10° [ 8.2 +0.4] x 10°

SF (data/MC) 0.88 4-0.08 1.01 +0.07 0.94 4+0.06

Figure 36, 37 and 38 show the control region Z +>1 b kinematics for leptons and jets. The

agreement is good between data and MC.

Apart from DY normalization, we correct the modelling of DY shape using a data driven
approach, too. We use Z regions of highptlb or lowptlb categories as control regions (Z-

peak as |m(f) — myz| < 15 GeV) to derive a scale factor bin-by-bin. O is the distribution
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Figure 36: Lepton kinematics in the Z control region for electrons (top) and muons (bot-
tom). From left to right the distributions are shown for leading lepton pr and 7, sub-leading
lepton pr and 7. Uncertainties are of statistical nature.
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Figure 37: Similar to Fig. 36 for the jet kinematics in the Z control region. From left to
right the distributions are shown for leading jet pr and 7, sub-leading jet pr and 7.
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Figure 38: Similar to Fig. 36 for the kinematics of the paired ¢b. From left to right the
distributions are shown for AR(¢b), m(¢b) and pr(¢b).

of interest, m(¢b) in certain event category in our case,

0= Oue (M) (4.9)

OMC,Z—peak

where Oy¢ is the DY events outside Z region. Only 1b region is considered as control
region because 2 b-jet regions have non-negligible ¢ events. The difference between

corrected MC and original DY shape is used as a shape systematic uncertainty.

Figure 40 shows the DY contribution in m(¢b) shape after extrapolation. The signal region
(SR) on the figures correspond to the non-Z peak region which we use in our analysis. In

most bins the shape are compatible.
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Figure 39: m(¢b) distributions in the Z control region for electrons (top) and muons (bot-
tom). From left to right the distributions are shown for low pr pairs in =1 b-tagged events,
low pr pairs in >2 b-tagged events, high pp pairs in =1 b-tagged events, and high pr pairs
in >2 b-tagged events.
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Figure 40: Comparison between the data-driven extrapolation from the Z+1 b control re-
gion, and the MC expectation in the signal region for the same-flavor channel (ee+put).
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Fig. 39, the yields are not divided by the bin width.
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4.8. Systematic Uncertainties

Systematic uncertainties are included in the fit as nuisance parameters. In general, we sep-
arate rate effect and shape effect for each systematic source. Rate uncertainties are treated
as a log-normal penalty factor in the likelihood fit, and shape uncertainties are treated as a

Gaussian penalty factor.

From the discussion of the previous sections, we do not expect the rate uncertainties to
influence the measurement of m; and I';. We include them because we have 12 final
categories and the rate uncertainties might lead to migration of events across categories.
Rate uncertainty is not considered for pileup, b-fragmentation and semi-leptonic B decay

branching ratios, trigger efficiency because their rate variation is similar in each category.

We will discuss rate and shape uncertainties below and show their performance for the
m(¢b) variable. The systematic uncertainties are classified as three types, experimental,
theory and statistical related uncertainties. In the final fit, shape uncertainties <1% are

discarded.

4.8.1. Experimental Uncertainties

Pileup We considered a correction to MC for pileup, and the modeling of pileup has an
intrinsic uncertainty. It is accounted through a factor of 5% up and down with respect to its
original estimation. This effect is fully correlated among all the event selection categories.

Figure shows the effect of pileup shape uncertainty on ¢¢ signal.
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Figure 41: Ratio of the varied pileup scenarios to the nominal expectation in the different
categories used in the final fit for the simulated ¢¢ sample. The ee, pu, and ey channels

are shown on top, center and bottom. From left to right the categories correspond to low
pr(¢b)=1b, and >2b, high pr(¢b)=1b, and >2b.

Trigger and selection efficiency Uncertainties on trigger efficiency and lepton selections

(including identification, isolation mentioned in Section 4.4) are computed by re-weighting

the simulation up and down from the nominal shift. The uncertainty scale factors are found

in official recommendations [42] and [43]. Figure 42, 43 and 44 show their shape varia-

tions. Note that for the rate and shape uncertainties of lepton selection, they are correlated

among the lepton flavors used in the event categories. Similarly, for trigger efficiency un-

certainty, correlation is made in the same di-lepton categories.
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Figure 42: Similar to Fig. 41 for the trigger efficiency in the three dilepton channels.
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Figure 43: Similar to

channel (bottom).

Fig. 41 for the muon selection efficiency in the ppu (top) and ep
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Figure 44: Similar to Fig. 41 for the muon selection efficiency in the ee (top) and e, channel
(bottom).

Uncertainty on the L1 prefire efficiency is considered as a separate source.

illustrates the impact it is expected to have on the m(¢b) signal distribution.

yields some impact for 2b-jet categories and in the low m(¢b)region.

Figure 45

The effect
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Figure 45: Similar to Fig. 41 for the L1 prefire efficiency uncertainty.

Lepton energy scale Only shape effects are considered for electron and muon energy scale.

We know that the variation in lepton energy scale would change the normalization in each
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event category in the same way, and it will not affect our measurement, so only shape effects
are considered. We use the break-up uncertainties following the correction recommenda-
tion. For electron, there are 7 sub-sources [44], and for muon, totally 4 sub-sources are
considered. These shape variations are typically small. Examples can be found in Figure

46 to 49.
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Figure 46: Similar to Fig. 41 for electron energy scale: scale gain component. Top: ee
channel. Bottom: ey channel.
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Figure 47: Similar to Fig. 46 for the scale £ component for the electron energy scale
uncertainty.
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Figure 48: Similar to Fig. 46 for the sigma component for the electron energy scale uncer-
tainty.
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Figure 49:
uncertainty.

Similar to Fig. 46 for the sigma ¢ component for the electron energy scale

Jet energy scale Jet energy scale (JES) correction is applied as a function of py, . We use
a full breakdown of the sub-sources, 29 parameters in all [34]. From the shape variation,
we found the sources which are expected to be more relevant are the FlavorPureBottomJEC
(enhanced by the b-driven selection), TimePtEtaJEC, SinglePionECALJEC, and the ones

related to the Absolute scale. Examples for JES uncertainties are shown in Figure 50 to 56.
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Figure 50: Similar to Fig. 41 for the AbsoluteStatJEC component of the JES uncertainty.
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Figure 51: Similar to Fig.
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13Te

41 for the AbsoluteScaleJEC component of the JES uncertainty.
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Figure 52: Similar to Fig.

tainty.

41 for the AbsoluteMPFBiasJEC component of the JES uncer-
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Figure 53: Similar to Fig. 41 for the FragmentationJEC component of the JES uncertainty.
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Figure 54: Similar to Fig. 41 for the FlavorPureBottomJEC component of the JES uncer-

tainty.
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Figure 55: Similar to Fig. 41 for the TimePtEtaJEC component of the JES uncertainty.
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Figure 56: Similar to Fig. 41 for the SinglePionECALJEC component of the JES uncer-

tainty.
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Jet energy resolution We use the recommended jet energy resolution (JER) measure-
ments [35]. There are 8 sub-sources considered. Figure show a few examples of JER

uncertainties.
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Figure 57: Similar to Fig. 41 for the JERstat component of the JER uncertainty.
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Figure 58: Similar to Fig. 41 for the JERJEC component of the JER uncertainty.
b-tagging and mis-identification efficiencies We applied scale factors for b-tagging with
a deterministic probabilistic method which takes into account the generator-level flavor
of the jets. Two sources of uncertainty are considered to affect this method, resulting
in alternative sets of weights for light-, and heavy-(b+c) flavored jets. The effects are

illustrated in Figs. 59, and 60.
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Figure 59: Similar to Fig. 41 for the uncertainty on the heavy-flavored jets efficiency (b-
tagging).
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Figure 60: Similar to Fig. 41 for the light-flavored jets efficiency (b-tagging).
b-fragmentation and semi-leptonic B decay branching ratios The b-fragmentation func-
tion has its uncertainties, which is a weight applied jet-by-jet, based on the pr(B)/pr(jet)
ratio at generator level. In addition the semi-leptonic decay branching ratios of the most
abundant B hadrons (B*, B°, BS, A,) are also varied according to their uncertainties [7].
The effects are shown in Figure 61 and 62. It is observed that b-fragmentation shape vari-

ation is relatively big.
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Figure 62: Similar to Fig.
hadrons.

41 for the uncertainty on the semi-leptonic branching ratio of B

Drell-Yan normalization and shape We take a 30% uncertainty of the DY cross section

as a rate effect. Separately, a shape uncertainty is calculated, un-correlated among event

selection categories, see Figure 63. Although the shape effects are rather large, they are not

expected to affect our measurement because this background does not contribute much to

the total selected events.
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Figure 63: Similar to Fig. 41 for the DY shape uncertainty
Integrated luminosity A 2.5% uncertainty is included for the integrated luminosity [45].

This uncertainty affects the prediction for the yields of MC processes.

4.8.2. Theoretical Uncertainties

tW, vv normalization The cross section of background processes, single top (tW) and di-
boson(vv) has uncertainty. The measured uncertainty for tW normalization is 14% [46].
Uncertainties on di-boson processes are 23% for WZ [47], 11% WW (same sign) [47],
5.7% for WW (opposite sign) [48]. Considering WW is more relevant, we take 20% in our

analysis.

QCD scale It is assumed that in the t¢ MC simulation, the variation of the factorization
and renormalization scales (ur/ /i) are anti-correlated. In addition, the envelope of the
variations is considered as another systematic source. We follow the procedure described

[49]. The shape effects are shown in Figure 64-66.
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Figure 64: Similar to Fig. 41 showing the effect of varying the factorization scale, 1ip.
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Figure 65: Similar to Fig. 41 showing the effect of varying the renormalization scale, yx.
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Figure 66: Similar to Fig. 41 showing the effect of a combined variation of the factorization
and renormalization scales.

Parton shower scale The impact of varying o for initial- and final-state radiation is
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evaluated decorrelating four different splitting types: ¢ — g9, ¢ — qq, ¢ — ¢gq, and
xr — xg where x=b,t. The different splittings occur at different scales which are hard
to compute/establish from first principles in a parton shower. The splittings with same
soft/collinear (singular) approximation have also different true matrix elements. Thus,
by decorrelating the impact on each separately we avoid having accidental cancellations
or inducing correlations between them which shouldn’t exist. A total of 4 (splittings) X
2 (singular/non-singular) variations are considered for ag(ISR) and ag(FSR) separately,
yielding a total of 16 nuisance parameters. These variations are implemented via event
weights which are automatically computed by PYTHIAS and stored in the event record.
The weights correspond to a variation of the scale choice by factors of 0.5 and 2 inde-
pendently for each of the 16 possibilities. More details can be found in [50]. Figs. 67
through 82 summarize the individual impact of these 16 nuisances on the m(¢b) shapes.

The variation induced in a g%

is expected to yield the largest source of uncertainty, in
particular for + — xg and g — gg splittings. The variations of these scales are also con-

sidered for the tW background by using the weights stored in the dedicated simulations of
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Figure 67: Similar to Fig. 41 showing the effect of varying the ag®™% scale in singular
terms for ¢ — gg splittings.
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Figure 68: Similar to Fig. 41 showing the effect of varying the ag

terms for g — gg splittings.
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Figure 69: Similar to Fig. 41 showing the effect of varying the aig

for

g — gg splittings.
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Figure 70: Similar to Fig. 41 showing the effect of varying the a ™%

terms for g — gg splittings.
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Figure 71: Similar to Fig. 41 showing the effect of varying the ag™®

terms for ¢ — qq splittings.
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Figure 72: Similar to Fig. 41 showing the effect of varying the ag

terms for g — qq splittings.
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Figure 73: Similar to Fig. 41 showing the effect of varying the ag

for g — qq splittings.
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Figure 74: Similar to Fig. 41 showing the effect of varying the as'

terms for g — qq splittings.

SR

scale in non-singular

1 ,CMS Workin progress 13Te 1., CMS Work in progress 13Te) | ,CMS Workin progress 13Te 1., CMS Work in progress 13 Te)
— fsrq2qgmuRUp o — fsra2agmuRUp — fsrq2qgmuRUp : o —
115E- — fsq2qgmuRDown 115F — fsrg2qgmuRDown 115F — fsrq2qgmuRDown 115F — fsrg2qgmuRDown
4] 1 1] 1
105} 105) 105} 05|
1 I U $ 1 i It s 1t 3 1 1y
=t t t -+ t -t F—+t
0.95| 05| 095 05|
09) I 09| x
085} 0.85| o3| 0.85|
FE R R TR OB VL T e o] 26305800 10 Ho 10180 200 R R U R L ) 26~ a %80 I Ho 10180 200
m(b) [Ge m(ib) [Gev] m(ib) [Ge m(b) [Gev]
| ,CMS Workin progress 1., CMS Work in progress 13Te) 12CMS Workin progress 13 Tel 1., CMS Work in progress 13 Te)
- fs1q2qgmuRUp e v e 7057 = forq2agmuRUp = fsrq2qgmuRUp T AT e Y By 0 5% —
L15F- — fsra2qgmuRDown 15F — fsrq2qgmuRDown 115F — fsrq2qgmuRDown 115F — fsq2qgmuRDown
1] 14 1] 14
105} 105) 105} 05|
e 3 T
F— =1 i
0.95| 05| 095 05|
09| e 09| 03
035} 05| o3| 05|
2020080 100 T H0 160 180 200 207308080 00 120 o 160 180 200 20205080 10010 T0 160 180 200 207308080 I00 120 o 160 180 %00
m(b) [GeV] m(ib) [Gev] m(b) [GeV] m(ib) [Gev]
1, CMS Work in progress 13 Te 1 ,CMS Workin progress 13 Te 1., CMS Work in progress 13 Te! 1 ,CMS Workin progress 13 Te
g - fs1q2qgmuRUp e ] — ] - fs1q2qgmuRUp e ] —
£ 1155 fsrq2qgmuRDown £ 1155 fsrq2qgmuRDown £ 1155 fsrq2qgmuRDown £ 1155 fsrg2qgmuRDown
< 1 2 1 < 1 2 1
] s s g
3 10 g 109 3 10 g 105
] 5 5 5 5
s + B $ 5 £ B
0.95| 0.95) 0.5 05|
09) 03 09| 03
0.5} 05| oas| 05|
20208080 100 120140 160 180 200 2030880 100 120 o 160 180 200 2020080 100 120140 160 180 200 20730880 100 120 o 160 180 200
m(b) [GeV] m(ib) [Gev] m(b) [GeV] m(ib) [Gev]

Figure 75: Similar to Fig. 41 showing the effect of varying the ag"
terms for ¢ — gq splittings.
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Figure 76: Similar to Fig. 41 showing the effect of varying the ag

terms for ¢ — gq splittings.
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Figure 77: Similar to Fig. 41 showing the effect of varying the ag

for

q — gq splittings.
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Figure 78: Similar to Fig. 41 showing the effect of varying the as'

terms for ¢ — gq splittings.
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Figure 79: Similar to Fig. 41 showing the effect of varying the ag”
terms for x — gz splittings.
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Figure 80: Similar to Fig. 41 showing the effect of varying the ag

terms for x — gz splittings.
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Figure 81: Similar to Fig. 41 showing the effect of varying the ag

for

x — gz splittings.
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Figure 82: Similar to Fig. 41 showing the effect of varying the as™® scale in non-singular
terms for x — gz splittings.

Top pr The NLC QCD theory prediction of top quark pr differs from the measurements.

So we computed the uncertainty of this modeling by re-re-weighting at generator level, as

the function in [51]. As shown in Figure 83, the effect is larger in high pt categories. This

is a one-side uncertainty, so we mirror the effect to get the down variation.
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Figure 83: Similar to Fig. 41 for the variation of the top quark pr, induced by a parton-level
re-weighting.

Top mass This is a modeling uncertainty only for single top (tW) process. In this analysis

we are measuring m;, and we considered the Breit-Wigner re-weighting of my in tf process,

but in principle, top mass in background processes also counts. The simulation of tW does

not include the modeling of m, and I'y. Therefore, we are not able to apply the re-weighting

for it. We consider the shape variation carried by tW process m; by using the dedicated
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MC samples for tW at m; = 175.5 GeV and 169.5 GeV. This would cover the scan of m; in

signal. Shape effect is shown in Figure 84.
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Figure 84: Similar to Fig. 41 for the variation of m; in the simulation.
tW/ tt interference It is known that in NLO QCD, tW production interferes with ¢£ production,
due to the similar initial and final states of some diagrams. Two schemes for defining the
tW signal, which distinguish it from ¢¢ production have been compared in our analysis: “di-
agram removal” (DR) [52], in which all doubly resonant NLO tW diagrams are removed,
and “diagram subtraction” (DS) [52, 53], where a gauge-invariant subtractive term mod-
ifies the NLO tW cross section to locally cancel the contribution from ¢t . A dedicated
simulation is done to include these processes. The effect is shown in Figure 85. This is the
largest source of uncertainty on the modeling of tW background. Given this is a one-sided

uncertainty, the effect is mirrored bin-by-bin.
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Figure 85: Similar to Fig. 41 for the variation of tW/¢t interference.

m(ib) [Gev]

PDFs 100 other PDF replicas exist for the ¢¢ simulation. Their effects are considered

as a shape envelope, which takes the maximum of all the possible variations in each bin,

because the effect is too small on m(¢b). The down variation is taken from mirroring the

envelope. This overall effect is shown in Figure 86. A separate uncertainty of ag in the

PDF is evaluated, in Figure 87.
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Similar to Fig. 41 for the envelope of PDF variations.
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Figure 87: Similar to Fig. 41 for the variation of the aig choice in the computation of the
PDF set.

The following two types, Resummation scale and Non-perturbative QCD, total five sources
of uncertainties are treated differently by only considering the shape variation on inclusive
m(¢b) not in each event category, where inclusive means a sum of the 12 categories. This
special treatment is designed for low statistics MC samples. The inclusive shape variation
is taken from generator level shape, not reconstructed level, to avoid artificial effects com-
ing from imperfect reconstruction. Therefore, only one shape variation is shown for each

uncertainties below.

Resummation scale The hdamp parameter for parton shower process is to set the resum-
mation scale, in order to complement the matrix-element computation [54]. A separate
simulation that uses a hdamp value varied by 60% from the default value, and the effect

can be found in Figure 88.

Non-perturbative QCD In the nominal ¢ simulation, it uses default underlying event
(UE) parameters and color reconnection (CR) model. Two alternative UE tunes are simu-
lated and build a UE uncertainty. Three different CR models are considered, gluon move
[55], QCD based [56], and early resonance decays [57]. We use mirroring to build the

down variation for CR shapes. Figure 88 shows their expected effects.

84



CMS Work in progress 13 Te! CMS Work in progress 13 Te

12

5 12F 5 12F
< E — hdampUp c E — UEUp
£ 115F — hdampDown 5 1.15E- — UEDown
2 E 2 1
S £ S E
3 1055 g 1055
8 E i 1,1 3 I 8 E i I
> = T T e > S T
0.95F- 0.95F-
09F 09F
0855 0855
085t | 1 | | I | | | Y | 1 | | | | | |
% ~T20 20 60 80 100 120 140 160 180 200 & 720 a0 60 80 100 120 140 160 180 200
m(lb) [GeV] m(lb) [GeV]
_ ,,CMS Work in progress 13 Te _ 1 ,CMS Workin progress 13 Te! s 1L CMS Work in progress 13 Te
T " —CRgmoveUp S *E — CRqodUp P gse’ggp
€ 115 — CRgmoveDown £ 1155 — CRqcdDown § £ — CRerdDown
s E s E s E
< 1= < 11 T L
£ £ s E
=] E =) E = | =
S 1055 2 105 g 1OSE
L e . 5 E 5
£ g 1 HE—e § et | g e
095F- 0.95F- 095
09F- 09F- 0.9E-
0855 o855 085
E L L L L L 1 L | L L L L L L L L L L E L L L L L L L | |
08 ~"20""20 60 80 100 120 140 160 180 200 08262060 80 100 120 140 160 180 200 0% =720 2060 80 100 120 140 160 180 200
m(lb) [GeV] m(ib) [GeV] m(lb) [GeV]

Figure 88: Systematic uncertainty shape variations, inclusive m(¢b) category, showing the
effect of hdamp, UE in the first row, CR gloun move (CRgmove), CR QCD based (CRqcd)
and CR early resonance decays (CRerd) in the second row.

4.8.3. MC Statistical Uncertainties

The limited statistics in the simulation may impact this analysis in an important way, given
we are fitting a distribution for percent-level deformations from m; and I';. We use toy
templates to evaluate the statistical uncertainties in MC. Toy templates are made by varying
the un-weighted templates according to a Poisson distribution. Variations on nominal sig-
nal shape and event-weight systematic shapes are generated from the nominal templates.
Variations on other systematic shapes which are modeled by dedicated MC samples are
generated from those samples’ templates directly. Due to time and computing power limi-
tation, we created 400 toy sets and likelihood fit is repeated for each toy. We find the MC
statistical uncertainty from the distribution of the fit results of toys. The MC statistical

uncertainty result will be described in section 4.9.
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4.9. Extraction of Top Mass and Width via Profile
Likelihood

The results shown in this section use pseudo-data which is a combination of all the signal

and background.

4.9.1. Direct Measurement of Mass and Width via

Likelihood Profile Method

To find the m and 'y, we maximize a binned likelihood fit. For a given (my, [';) hypothesis,
the likelihood has a following relationship with expected number of events and observed

number of events in each m(¢b) bin

Nbins

E(,LL, my, Ft) = H H Poisson [ni,c|,u X Si,c(mta Fta 9) + bi,c(@)] X H PDF(QIC) )
cEcategories i=1 k

(4.10)

where ;1 = o /oy, is the ¢t signal strength, s; . (b;.) are the number of expected events in

the ¢-th bin, in the category c for signal(background), n; . is the number of observed events,

and © = (6, 0o, ...,0,,) is a vector of m-nuisance parameters for the uncertainties.

In the likelihood only m and I'; are parameters of interest. Thus, for each (m,[;) hypothe-
sis, the likelihood is maximized for ;. and the nuisance parameters, and a profile likelihood

ratio method is used to marginalize all parameters except the parameters of interest:

Ame, T0) = £(m T i, ©) / L0 T, 1,6) @11

there * denotes that the parameter that maximizes the likelihood function. If no z is used for
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a parameter, it means it is fixed (i.e., it’s a fixed point/anchor of the scan for the parameter of
interest). Thus the values of (my,[';) that maximize A correspond to the best fit parameters.
Likewise, if we perform the extraction of a single parameter (), the unused parameter is

also marginalized, while profiling the A function.

Due to the large number of bins and nuisance parameters, we are not able to do a fit with
the standard Higgs combination tool [58]. They meet an issue of numerical instabilities
which lead to non-smooth likelihood scans and spurious local minima. We finally use a

tensorflow version of the likelihood minimization [59].

Results in this section are extracted from 1D scan. At m; = 172.5 GeV, we scan the width

points

Iy €{0.7,038,0.9, 1.0, 1.05, 1.1, 1.15, 1.2, 1.23, 1.25, 1.28, 1.3, 1.31, 1.32, 1.34, 1.36,
1.38,1.39,1.4,1.45,1.5,1.55,1.6,1.65,1.7,1.75,1.85, 1.9, 1.95, 2.0, 2.2, 2.4, 2.6,
2.8,3.0,3.5,4.0,5.0}

to find the best fit I';. Then at I'; = 1.31 GeV, we scan

m, € {169.5, 170.5, 171, 171.5, 171.75, 172, 172.25, 172.5, 172.75, 173, 173.5, 174.5,
175.5}

to find the best fit m;. In the 1D likelihood and m; curve, we do an interpolation to find the

point corresponding to the maximum likelihood.

4.9.2. Results

Figure 90 shows the profiled likelihoods at fixed I'y and m;. The uncertainty reported on the
plots are a combination of systematic uncertainty and data statistical uncertainty. We can
further break them and find the data statistical uncertainty by a fit without any systematic

nuisance parameters included. That gives A(m;) = 0.08 GeV, A(I';) = 0.20 GeV. In this
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stage, we use pseudo-data as “data” which is a sum of simulation samples.

The MC statistical uncertainties are found by toys as discussed in Section 4.8, and the result

is in Figure 89. We get A(m;) = 0.10 GeV, A(I';) = 0.16 GeV.

my(fit) = 172.507523 (syst + data stat.) + 0.10 (MC stat.) GeV assumed T'y = 1.31 GeV or,

my(fit) = 172.507522 (syst) + 0.08 (data stat.) £+ 0.10 (MCstat.) GeV assumed Ty = 1.31 GeV

and

Ty(fit) = 1.32%930

(4.12)

(syst + data stat.) £ 0.16 (MC stat.) GeV assumed m; = 172.5 GeV or,

Ty (fit) = 1.3270:33 (syst) £+ 0.20 (data stat.) + 0.16 (MC stat.) GeV assumed m; = 172.5 GeV
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Figure 89: MC statistical uncertainty of m, (left), and I'; (right).
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Figure 90: Likelihood profiles as function of m, (left), and I'; (right).

5.0

We repeated the fit for various groups of nuisances to determine the uncertainty from dif-
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ferent sources. Results can be found in Table 8.

Table 8: Expected contribution to the total uncertainty in the extraction of m, and I';.

Uncertainty source omy [GeV] ol [GeV]

Selection (trigger, id, L1 pre-fire) +0.10/-0.10 +0.26/-0.24
Jet energy resolution +0.13/-0.12 +0.32/-0.26
Jet energy scale +0.18/-0.19 +0.22/-0.24
Lepton energy scale +0.10/-0.10 +0.22/-0.21
b-tagging +0.09/-0.09 +0.22/-0.21
b-fragmentation/B BRs +0.10/-0.11 +0.31/-0.24
ISR +0.09/-0.09 +0.21/-0.20
FSR +0.14/-0.13  +0.23/-0.22
hdamp +0.03/-0.00 +0.08/-0.11
gcd scale +0.17/-0.16 +0.28/-0.24
top pr +0.09/-0.09 +0.28/-0.25
tW +0.15/-0.14 +0.27/-0.22
Color reconnection (plus UE) +0.15/-0.13 +0.35/-0.27
PDF +ag +0.09/-0.09 +0.22/-0.20

4.9.3. Post-Fit Nuisance Parameters

The uncertainty of some nuisances changes after fit. In the figures one can observe that the
uncertainties which have their post-fit uncertainty more severely reduced are related to the
DY normalization in the different categories, top pr and the ones estimated with alternative

tt samples: UE and CR.

4.10. Conclusion

This a combined measurement of the mass and the decay width of the top quark in dilep-
tonic ¢t decay events resulting from proton-proton collisions at /s = 13 TeV. Data were
collected with the CMS detector during Run 2 of the CERN LHC in 2016. After catego-
rizing the events by lepton flavor, b-quark jet multiplicity, and the transverse momentum of
the system composed by the visible decay products of the top quark, the m(¢b) variable is

examined and compared to different m; and I'; hypothesis. A profile likelihood method is
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employed to measure simultaneously m; and I';. We expect to measure I'; = 1.327039
(syst + data stat) +0.16 (MC stat) GeV and m, = 172.507033 (syst + data stat) +0.10

(MC stat) GeV.
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CHAPTER 5

Four Top Quark Production Search in Single-

lepton Final State

5.1. Introduction to Four Top Quark Production

Search

The four top quark production is a very rare standard model process. The predicted cross
section at NLO QCD and electroweak correction is 12.0 & 2.2 fb at /s = 13 TeV [60].
Assuming m; = 173 GeV, when four top quarks are produced in one event, the final state
has a mass of about 700 GeV, which will be the heaviest particle final state to be observed
at the LHC. Its cross section is sensitive to top Yukawa coupling in the SM lagrangian [61],

and some SM extensions, like gluino pair production [62].

Figure 92 shows the production process of four tops from proton-proton collision. Four
top quark production has various final states depending on the number of leptons, as shown
in Figure 93. The contribution is calculated by considering W decay branch ratio and
the different leptonic/hadronic combinations of the 4 top quarks. In CMS, physicists are

working on a combined analysis for di-lepton, lepton plus jets and all-jets final states with
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Figure 92: Four top production diagrams.
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Figure 93: Four top production final states.

There are many past measurements on four top quark cross section. The most recent result
published result is from ATLAS experiment, reported 4.3 o observed significance [63]
using same sign di-lepton (SSDL) and multilepton (ML) final states with full Run 2 data
of integrated luminosity 139 fb~!. At CMS, the most recent results comes from SSDL and

ML final states with Run 2 data, and it gets an observed significance of 2.6 o [64].

In this analysis, we study the lepton plus jets final state only. In this case one of the top
quarks decays leptonically, and the other three decay hadronically. Therefore, the final state
has a high jet multiplicity, including at least four jets from b quark hadronization. There

is also a contribution of missing transverse momentum from a neutrino. We consider two
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approaches using different variables to fit. The baseline study uses Hp as the discriminating
variable where H is the scale sum of jet pr in selected events. The improved study uses a

variable BDT which is produced by the multivariate analysis (MVA).

5.2. Data and Simulation Samples

This analysis uses the full Run 2 data taken in 2016, 2017 and 2018. All the data and MC
samples are produced using CMSSW version 10-2_16_U L. Official MiniAOD samples
of the following campaigns are used for MC. RunlISummer16MiniAODv3-PUMoriond17
for 2016, RunllFall17-MiniAODv2-PU2017 for 2016, and Runll-Autumnl8MiniAOD-
102X upgrade2018 for 2018. Data samples are listed in Table 9. Integrated luminosity
for 2016 is 35.87 fb~!, and 41.53 fb='in 2017, 59.97 fb—! in 2018. MC samples, genera-

tors and cross section values are listed in Table 10.

Table 9: 2016, 2017, and 2018 data in four top analysis.

Primary Dataset Reconstruction Group

Run2016B-17Jul2018_ver2-v1
Run2016C-17Jul2018-v1

SingleMuon(Electron)
SingleMuon(Electron)

SingleMuon(Electron)
SingleMuon(Electron)
SingleMuon(Electron)
SingleMuon(Electron)
SingleMuon(Electron)

Run2016D-17Jul2018-v1
Run2016E-17Jul2018-v1
Run2016F-17Jul2018-v1
Run2016G-17Jul2018-v1
Run2016H-17Jul2018-v1

SingleMuon(Electron)
SingleMuon(Electron)
SingleMuon(Electron)
SingleMuon(Electron)
SingleMuon(Electron)

Run2017B-31Mar2018-v1
Run2017C-31Mar2018-v1
Run2017D-31Mar2018-v1
Run2017E-31Mar2018-v1
Run2017F-31Mar2018-v1

SingleMuon(Electron)
SingleMuon(Electron)
SingleMuon(Electron)
SingleMuon(Electron)

Run2018A-17Sep2018-v2
Run2018B-17Sep2018-v1
Run2018C-17Sep2018-v1
Run2018D-PromptReco-v2

In this analysis, we do not use the inclusive ¢t samples as in Chapter 4, but use separate

samples for three decay modes, single lepton, di-lepton and all hadronic. Since these ¢t
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samples do not have sufficient statistics in the high jet multiplicity, high H, region, we
added additional samples. They are t¢ to single lepton events, generated with > 9 jets
of pr > 30 GeV and Hr > 500 GeV, where Hrp is the scalar sum of the generated jet
pr. Figure 94 shows the Hr distributions in various n(jets), n(b-jets) categories before and
after adding additional high jet samples, after the pre-selection in Section 5.4. n(jets) is the

AK4 jet multiplicity and n(b-jets) is the b-tagged jet multiplicity.

5.3. Object Reconstruction

5.3.1. Triggers

We use the same trigger configuration for 2016 data and MC as the CMS published analysis
on the single lepton final state [71]. For 2017, 2018 data and MC, a dedicated study has
been done [72] in order to select more events in low pr region for leptons because they
are expected to provide better sensitivity. The triggers are summarized in Table 11. In
each lepton flavor channel, different triggers are combined by OR logic. The efficiencies
of these triggers are close to 1 in pr(lepton) > 50 GeV region, and in lower pr region,
we use an average scale factor 0.98 to account for the difference of efficiencies between
data and MC. The uncertainty in the efficiency is 3%. Note that the efficiencies vary for

data/MC and vary by lepton flavor and 7, details can be found in [72].

5.3.2. Event Filters and Pileup Correction
All events have to pass the following MET filters
* Good primary vertex: z < 24.0 cm, p < 2.0 cm, 4 or more degrees of freedom

 HBHE noise filter
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Table 10: Four top analysis MC samples. The tt high jet multiplicity and Hr bin sample
include a filtering coefficient to their cross section as given in the parenthesis.

Sample Generators Cross section [pb]
TTTT amcatnlo-pythia8 0.0127 157 [60]
TTTo2L2Nu powheg-pythia8 832710 (x0.10) [65]
TTToSemiLeptonic powheg-pythia8 832110 (x0.44) [65]
TTToHadronic powheg-pythia8 832119 (x0.46) [65]

TTToSemiLepton_. HT500Njet9

powheg-pythia8

832112 (x0.44 x 0.006) [65]

ST_t-channel_top_4f_InclusiveDecays
ST_t-channel_antitop_4f_InclusiveDecays
ST_s-channel_top_leptonDecays
ST_s-channel_antitop_leptonDecays
ST _s-channel 4f _leptonDecays
ST_tW _top_5f_inclusiveDecays
ST_tW _antitop_5f_inclusiveDecays
TTWlJetsToLNu
TTZToLLNuNu_-M-10
TTZToLL_-M-1to10
ttHTobb_M 125
ttHToNonbb_M 125
TTWW
TTWZ
TTZZ
TTWH
TTZH
TTHH
TTTW
TTTJ

powheg-pythia8
powheg-pythia8
powheg-pythia
powheg-pythia
madgraph-pythia8
powheg-pythia8
powheg-pythia8

amcatnloFXFX-madspin-pythia8

amcatnlo-pythia8
amcatnlo-pythia8
powheg-pythia8
powheg-pythia8
madgraph-pythia8
madgraph-pythia8
madgraph-pythia8
madgraph-pythia8
madgraph-pythia8
madgraph-pythia8
madgraph-pythia8
madgraph-pythia8

136.0752 [66]
80.975 7 [66]
6.351523 (x0.3259) [66]
3.977017 (x0.3259) [66]
10.3279-39 (x0.3259) [66]
35.85 + 1.9 (67]
35.85 + 1.9 [67]
0.5510:85 (x0.3259) [68]
0.8613:98 (x3 x (0.0337 + 0.0667)) [68]
0.053 [McM]
0.29370:035 [65]
0.21510 0% [651
0.01150 [69]
0.00388 [69]
0.00198 [69]
0.00158 [69]
0.00153 [69]
0.00076 [69]
0.00073 [McM]
0.00047 [McM]

DYlJetsToLL_M-50_HT-200t0400
DYJetsToLL_M-50_HT-400to600
DYlJetsToLL_M-50_HT-600to800
DYlJetsToLL_M-50_HT-800to1200
DYlJetsToLL_M-50_HT-1200t02500
DYJetsToLL_M-50_HT-2500toInf
WletsToLNu_HT-200to400
WletsToLNu_HT-400to600
WletsToLNu_HT-600to800
WletsToLNu_HT-800to1200
WletsToLNu_HT-1200t02500
WletsToLNu_HT-2500toInf

madgraphMLM-pythia8
madgraphMLM-pythia8
madgraphMLM-pythia8
madgraphMLM-pythia8
madgraphMLM-pythia8
madgraphMLM-pythia8
madgraphMLM-pythia8
madgraphMLM-pythia8
madgraphMLM-pythia8
madgraphMLM-pythia8
madgraphMLM-pythia8
madgraphMLM-pythia8

54951
7.862
1.977
0.858
0.191
0.004
359.7 £ 0.2 (x1.21) [65]
48.910 £ 0.072 (x1.21) [65]
12.050 = 0.007 (x1.21) [65]
5.501 £ 0.017 (x1.21) [65]
1.329 + 0.002 (x1.21) [65]
0.0322 + 0.0001 (x1.21) [65]

WW pythia8 118.773-3 [70]

wZ pythia8 47.1 [65]

77 pythia8 16.5 [65]
QCD_HT-200t0300 madgraphMLM-pythia8 1712000 + 380 [65]
QCD_HT-300to500 madgraphMLM-pythia8 347700 + 75 [65]
QCD_HT-500t0700 madgraphMLM-pythia8 32100 £ 7 [65]

QCD_HT-700t01000

QCD_HT-1000to1500

QCD_HT-1500t02000
QCD_HT-2000toInf

madgraphMLM-pythia8
madgraphMLM-pythia8
madgraphMLM-pythia8
madgraphMLM-pythia8

6831 + 1.7 [65]
1207 £ 0.5 [65]
119.9 £ 0.06 [65]
25.24 £ 0.02 [65]
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Table 11: Summary of triggers. The triggers are used as a logical “or”” combination in each

channel.
Year Electron Muon
2016 HLT_Ele32 _eta2pl _WPTight_Gsf_v* HLT IsoMu24_v*
HLT _IsoTkMu24 _v*
HLT Ele15_IsoVVVL_PFHT450_v* HLT Mul5_IsoVVVL_PFHT450_v*
HLT _Ele50_IsoVVVL_PFHT450_v* HLT Mu50_IsoVVVL_PFHT450_v*
2017 HLT_Elel5_IsoVVVL_PFHT600_v* HLT Mul5_IsoVVVL_PFHT600_v*
HLT _Ele35_WPTight_Gsf_v* HLT Mu50_v*
HLT _Ele38_WPTight_Gsf_v*
HLT Elel5 IsoVVVL_PFHT450_v* HLT Mul5_IsoVVVL_PFHT450_v*
HLT _Ele50_IsoVVVL_PFHT450_v* HLT Mu50_IsoVVVL_PFHT450_v*
2018 HLT _Elel5_IsoVVVL_PFHT600_v* HLT Mul5_IsoVVVL_PFHT600_v*

HLT Mul5_IsoVVVL_PFHT450_PFMET50_v*
HLT _Mu50_v*
HLT_TkMu50_v*

HLT _Ele15_1soVVVL_PFHT450_PFMETS50_v*
HLT_Ele35_WPTight_Gsf_v*
HLT _Ele38_WPTight_Gsf_v*

HBHE isolated noise filter

Global tight halo 2016 filter

Bad EE supercrystal filter (only on data)

ECAL dead cell trigger primitive filter

Bad charged hadron filter

Bad muon filter

In order to compare the pileup performance in data and MC, we first produce the distri-
bution of mean number of interactions per bunch crossing. Then MC events are weighted

using minimum bias cross section of 69.2 mb.

Particle flow algorithm is used to reconstruction the leptons (electron or muon), jets, and

missing transverse momentum (pi*s).
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5.3.3. Electrons

Electron selection Tight or Loose is based on an MVA ID provided by CMS EGamma
POG [73]. A Tight electron has a signal efficiency of around 90%, and a Loose electron
has a signal efficiency of about 98%. We define a tight electron in our analysis as an
electron tight ID, and pt > 20 and |n| < 2.5. A loose electron in our analysis has loose
ID, and has pr > 15 and |n| < 2.5. We do not take electrons in ECAL barrel endcap gap
1.4442 < |n| < 1.566.

We also set a requirement on mini-isolation (minilso) variable. It is used to measure the
isolation of an electron, defined as the sum of energy around the electron in a cone size
divided by pr of the electron. Relative isolation is the sum of particle flow candidates
within a fixed cone around the electron, correcting the pileup effects. The mini-isolation
criterion uses a pr dependent cone size so that one can achieve higher efficiency at higher
energy. We ask minilso <0.1 for tight electron and minilso <0.4 for loose electron. There

is a correction scale factor applied to minilso for MC following recommendation in [73].

5.3.4. Muons

There are official Tight and Loose muons defined by Muon POG [74]. Tight muon has a
signal efficiency about 97% and loose muon has a signal efficiency of about 100%. In our
analysis, we require that a tight muon has Tight ID, and pr > 20 GeV, || < 2.4, minilso
< 0.1. Loose muon has loose ID, pr > 15 and |n| < 2.4, minilso < 0.4. Similarly, a

correction scale factor is applied for muon reconstruction.
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5.3.5. Jets

We use AK4 jets in this analysis. AK4 stands for the jet clustering algorithm anti-KT,
with a distance size 0.4. Jets pass the particle flow loose ID [75], with pr > 30 GeV and

In| < 2.4. Jet energy scale and resolution corrections are applied, shown in Table 12.

Correction 2016 2017 2018

JER Summerl16_25nsV1 Fall17_V3 Autumnl18_V7
JES Summer16_07Aug2017_V11 Falll7_17Nov2017_V32 Autumnl8_V19

We use DeepCSV algorithm to define the b-tagged jet in our analysis. A jet is b-tagged
if the DeepCSV discriminator > 0.6321(2016) or 0.4941(2017) or 0.4184(2018) which is
medium working point with a rate of mis-identification of b-quarks of the order of 1% (or
called “fake rate”). A correction to the b-tagging efficiency is applied. We use the jet-by-jet
update method, where the tagging status of a jet is upgraded or downgraded depending of
the scale factor > or < 1. Figure 95 shows the tagging efficiency for b, ¢ or light flavor jets

as a function of jet pp. The average b-tagging efficiency is about 60%.

In BDT training described in Section 5.5, DeepCSV discriminators are used as input vari-
ables. Therefore, we do not apply the scale factor discussed above, but apply a different
correction scale factor, DeepCSV reshaping weight [76]. This weight will correct the whole
b-tagging discriminant distribution in MC to match that in data. The number of events be-
fore and after applying reshaping weights should be identical. So a re-normalization weight
is further applied. The re-normalization weight is calculated with all the event selection in
Section 5.4 except for b-jet requirement for each signal and background processes in dif-
ferent categories based on lepton flavor (e, 1) and the number of AK4 jets (4, 5, > 6). The
Hyp original distribution, after applying CSV reshaping weights, and after reshaping plus

re-normalization scale factor are shown in Fig. 96.
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Figure 95: Distributions of efficiency of tagging a jet with b, ¢, or light flavor using the
Deep CSV medium working point for (left) 2016, (right) 2017, and (lower) 2018 dataset.

0 0E E|
— E 3
c £ 3
g E 3
L -
o e original El
B R LU with b-tagging reweighting 7
10° = E
R I with b-tagging reweighting + 20 S |
10 = =
10 E

10° -

500 1000 1500 2000 2500 3000 3500
H, [GeV]

4000

Events

Original

with b-tagging reweighting

with b-tagging reweighting + 2D SF

Coll vl e v vl

I

500 1000 1500 2000 2500 3000 3500

000

H, [GeV]
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tor Run 2017.
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5.3.6. Missing Transverse Momentum p?iss

Missing transverse momentum represents a measure of the energy of neutrino. It is defined

miss

as the negative vector sum of pr of all the objects in the event. We use particle flow p7

miss

with type 1 corrections which transfer JEC effects to p7:

5.3.7. Resolved Top Quark

We mentioned that in single lepton final state, we have three top quarks decay hadronically
into jets. They are mostly low ppr AK4 jets and they may be separated far away, unlike
boosted top quarks. The commonly used AKS8 jet tagging algorithm is therefore not suf-
ficient for these resolved top quarks. A different top-tagging algorithm, called ‘“Resolved
top-tagging” algorithm, or “HOT tagger” [77] is used for low pr top quarks. HOT tagger is
an algorithm based on neural network. It considers all the three-jet combinations in an event
and build top candidates. Combinations that do not come from a top quark or overlap with
another candidate are removed. Other top quark candidates are considered as reconstructed
top quarks. The signal tri-jets are taken from semileptonic ¢¢ sample, and background tri-
jets are taken from ¢¢ and QCD samples. In our analysis, we use tight working point, of 1%

fake rate.

Resolved top tagging efficiencies in MC are corrected by scale factors [78]. The efficiencies
are determined for different samples, ¢t , single top, ¢t V, t¢ XY and signal sample. Other
background processes do not have resolved top quarks. In MC samples, we consider those
reconstructed top quarks that are matched to a generator level hadronically decayed top
spatially, with two or more of its daughters are matched to AK4 jets spatially. Scale factors

are applied with the jet-by-jet update method, like that for b-tagging scale factor.
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5.4. Event Selection

The pre-selection criteria is as follows:

* 1 tight, isolated electron (or muon) with pr > 35 (26) GeV and || < 2.1 for 2016

analysis,

1 tight, isolated electron (or muon) with pr > 20 GeV and || < 2.1 for 2017 and

2018 analyses,

0 additional loose electrons (or muons) with pr > 15 GeV and || < 2.5 (2.4),

4 or more AK4 jets with pr > 30 GeV and || < 2.4,

At least 2 of the AK4 jets are b-tagged,

Hp> 500 GeV,

Piss> 60 GeV,

* Transverse mass of the lepton-neutrino system, My > 60 GeV,

AR (lepton, closest jet) > 0.4.

We applied the same event selection for 2016 data as the published CMS analysis [71]. We
use lower pr cut on leptons for 2017 and 2018 data in order to gain more sensitivity. After
selections, we achieved signal efficiencies of about 2.4(3.5), 3.3 (4.0), and 3.4 (4.2)% for
electron (muon) channels in Run 2016, 2017 and 2018. The selection AR (lepton, closest
jet) > 0.4 is an extra cut in order to remove the QCD events where more likely jets overlap

with the lepton.

Figures 97 to 103 show some examples of variable distributions after above selection. Over-

all the agreement between data and simulation is good and the discrepancy can be covered
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by uncertainties. On the distribution plots, we split the events into the following parts:
tt +bb, and tf + 'bb will be explained in Heavy flavor correction below;

tt +H processes;

TOP includes single top processes, tt V and ¢t XY processes;

EWK includes W + jets, Z + jets and diboson events;

QCD events.
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Figure 97: Distributions of AR (lepton, closest jet) in data and MC after initial selection
in (left) 2016, (right) 2017, and (lower) 2018 data set. Background uncertainties include
all statistical and systematic components. The total uncertainty is calculated as the sum in
quadrature of the statistical and systematic uncertainties. The first (last) bin includes the
underflow (overflow) bin.

Heavy flavor correction The dominant background process in our analysis is the standard
model ¢f process. It is verified that in all the event selection categories, which will be dis-
cussed in Section 5.7 ¢t events take over 90%. Considering the different t¢ decays would

generate different number of jets, we split them into the following categories depending on
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Figure 98: Distributions of (left) electron and (right) muon pt in data and MC after initial
selection in (from top to bottom) 2016, 2017, and 2018 data set. Background uncertainties
include all statistical and systematic components. The total uncertainty is calculated as the
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the underflow (overflow) bin.
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Figure 100: Distributions of (left) pr and (right) || of all AK4 jets with pr> 30 GeV in
data and MC after initial selection in (from top to bottom) 2016, 2017, and 2018 data set.
Background uncertainties include all statistical and systematic uncertainties. The first (last)
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Figure 102: Distribution of (left) H7 and (right) p7*** in data and MC after initial selection
in (from top to bottom) 2016, 2017, and 2018 data set. Background uncertainties include
all statistical and systematic components. The total uncertainty is calculated as the sum in
quadrature of the statistical and systematic uncertainties. The first (last) bin includes the
underflow (overflow) bin.
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Figure 103: Distributions of (left) resolved top tagger discriminant and (right) the number
of resolved t-tagged jets in data and MC after initial selection in (from top to bottom) 2016,
2017, and 2018 data set. Background uncertainties include all statistical and systematic
components. The total uncertainty is calculated as the sum in quadrature of the statistical
and systematic uncertainties. The first (last) bin includes the underflow (overflow) bin.
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the number of additional jets from extra radiation in generator level.

tt + b: one additional b jet containing a single b hadron

tt + 2b: one additional b jet containing at least two b hadrons

tt + bb: at least two additional b jets, independent of the number of b hadrons in each

tt + cc: at least one additional c jet, independent of the number of ¢ hadrons in each

tt + 1f: no additional b or ¢ jets

We use a CMS tool [79] to determine the jet parton flavor. A CMS study on ¢t cross section
presents that the simulation of t£ + bb cross section needs a correction [80]. We apply a
scale factor 1.2 on the tf + bb events, and scale down the remaining ¢f events in order to
maintain the total number. There is a 13% normalization uncertainty on ¢t + bb applied
[80]. In the plots for this analysis, we use a combination of ¢t + b, tf + 2b, tt + cc, tt + 1f as

one category called ¢ + bb.

5.5. Multivariate Analysis

5.5.1. Introduction

In order to optimize the discrimination between signal and background, we performed a
multivariate analysis using Boosted Decision Tree (BDT)-based approach. BDT discrimi-

nator is trained with ¢t¢ as signal and all the ¢¢ samples as background.

The samples are divided into three equally sized sub-samples, for training(1/3), testing(1/3),
and application(1/3). We applied all the pre-selection cuts in Section 5.4. In addition we
studied how the cut on the number of AK4 jets affect the final results which will be dis-

cussed in this section. We tried two cuts, n(jets) > 4 or n(jets) > 6.
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We started with the following BDT training parameters:
* 100 decision trees

* max depth = 2

5.5.2. Input Variable Definitions

We made 72 variables as BDT input, and we studied various combinations of variables
among them. They are listed in various groups depending on the components where they

are built from.
Jet kinematics
* Hyp: The scalar sum of the prof all the AK4 jets in an event.

miss

St: The scalar sum of Hyp, p'*** and pr of the lepton in an event.

Hp(b jets): The scalar sum of prof b-tagged jets in an event.

pr(b1): Leading b-tagged jet pr.

pr(j1): Leading jet pr.

pr(lep): Lepton pr.

pr(Jj2): Subleading jet pr.

pr(js5): Fifth leading jet pr.
* pr(Js): Sixth leading jet pr.

* 5! jet pp: prof the fifth jet, where the ranking is defined such that first all b-tagged

jets ordered by prand then untagged jets also ordered by pr.
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Hp/Hrp(4 leading jets): The ratio between Hp and Hp of four leading jets.

Lepton and b-jet pair variables

min[M(Lb)]: The minimum mass of the lepton and b-jet pairs.

AR(l,b) with max[pr(l,b)]: The separation between the lepton and b-jet with max-

imum lepton and b-jet pair pr.
min[AR(l,b)]: The minimum separation between the lepton and the b-jets.
M(,b1): The mass of lepton and the leading b-jet system.

M(1,b) with min[AR(l, b)]: The mass of lepton and b-jet system with minimum sep-

aration between lepton and b-jet.

AR(l,b) with min[M(1,b)]: The separation between lepton and b-jet with minimum

lepton and b-jet pair mass.

A¢(l,b) with min[M(1,b)]: The separation of ¢ between lepton and b-jet with mini-

mum lepton and b-jet pair mass.

b-jet pair variables

M(b,b) with min[A R(b, b)]: The mass of b-jet pair with the minimum separation.

AR(l,bb) with min[AR(b,b)]: The separation between the lepton and b-jet pair

where the b-jet pair has minimum separation.
max[An(b, b)]: The maximum 7 separation between the b-jet pair.
min[AR(b, b)]: The minimum separation between b-jet pairs.

miss

MT2bb: The transverse mass Mpo reconstructed by two leading b-jets and p7

The definition of this variable can be found in Ref. [81].
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* max[M(b,b)]: The maximum mass of b-jet pair.

* Hp without by and by: Hy minus pr of two leading b-jets.

» ave[AR(b, b)]: Average separation between all possible b-jet pairs in an event.
Space related variables

* Centrality: This is defined as scalar sum of p of all the jets divided by the sum of

energy of all the jets.

» Sphericity: This is a measure of distribution of all the energy clusters with respect

to the jet axis.

» Aplanarity: This is another variable that describes the directional distribution of the

energy clusters in the jet system.

The construction of Sphericity and Aplanarity is from a sphericity tensor [82]

a,B
Sob — 21_1_)_% (5.1
Zi |pi|2

where «, [3 correspond to x,y, z components of the jet’s momentum. One may find three

eigenvalues of S, called \;, A\, and \3. Then
o 3 , 3
Sphericity = 5()\2 + A3), Aplanarity = 5)\3. (5.2)
b-tagging discriminator CSV values
* pr weighted CSV: pr weighted DeepCSV value of all jets.

* DeepCSV(j3): DeepCSV value of third leading jet.

* DeepCSV(j4): DeepCSV value of fourth leading jet.
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* DeepCSV(3): DeepCSV value of the jet with third leading DeepCSV value.
* DeepCSV(4): DeepCSV value of the jet with fourth leading DeepCSV value.

FW moments 1 through 6

These are defined as H; = ZZ ; @—‘57‘13,@05(9@), where 0;; is the opening angle between

jets i and j, E is the total energy of all the jets, the F(z) are the Legendre polynomials.

Details about the development of FW moments can be found in [83].
Trijet and dijet variables

* M(jjj) with max[pr(jjj)]: The mass of trijet system where the trijet has largest

pr among all possible three jet systems in an event.

* M(j,j) with min[AR(j, j)], j # b: The mass of the light di-jet system with minimum

separation.
Missing transverse momentum variables
o piiss: Missing transverse momentum.
o Mr(l, p#s%): The transverse mass of the system constituted by the lepton and pi'ss.

miss

* Hemiout: Scalar sum of pp of objects far from p7***, where objects include lepton

miss

and all jets in the event. The distance in ¢ between p7**® and the object is required

to be larger than /2.
Lepton and jet pair variables
* M(L,j1): The mass of lepton and leading jet system.
* M(L,j2): The mass of lepton and subleading jet system.

* M(l,j3): The mass of lepton and third leading jet system.
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* AR(l,7) with min[M(l,j)]: The separation between lepton and jet with minimum

lepton and jet pair mass.

* A¢(l,7) with min[M(1,j)]: The separation in ¢ between lepton and jet with minimum

lepton and b-jet pair mass.
W jets
* M(all jets, leptonic W): The mass of all jets and leptonically decaying W system.
Trijet discriminator

* Trijet discriminator: The largest trijet discriminator in an event, found by HOTTag-

ger.
Multiplicity variables
* AK4 jet multiplicity

* Resolved t-tag multiplicity: number of resolved top quarks in an event, calculated

using 1% fake rate working point, as described in Sec. 5.3.

* Boosted t-tag multiplicity: number of AKS8 jets, which have pr > 400, soft-drop

mass between 105 < mgp < 220, and N-subjettiness 73/7 < 0.8.

* Boosted W-tag multiplicity: number of AKS jets, which have pt > 200, soft-drop

mass between 65 < mgp < 105, and N-subjettiness 7, /7 < 0.45.

* b-tag multiplicity: number of b-tagged jets with DeepCSV medium working point,

as described in Sec. 5.3.

HOT tagger related variables
HOTGoodTrijet]l corresponds to the resolved t-tagged trijet with 1% fake rate working

point (discriminator value greater than 0.95) with the biggest discriminator value.
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* HOTGoodTrijet] _mass: The trijet mass reconstructed from its three daughters.

* HOTGoodTrijet] _dijetmass: The mass of dijet with minimum separation among the

three daughters of trijet.

* HOTGoodTrijetl _pTratio: The ratio of three daughters’ vector sum pp and scalar

sum pr.

* HOTGoodTrijet] dRtridijet: The AR separation between trijet and dijet with mini-

mum separation.

* HOTGoodTrijet] dRtrijetJetnotdijet: The AR separation between trijet and the jet

that is not in dijet with minimum separation.

* HOTGoodTrijet] _csvletnotdijet: The DeepCSV discriminator value of the jet that is

not in dijet with minimum separation.

5.5.3. BDT Input Variables in Data and MC

Figures 104 and 106 show the distributions of AK4 jet multiplicity and fourth largest
DeepCSV value, top two variables based on separation ranking shown later, in data and

MC.

5.5.4. Variable Ranking by Separation

The BDT input variables are ranked by the separation, defined as [84]. This is not a training

method specific ranking. It only shows the behaviors of the input variables.

1 / (9s(y) — @B(y))zdy (5.3)

< S8%?>=_ - -
2) us(y)+9sy)

117



35.9 b (13 TeV) 4150 (13 TeV)

CMS ¢ Data @mQco =
Work in progress

CMs
Work in progress

Work in progress

EBR Bkg uncert (a1 sys0)

E

|
+ T % 7 3
AK4 jet multiplicity AK4 jet multiplicity AK4 jet multiplicity

35.9 b’ (13 Tev)

415 b (13 TeV)

50.97 fb™ (13 TeV)

E-CMs

Work in progress

vents / bin

2 o o R kg uncer (st 1 ys0)
[ ] o
s S s ¥
8 o 8 o 8 o
e j A j o E
0 2 4 6 0 2 4 6 0 2 4 6
AK4 jet multiplicity AK4 jet multiplicity AK4 jet multiplicity
359 b (13 Tev) 4151b™ (13 Tev) 59.97 fb (13 Tev)

CMs mmQco

Work in progress

CMS

Work in progress

I (f+bb
Bkg uncert

vents / bin

E

E
0 2 E) 6 0 2 4 6 0 2 4 [
AK4 jet multiplicity AK4 jet multiplicity AK4 jet multiplicity

Figure 104: Distributions of AK4 jet multiplicity in data and MC after initial selection in
(left) 2016, (middle) 2017, and (right) 2018 data set. From top to bottom electron, muon
and their combination. Training done with > 45 cut.
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where 7s(y) is the signal PDF of variable y, y(y) is that for background.

In Table 13 we show the separation ranking of training with 40 variables, corresponding to

2017 data set and the number of jets > 6.

5.5.5. BDT Performance and Validation

Figure 108 to 110 show the BDT distributions after pre-selections mentioned in Section

5.4; while two different n(jets) cuts are considered.

We noticed that not all variables contribute to the final result significance after fit which
will be discussed in Section 5.7. Figure 111 shows the AUC value and significance as a
function of input variables in the training. We finally decide to use top 40 variables in

separation ranking.

We confirmed that there is not significant over-fitting by comparing the training and test

ROC curves in Figure 112 and AUC values in Table 14.

5.5.6. BDT Shape Correction

We observed that discrepancies between BDT distributions in data and MC exist. Although
the shape disagreement can be mostly covered by uncertainties ranges, there is a slope in
the data/MC ratio as a function of BDT value from -1 to 1. Therefore, we decide to derive
a scale factor for such a slope. Given that n(b-jets) = 2 is not likely to contain signal events,
we use the inclusive 2 b-jet category as a control region to do a linear fit and find the fit
coefficients. Inclusive means we do not split lepton flavor, number of resolved tops. Figures
113 to 115 show this procedure. They are derived for each data taking year and separately
for n(jets) = 6, 7, or > 8 cases, based on their different trends. Shape correction factors and

uncertainties are listed in Table 15.
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Table 13: BDT input variable ranking by separation, corresponding to training with 40
variables, 2017 dataset and number of jets > 6.

Rank Variable Separation
0 AK4 jet multiplicity 3.316e-01
2 DeepCSV (4thDeepCSVlJet) 2.415e-01
3 DeepCSV(3rdDeepCSVlJet) 2.407e-01
4 pr(Jo) 2.197e-01
5 HT/HT(4 leading jets) 2.131e-01
6 trijet2 discriminator 2.049e-01
7 bjet multiplicity 1.770e-01
8 St 1.719e-01
9 pr(Jjs) 1.647¢-01
10 Hr 1.630e-01
11 5thjetpr 1.536e-01
12 Hemiout 1.475e-01
13 trijet3 discriminator 1.413e-01
14 HTwoTwoPtBjets 1.257e-01
15 HT(bjets) 9.475e-02
16 M(allJets, leptoninc W) 9.141e-02
17 6" FW moment 6.380e-02
18 My (lep, Es9) 6.151e-02
19 M(l,b1) 5.156e-02
20 resolvedTop multiplicity 5.080e-02
21 pr(j2) 4.504e-02
22 top multiplicity 4.370e-02
23 HOTGoodTrijet2_dijetmass 4.284e-02
24 HOTGoodTrijet2_pTratio 4.282e-02
25 HOTGoodTrijet2_dRtrijet]etnotdijet  4.280e-02
26 HOTGoodTrijet2_mass 4.280e-02
27 Aplanarity 4.253e-02
28 min[AR(b, b)] 4.222e-02
29 HOTGoodTrijet2_dRtridijet 4.154e-02
30 trijet] discriminator 4.079e-02
31 max[M(b,b)] 3.945e-02
32 pr(b1) 3.509e-02
33 HOTGoodTrijet2_csvletnotdijet 3.410e-02
34 M(1,b) with min[AR(l,b)] 3.374e-02
35 Emiss 3.313e-02
36 Sphericity 2.902e-02
37 ave[AR(b,b)] 2.052e-02
38 Centrality 1.834e-02
39 max[An(b,b)] 1.440e-02
40 MT2bb 8.664e-03
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Figure 108: Distributions of BDT in data and MC after preselection with (left) >4 and
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corresponding to 2016 dataset and training with 40 variables.
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corresponding to 2018 dataset and training with 40 variables.
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Figure 111: ROC AUC score and significance of the BDT in function of the number of
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Figure 113: Distributions of BDT in data and MC with 2 b-tag and (left) 6 jet, (right)
7 jet, and (lower) >8 jets for combined lepton channels of 2016 data set. The solid red
line in the lower panels show the first order polynomial fit to data to background ratio.
The background uncertainties include all statistical and systematic components, where the
total uncertainty is calculated as the sum in quadrature of the statistical and systematic
uncertainties. The first (last) bin includes the underflow (overflow) bin.
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Figure 114: Distributions of BDT in data and MC with 2 b-tag and (left) 6 jet, (right)
7 jet, and (lower) >8 jets for combined lepton channels of 2017 data set. The solid red
line in the lower panels show the first order polynomial fit to data to background ratio.
The background uncertainties include all statistical and systematic components, where the
total uncertainty is calculated as the sum in quadrature of the statistical and systematic
uncertainties. The first (last) bin includes the underflow (overflow) bin.
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Table 14: AUC score of the BDT trainings in various configurations.

#Variable #jets Year AUC(training) AUC(validation) diff(%)

40 >4 2016 93.953 93.970 0.019
40 >4 2017 93.744 93.757 0.014
40 >4 2018 93.588 93.586 0.003
40 >6 2016 90.813 90.861 0.053
40 >6 2017 90.864 90.853 0.012
40 >6 2018 90.740 90.681 0.065

Table 15: BDT shape correction scale factors and their statistical uncertainties.

Year 6j 7] > §j

2016 0.0937 + 0.0395 -0.0089 + 0.0538 0.1738 £ 0.0667
2017 0.2891 +0.0341 0.1328 £ 0.0420 0.2085 £ 0.0496
2018 0.1833 +0.0301 0.2658 £ 0.0381  0.3497 £ 0.0467

These scale factors will be applied to n(b-jets) = 3 or > 4 categories which we use in the
final fit. BDT shape validation after correction on these categories are shown in Figure 116

to 121.

5.6. Systematic Uncertainties

We considered the following experimental systematic uncertainties:

Integrated luminosity We use the recommended uncertainties 1.2, 2.3, and 2.5% for 2016
[85], 2017 [86], and 2018 [87] data set, respectively.

Lepton reconstruction and trigger efficiencies In Section 5.3 we discussed the uncer-
tainties for trigger and lepton identification, isolation and reconstruction. We apply a 5%
combined uncertainty.

Pileup Pileup minbias cross section has an uncertainty of 4.6% [88].

Jet energy scale We scaled the jet energy correction up and down in the MC samples so
that jet and MET get the corresponding correction.

Jet energy resolution JER uncertainty is obtained by rescaling the jet momentum up and

down by one standard deviation in the simulation and creating the corresponding new dis-

131



35.9 fb (13 TeV)

CMS

Work in progress

Events / bin

¢ D‘ata
B TOoP
tt+!bb
---titt

B EWK

Wl ti+H

B ti+bb

Bkg uncert

elutjets

Data/Bkg

BDT
35.9 fb™ (13 TeV)
108 E T ! —-
1012 g- CMS ¢+ Data B EWK —
101 B~ Work in progress ERToP Wl tt+H
ti+lbb @ ti+bb
- - -ttt By Bkg uncert
e/utjets
3b,7]

Events / bin

Data/Bkg

Events / bin

BDT

35.9 fb (13 TeV)

CMS

Work in progress

Events / bin

¢ Déta
EmToP
tt+Ibb
---titt

T
B EWK
[
I tt+bb
Bkg uncert
elptjets
3b, 28]

Data/Bkg

Figure 116: Distributions of BDT in data and MC (left) before and (right) after the slope
correction with 3 b-tag and (upper) 6 jet, (middle) 7 jet, and (lower) >8 jets for combined
lepton channels of 2016 data set. The background uncertainties include all statistical and
systematic components, where the total uncertainty is calculated as the sum in quadrature
of the statistical and systematic uncertainties. The first (last) bin includes the underflow

(overflow) bin.

Data/Bkg

Events / bin

Data/Bkg

132

35.9 fb (13 TeV)

P
|
0000002222

CMS

Work in progress

¢ D.‘alta
B TOP
tt+!bb
- -ttt

B EWK

B ti+H

B ti+bb

Bkg uncert

elutjets

BDT

35.9 fb™ (13 TeV)

Pl
e e e
Eo00000003222

[a—
oob

CMS

Work in progress

T
¢+ Data
B TOP
ti+1bb
---titt

T

B EWK

Ett+H

B ti+bD

Bkg uncert
elu¥jets
3b,7j

BDT

35.9 fb (13 TeV)

CMS

Work in progress

¢ Dlata
B TOoP
ti+1bb
- -ttt

T
B EWK
B
I tt+bb
Bkg uncert
e/ptjets
3b, 28]




35.9 fb (13 TeV)

---titt

T
CMS ¢ Data
Work in progress ETOoP
ti+!bb

B EWK =
Wl ti+H

B ti+bb

Bkg uncert

elu+jets

35.9 fb™ (13 TeV)

T
¢+ Data

E cMs
E- Work in progress W ToP
tt+bb
---tttt

T
B EWK
Elt+H
B ti+bb
Bkg uncert
elutjets
>4b,7j

Events / bin

=) Bkg uncert (stat [ syst)

CMS

Work in progress

---titt

T
¢ Data

mTOP_ tH_
tf+bb @ t+bb

BDT
35.9 fb (13 TeV)
T
B EWK
W ti+H

Bkg uncert

elptjets

Events / bin

Figure 117: Distributions of BDT in data and MC (left) before and (right) after the slope
correction with >4 b-tag and (upper) 6 jet, (middle) 7 jet, and (lower) >8 jets for combined
lepton channels of 2016 data set. The background uncertainties include all statistical and
systematic components, where the total uncertainty is calculated as the sum in quadrature
of the statistical and systematic uncertainties. The first (last) bin includes the underflow

(overflow) bin.

133

35.9 fb (13 TeV)

CMS

Work in progress

¢ D.‘alta
B TOP
tt+!bb
- -ttt

T
B EWK
W tH
I tt+bb
Bkg uncert
elutjets
24b,6j

35.9 fb™ (13 TeV)

CMS

Work in progress

T
¢+ Data
B TOP
ti+1bb
---titt

:
B EWK

B ti+H

B tt+bb

Bkg uncert

elutjets
24D, 7]

BDT

35.9 fb (13 TeV)

CMS

Work in progress

¢ Dlata
B TOoP
ti+1bb
- -ttt

T
B EWK
W tH
I tt+bb
Bkg uncert
e/ptjets
24b, 28]




CMS

Work in progress

Events / bin

4150 (13 TeV)
T

B QCD
B TOP

t+1bb
- - -ttt

elu+jets

o
4
[41)]
8
8
[a)
BDT
41.5fb™ (13 TeV)
T T =
E CMS ¢+ Data B EWK =3
Work in progress [ el [} tt+H
tt+lbb @ ti+bb
- - -ttt By Bkg uncert
elutjets
3b,7]

Events / bin

Data/Bkg

4150 (13 Tev)

CMS

Work in progress

Events / bin

B EWK

W ti+H

B ti+bb

Bkg uncert

elptjets

Data/Bkg

Figure 118: Distributions of BDT in data and MC (left) before and (right) after the slope
correction with 3 b-tag and (upper) 6 jet, (middle) 7 jet, and (lower) >8 jets for combined
lepton channels of 2017 data set. The background uncertainties include all statistical and
systematic components, where the total uncertainty is calculated as the sum in quadrature
of the statistical and systematic uncertainties. The first (last) bin includes the underflow

(overflow) bin.

Events / bin

Data/Bkg

Events / bin

Data/Bkg

Events / bin

Data/Bkg

134

41.5 b (13 TeV)
1013 ! '
%8 CMS ¢ Data W QCD
10/ Work in progress 8 EWK ] TOP _
i W ti+lbb
%3 B ti+bb _—
10 Bkg uncert .
10 elutjets
10
10
10
Bt
10TEgememmemmmmTmm e e
10
107 R
-1 -0.5 0 05 1
BDT
415 fb™ (13 Tev)
T T
%8 CMS ¢+ Data B EWK
%(()]1 Work in progress [ ] '|:OP_ [ ] [E+ H_
10 ti+/bbD [ ti+bD
%8 - - -ttt £ Bkg uncert
10 elu¥jets
10 3Db,7j
10
1
1 BN
10TE | eeemeTTTTTTTTTSTmtea------
1
1
BDT
41.5fo* (13 TeV)
1013 T T =)
10 CMS ¢ Data B EWK
]:_LC?I Work in progress [ ] ‘|:OP_ [ ] t§+ H_
%8 tt+!bb [l tt+bb
10 - - -ttt £ Bkg uncert
%8 elutjets
19 3b, 28]
10
0 s
0 R




4150 (13 TeV)

415 fb* (13 TeV)

E T T E T T
CMS ¢ Data B EWK CMS ¢ Data B EWK
Work in progress (] ‘|:OP_ m t§+H_ Work in progress [ ] ‘|:OP_ (] t§+ H
< tE+_!bb I tt+bb < tE+_!bb I tt+bb
2 -- -ttt Bkg uncert a - - -ttt Bkg uncert
; elutjets ; eluFjets
£ >4b,6] 2 24b,6]
) )
> >
m P w
L L
o 223 Bkg uncert (stat [J syst) o
X 15 X
[41)] o
8 El
8 05 8
-1 -0.5 0 0.5 1
BDT BDT
41.5fb™ (13 TeV) 415 (13 Tev)
T T T T
cMs + Data EENEWK 195F cMs + Data [ENEWK
Work in progress (] TOP_ m tf+H_ 1](.]53 Work in progress [ ] TOP_ i+ H
< '(E+_!bb B tt+bb < 10?[ tE+_!bb B tt+bb
8 -ttt Bkg uncert L] - -ttt Bkg uncert
=~ elutjets -~ 10° elutjets
2 >4b,7j 2 1t 24b,7j
] 5]
> >
i S i w e s )
L " e ;
I__ll_._'__..._-- CEETE
o o
4 4
o o
k| =
© ]
o [a]
4150 (13 TeV) 415 fb* (13 TeV)
E T T E T T
CMS ¢ Data B EWK CMS ¢ Data B EWK
Work in progress -‘[OP_ m t§+H_ Work in progress [ ] ‘|:OP_ (] t§+H_
< tE+_!bb I tt+bb < tE+_!bb I tt+bb
2 -- -ttt Bkg uncert 2 - - -ttt Bkg uncert
> elufjets @ elptjets
= 24 b, 28] =
) )
> >
w w
L
o o
4 4
4] o
| El
© ©
[a) o

Figure 119: Distributions of BDT in data and MC (left) before and (right) after the slope
correction with >4 b-tag and (upper) 6 jet, (middle) 7 jet, and (lower) >8 jets for combined
lepton channels of 2017 data set. The background uncertainties include all statistical and
systematic components, where the total uncertainty is calculated as the sum in quadrature
of the statistical and systematic uncertainties. The first (last) bin includes the underflow
(overflow) bin.
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Figure 120: Distributions of BDT in data and MC (left) before and (right) after the slope
correction with 3 b-tag and (upper) 6 jet, (middle) 7 jet, and (lower) >8 jets for combined
lepton channels of 2018 data set. The background uncertainties include all statistical and
systematic components, where the total uncertainty is calculated as the sum in quadrature
of the statistical and systematic uncertainties. The first (last) bin includes the underflow
(overflow) bin.
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Figure 121: Distributions of BDT in data and MC (left) before and (right) after the slope
correction with >4 b-tag and (upper) 6 jet, (middle) 7 jet, and (lower) >8 jets for combined
lepton channels of 2018 data set. The background uncertainties include all statistical and
systematic components, where the total uncertainty is calculated as the sum in quadrature
of the statistical and systematic uncertainties. The first (last) bin includes the underflow
(overflow) bin.
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criminant shapes.

b-tagging, mis-tagging efficiencies The b-tagging scale factor is applied in a jet-by-jet
update method, so the uncertainty on this efficiency is calculated per jet.

b-tagging DeepCSV shape calibration In the MVA analysis the uncertainties in the b-
tagging and light quark mistagging efficiencies are produced using the ‘If’, ‘hf’, ‘hfstats1’,
‘hfstats2’, ‘Ifstats1’, ‘Ifstats2’, ‘cferrl’, ‘cferr2’ uncertainties on the weights derived for
the DeepCSV shape calibration. ’If” is the contamination from udsg+c jets in heavy flavor
region (MC truth is b hadron). "hf” is the contamination from b+c jets in light flavor region
(MC thuth is udsg). ‘hfstats1’, ‘hfstats2’ are linear and quadratic statistical fluctuations
for b jets. ‘Ifstats1’, ‘Ifstats2’ are linear and quadratic statistical fluctuations for udsg jets.
‘cferr]’, ‘cferr2’ are uncertainty for c jets.

Resolved top tagging efficiency Resolved top-tagging uncertainty has three sub-sources,
statistical uncertainty on the dependence of the tagging rate on the purity of the control
sample (CS purity), and scale factors deviating from unity contributing to uncertainty esti-
mation (closure).

Heavy flavor correction The correction on the ¢ + bb cross section has an uncertainty of

13%.
Theory uncertainties as follows:

Renormalization and factorization scales This uncertainty is to estimate the higher order
correction in the ME calculations. By varying g, pr with a factor of 0.5 or 2, we totally
make 6 combinations (excluding opposite variations of 1r /i), and they are stored as gen-
erator level weights in the simulation [89]. The weights are applied and then the maximum
variation, called envelope, in each bin is taken and is considered as one single nuisance
parameter for each year.

PDF's Additional 100 PDF replicas are considered and weighted. We take the root mean

square of them in each bin and take one nuisance.
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Parton shower ISR/FSR parton shower effects are considered by varying the scale for 0.5
(up) or 2 (down).

Underlying events and resummation scale These effects are studied with dedicated tf
simulation. Due to low statistics of these samples, the contribution to the result is not sig-
nificant. We found that in pre-selection level, their effect is flat over Hp spectrum. We
apply a flat rate uncertainty for the effect of resummation scale (hdamp) of +10%/-7%.
Underlying events effect is too small and will not be counted in our systematics.
Background process cross section Uncertainties on cross section of ¢t , tt + H, TOP and

EWK groups are rate uncertainties.

Table 16 summarizes the systematic uncertainties and how they are correlated between

years. Correlation is in general by official recommendation.

Another additional uncertainty for BDT shape correction is added, numbers shown in Table

15.

5.7. Results

We use Hr and BDT to fit and find the limits on cross section of tftt process. We use
the Higgs Combine tool [58] and take the asymptotic fit to find the 95% Confidence Level
(CL) expected upper limits of the cross section. The fit determines a signal strength that
presents the ratio of observed signal cross section and predicted/expected signal cross sec-
tion. Nuisance parameter for systematic uncertainties take a Gaussian PDF. In the fit, MC

statistical uncertainties are treated by Barlow-Beaston-lite method [90, 91].
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Table 16: Summary of all systematic uncertainties in four top analysis. Corr’d = correlation

between years.

Source Uncertainty Signal Background 2016 2017 2018 Corr’d?
Normalization only

Luminosity 1.2/2.3/2.5% Yes All v v v Partial
Electron Id/Isolation/Trigger 5% Yes All v v v No
Muon Id/Isolation/Trigger 5% Yes All v v v No
tt + HF 13% No tt +bb v v v Yes
Cross section ¢t +4.8%/-5.5% No tt v v v Yes
Cross section tt + H 20% No tt+H v v v Yes
Cross section TOP 4% No TOP v v v Yes
Cross section EWK 3.8% No EWK v v v Yes
hdamp +10%/-7% No tt v v v Yes
Shape and Normalization

Prefire +o Yes All v v N/A No
Pileup Ominbias = 4.6% Yes All v v v Yes
Jet energy scale +o(pr,n) Yes All v v v No
Jet energy resolution +o(n) Yes All v v v No
b/c tagging correlated +o(pr) Yes All v v v Yes
b/c tagging uncorrelated +o(pr) Yes All v v v No
udsg mistagging +o Yes All v v v No
resolved t tagging: statistical +o Yes All v v v No
resolved t tagging: CS purity +o(pr) Yes All v v v No
resolved t tagging: closure +0(Njetr) Yes All v v v No
PDF +o No All v v v Yes
ISR +o No All v v v Yes
FSR +o No All v v v Yes
Renorm./Fact. energy scale  envelope(x2, x0.5)  No All v v v Yes
Shape only

PDF +o Yes None v v v Yes
ISR +o Yes None v v v Yes
FSR +o Yes None v v v Yes
Renorm./Fact. energy scale  envelope(x2, x0.5)  Yes None v v v Yes
BDT shape correction +o No All v v v No

5.7.1. Likelihood-Based Statistical Test

This statistical test is widely used in particle physics. We often search for processes that
are predicted but not seen, so we care about exclusion limits and statistical significance of
a signal. The procedure for the fit is based on the modified frequentist method, referred to

as C'L, [92, 93].
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‘We construct a likelihood function
L(data|p, 0) = Poisson (data|p - s(6) + b(6)) - p(6]0) (5.4)

where s (b) is the number of signal (background) events, p is signal strength (or called 7).
The uncertainties are handled by nuisance parameters 6. Here “data” can be observed data

or pseudo-data.

We choose a test statistic g, based on profile likelihood ratio,

o ln£<data|lu7 0,“)

—, 0<u< (5.5)
£(datalfs, 0) r=n

I =
where HA“ is the maximum likelihood estimators of 6, given the signal strength parameter p
and “data”. While /i, 6 are parameters correspond to global maximum likelihood. By the
physical meaning of y, we search for a process such that i > 0, and the signal hypothesis

considers only the range i < p.

To compare data with background-only and signal plus background hypothesis, two p-

values are defined

pu = PG, > C]st|signal + background) = » (Gl ézbs)dqu , (5.6)
7ed
1 —py=P(q, > dzbs]background —only) = / £(4,l0, égbs)d(j# , (5.7)
ngs

(Gl éﬁbs) is the pdf assuming a signal strength g in the signal + background hypothesis

and f(q,|p, 0g>) is that for background only hypothesis, and we calculate C'L,(y)

CLy(p) = 2 . (5.8)

For a 95% Confidence Level upper limit, we adjust p until we reach C'L = 0.05.
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We evaluate the excess of a signal on background-only hypothesis such that the probability

that the fluctuation of background is as large as the observed data. The test statistic is gy

datal0, 6
Lldatal0,60) 0 a0 (5.9)

Go = —2In
& L(dataljs, 0)

We compute the p-value with respect to the observed events
po = P(qo > ¢3) = /b F (910, 68") dao (5.10)
95"

“significance” Z is converted from p-value by a one-sided Gaussian tail

L 1,
p_/Z merpl—a*[2)dr = 5Py (2") | 5.11)

P2 stands for survival function of x? for one degree of freedom. In CMS searches, we

treat a significance of 3 standard deviation (s.d.) as an “evidence” level of a signal process.

5.7.2. Results with Hy Observable

We use 60 event categories, split by
number of jets n(jets) =6, 7, 8,9, > 10;
number of b-jets n(b-jets) =2, 3, > 4;
number of resolved top =0, > 1;

and by lepton flavor (e, u).

We start with 7 templates that are uniformly binned to 25 GeV bin width. These tem-
plates are then rebinned starting from the last bin and merging with neighboring bin until
the resulting templates have bins with statistical uncertainty less than 30% on the total
background. Example of Hp templates to fit are shown in Figure 122 to 125 for the 2017

data set.
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Figure 122: Distributions of Hrin the electron channel in categories with 0 resolved top
tagged jets in 2017 dataset. Background uncertainties include all statistical and systematic
components. The total uncertainty is calculated as the sum in quadrature of the statistical
and systematic uncertainties. The first (last) bin includes the underflow (overflow) bin.
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Figure 123: Distributions of H; in the muon channel in categories with 0 resolved top
tagged jets in 2017 dataset. Background uncertainties include all statistical and systematic
components. The total uncertainty is calculated as the sum in quadrature of the statistical
and systematic uncertainties. The first (last) bin includes the underflow (overflow) bin.
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Figure 124: Distributions of H in the electron channel in categories with > 1 resolved top
tagged jets in 2017 dataset. Background uncertainties include all statistical and systematic
components. The total uncertainty is calculated as the sum in quadrature of the statistical
and systematic uncertainties. The first (last) bin includes the underflow (overflow) bin.
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Figure 125: Distributions of Hy in the muon channel in categories with > 1 resolved top
tagged jets in 2017 dataset. Background uncertainties include all statistical and systematic
components. The total uncertainty is calculated as the sum in quadrature of the statistical
and systematic uncertainties. The first (last) bin includes the underflow (overflow) bin.
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Expected and observed results are for tftt cross section limits and significances in Table
17.

Table 17: Expected and observed cross section limits for the HT analysis at 95% CL and
significance for an integrated luminosity of 35.9 fb~! in 2016, 41.5 fb=! in 2017, and
59.97 fb~! in 2018 as well as their combination.

Year Obs. significance  Exp. significance  Obs. limit  Exp. limit 68% exp. 95% exp.
[s.d.] [s.d.] [fb] [fb] [fb] [fb]
2016 0.000 0.379 47.25 63.37 [44.43,91.41] [32.68, 127.42]
2017 3.403 0.450 121.58 56.44 [40.05, 80.51] [29.54, 110.05]
2018 2.529 0.561 91.81 39.37 [27.79,56.48] [20.61, 77.98]
2016+17+18 2.233 0.802 56.71 27.84 [19.38,39.05] [14.79, 53.49]

5.7.3. Results with BDT Discriminant

The results shown here utilizes a BDT training set with 40 variables and n(jets) > 6 se-
lection. As mentioned in Section 5.5 we applied a shape correction for BDT distributions
where n(b-jets) = 2 events are used to determine the correction. Therefore, only categories
for n(b-jets) = 3, > 4, totally 40 categories, are used in fit to obtain the final result. The
BDT distributions have variable sized bins. To obtain the variable bins, we start with BDT
templates that are uniformly split in 200 bins between -1 and 1. These templates are then
rebinned starting from the last bin and merging with neighboring bin until the resulting
templates have bins with statistical uncertainty less than 30% on the total background. Ex-

ample templates for BDT in Figure 126 to 129 for the 2017 data set.

Results for the BDT fit are in Table 18.

Table 18: Expected and observed cross section limits for the BDT analysis at 95% CL
and significance for an integrated luminosity of 35.9 fb~! in 2016, 41.5 fb=! in 2017, and
59.97 fb~! in 2018 as well as their combination. sign. = significance

Year Obs. sign.  Exp. sign. Obs. limit Exp. limit 68% exp. 95% exp.
[s.d.] [s.d.] [fb] (fb] (fb] [fb]
2016 0.000 0.590 25.89 45.56 [31.55,67.17] [23.14,94.78]
2017 0.020 0.730 37.03 35.63 [24.67,52.24] [18.09, 73.93]
2018 2.790 0.910 69.12 29.91 [21.11,42.90] [15.65,59.23]
2016+17+18 1.440 1.300 32.82 19.78 [14.08, 28.22] [10.43, 38.57]
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Figure 126: Distributions of BDT in the electron channel in

1
BDT

BDT

categories with O resolved top

tagged jets in 2017 dataset. Uncertainties include all statistical and systematic components.
The total uncertainty is calculated as the sum in quadrature of the statistical and systematic
uncertainties. The first (last) bin includes the underflow (overflow) bin. Only categories for
n(b-jets) = 3, > 4 are used in fit to obtain the final result.
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Figure 127: Distributions of BDT in the muon channel in categories with O resolved top
tagged jets in 2017 dataset. Uncertainties include all statistical and systematic components.
The total uncertainty is calculated as the sum in quadrature of the statistical and systematic
uncertainties. The first (last) bin includes the underflow (overflow) bin. Only categories for
n(b-jets) = 3, > 4 are used in fit to obtain the final result.
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Figure 128: Distributions of BDT in the electron channel in categories with > 1 resolved
top tagged jets in 2017 dataset. Uncertainties include all statistical and systematic com-
ponents. The total uncertainty is calculated as the sum in quadrature of the statistical and
systematic uncertainties. The first (last) bin includes the underflow (overflow) bin. Only
categories for n(b-jets) = 3, > 4 are used in fit to obtain the final result.
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Figure 129: Distributions of BDT in the muon channel in categories with > 1 resolved top
tagged jets in 2017 dataset. Uncertainties include all statistical and systematic components.
The total uncertainty is calculated as the sum in quadrature of the statistical and systematic
uncertainties. The first (last) bin includes the underflow (overflow) bin. Only categories for
n(b-jets) = 3, > 4 are used in fit to obtain the final result.
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5.8. Conclusion

In summary, we performed a search for a standard model four top quark production in
the single-lepton final state. We analyze the proton-proton collision data collected by the
CMS experiment at center-of-mass energy of 13 TeV, corresponding to a total integrated
luminosity of 137.4 fb=! from 2016 to 2018. From the analysis presented in this thesis, we
obtain an observed (expected) significance of 1.44 (1.30) standard deviations for four top

quark production process in our data sample.
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APPENDIX A

Delphes Validation

Delphes Fast Simulation is a modular simulation framework, providing a parameterized
detector response. It is a project started in 2007 in order to do quick detector studies. In
2013, Delphes 3 was released with a relatively good performance and started to be widely
used in the particle physics community [94]. It is known that studies in high energy par-
ticle physics contain really complex simulations, in particular to evaluate the interactions
between long-lived particles and the detector matter. The full simulation commonly used in
CMS is through the GEANT package [95], followed by a simulation of detector electronic
response and reconstruction of physics observables. This full simulation takes a relatively
large amount of computing resources. In order to avoid the usage of computing resources,
given the need of phenomenological studies, Delphes is developed. It takes the common

event generator output as input and does a realistic simulation of a collider detector.

Delphes simulates an inner tracker, electromagnetic and hadron calorimeters and a muon
detector system. The long-lived particles propagates through a uniform axial magnetic
field, and this field exists in the inner tracker volume. Charged particles may leave a track
in the tracker depending on a probability that is user defined. It is assumed that the tracks
have a perfect angular resolution which is valid for most particle detectors. After that, each

particle hits exactly one ECAL and one HCAL cell. Delphes assumes electrons and photons
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save all energy in ECAL and hadrons leave all energy on HCAL. Muons and neutrinos do
not leave energy in calorimeters. At this point, a simplified particle-flow reconstruction
takes place using the responses in tracking system and calorimeters. Particle-flow assumes
the tracking system has a better energy resolution than calorimeters for charged particles.

Pileup and jet energy corrections are considered in Delphes, too.

Delphes Fast Simulation is the simulation people use for CMS phase II upgrade studies.
People have done many projections of high lumi LHC (HL-LHC) and high energy LHC
(HE-LHC) with Delphes samples. We would like to provide a framework to evaluate the
performance of the fast simulation compared with the official full simulations. The idea is
to create basic measurements of the common physics objects, and look at the performance
in full simulation (“FullSim” on figures) and Delphes. Some improvements in Delphes

parameterization has been done as a result of this validation.

The validation framework workflow is shown in Figure 130. We first run Delphes on Gen-
erator level samples, then make flat trees, also called ntuples. Flat trees store event structure
and inside a tree there are kinematic variables for physics objects. There is no complicated
structure under the tree level. Then we developed a validation tool which can produce many
common features for objects, including jet, MET, electron, muon, photon, b-tagging (and

mis-tagging), tau-tagging.

Figure 130: Delphes validation workflow.

For each object except for MET, the framework provides the following observable
* Gen level object matching efficiency, defined as

number(gen objects that have reco matched)

A.l
number(all gen objects) @1
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* pr response, defined as pr(reco)/pr(gen)

* reconstruction resolution, pr(reco)/pr(gen)

tagged as bjets among true b—jets
all true b—jets

* tagging rate, defined as , true flavor found by matching

to gen level parton flavor

various ID quality levels considered: looselD, mediumlID, tightID

For missing transverse energy (MET), we would like to look at the performance of reco
level MET, the relationship between MET and number of pile-up (nPU), the relationship
between MET and gen level Z pr or gen level Hp. Here generator level Z is found by

searching for generator level particles.

I will show some examples of validation results here for jet, b-tagging and MET.

MC samples used for validation in the following example are from the production campaign

HLTTDRSummer20ReRECO, produced by CMSSW_11_3X in Table 19.

Table 19: MC samples for Delphes validation.

Object Samples
DYJetsToLL_M-10to50_TuneCP5_14TeV-madgraphMLM-pythia8
DYToLL_M-50_TuneCP5_14TeV-pythia8

MET ZprimeToEE_M-6000_TuneCP5_14TeV-pythia8
ZprimeToMuMu_M-6000_TuneCP5_14TeV-pythia8
jet QCD_Pt-15t0300_TuneCP5 _Flat_14TeV-pythia8
TT_TuneCP5_14TeV-powheg-pythia8
btagging QCD_Pt-15t0300_TuneCP5 _Flat_14TeV-pythia8

GluGluToHHTo2B2Tau_node_SM _TuneCP5_14TeV-madgraph-pythia8

Figure 132 show examples of jet pr resolution. Figure 131 shows example of jet pr re-

sponse.

Figure 133 to 135 show the performance of b-tagging efficiencies.

Figure 136 and 137 are examples of MET performance in Delphes.
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for tightID jets.
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Figure 136: Delphes validation for MET.
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